
Jus
t A

cce
pte

d

1 

 

Neuronal Traction Force: From Growth Cone Motility to 

Neuronal Development, Migration, and Regeneration 

 

Peiyan Duan1,2,3, Shengyuan Ma1,2,3, Qian Suo1,2,3, Lefan Lv1,2,3, Huijing Jin1,2,3, Linyong Zhu1,2,3, 

Assaf Zemel4, Guang-Zhong Yang1,2,3, Yuan Feng1,2,3,* 

 

1 School of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai 200030, China. 

2 Shanghai Key Laboratory of Flexible Medical Robotics, Tongren Hospital, Institute of Medical Robotics, 

Shanghai Jiao Tong University, Shanghai 200240, China. 

3 National Engineering Research Center of Advanced Magnetic Resonance Technologies for Diagnosis and 

Therapy (NERC-AMRT), Shanghai Jiao Tong University, Shanghai 200240, China. 

4 Theoretical Biophysics Lab, Institute of Dental Sciences & Fritz Haber Center for Molecular Dynamics, 

Hebrew University of Jerusalem, 91120, Jerusalem, Israel. 

 

*Correspondence: fengyuan@sjtu.edu.cn (Yuan Feng) 

 

 

 

 

 

 

 

 

 

 

mailto:fengyuan@sjtu.edu.cn


Jus
t A

cce
pte

d

2 

 

Abstract 

Neurons are mechanically active cells that continuously interact with their extracellular 

environment during development, migration, axon extension, and regeneration. Among 

neuronal mechanical variables, traction force provides an informative interfacial readout 

because it reflects how cytoskeletal dynamics and adhesion are converted into forces exerted 

on the surrounding environment. This review summarizes the biomechanical basis of neuronal 

traction force, clarifies its relationship with tension and adhesion, and discusses traction force 

microscopy as a major method for mapping neuronal force output. We then review direct 

traction-force evidence related to growth cone advance, molecular-clutch-mediated force 

transmission, mechanical microenvironment sensing, neuronal migration, and discuss how 

force-based regulation is related to regeneration-associated growth. Current direct evidence is 

strongest for growth cones and migrating neurons, whereas mature synaptic remodeling, 

disease-related contexts, and regeneration models remain supported mainly by indirect 

mechanobiological evidence or externally applied force paradigms. Future studies combining 

three-dimensional models, traction readouts, molecular perturbation, and functional imaging 

will be important for defining how neuronal force generation contributes to nervous system 

development, adaptation, and repair. 
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1 Introduction 

For decades, neuronal behavior has been interpreted primarily through the lenses of molecular 

signaling and electrical activity. However, accumulating evidence indicates that neurons 

function as active mechanical units that continuously sense and respond to mechanical 

information, rather than as purely "passive" cells devoted only to receiving and transmitting 

electrical signals. During nervous system development, tissue homeostasis, and disease, tissue 

stiffness, extracellular matrix composition, geometric constraints, and forces exerted by 

surrounding cells can all influence neuronal morphology, migration, and functional state (Pillai 

and Franze, 2024, Motz et al., 2021, Javier-Torrent et al., 2021, Chighizola et al., 2019). 

Therefore, incorporating mechanical factors into the interpretive framework of neuronal 

behavior has become an important direction at the interface of neuroscience and biomechanics 

(Feng et al., 2025, Kang et al., 2025, Yu and Li, 2024, Su et al., 2024, Liu et al., 2024). 

Among the many mechanical variables involved, neuronal traction force is particularly 

important because it captures the mechanical output generated when neurons transmit 

cytoskeletal forces to the extracellular environment through adhesive contacts. Early studies 

showed that growth cones can actively pull on their substrate and that externally applied tension 

can promote neurite elongation, establishing force as an integral component of axonal growth 

rather than a secondary consequence of morphology change (Bray, 1984, Lamoureux et al., 

1989, Heidemann et al., 1990, Zheng et al., 1991). 

Mechanistically, neuronal traction force is generated through the coordinated action of 

actin polymerization, myosin-based contractility, retrograde actin flow, and adhesion-mediated 

cytoskeletal coupling. Studies of apCAM (Suter and Forscher, 2001), L1-CAM (Nishimura et 

al., 2003), N-cadherin (Bard et al., 2008), and shootin1 (Shimada et al., 2008, Toriyama et al., 

2013) have progressively linked molecular adhesion systems to force transmission and growth 

cone motility. These findings provide a molecular basis for understanding how chemical 

guidance, cytoskeletal organization, and traction-force generation are integrated during 

neuronal growth. 

However, research on neuronal traction force remains fragmented, and previous reviews 

have usually addressed neuronal mechanobiology, growth cone mechanics, molecular clutch 

models, or neural regeneration as relatively separate topics. In contrast, the present review uses 

traction force as a unifying interfacial mechanical readout that links molecular force 

transmission, cytoskeletal dynamics, mechanosensing, neuronal migration, and regeneration-

associated growth. This perspective is useful because traction force lies between molecular-
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scale coupling events and cell-scale neuronal behaviors: it reports how actin retrograde flow, 

myosin-dependent contractility, adhesion-clutch engagement, and extracellular mechanical 

cues are converted into measurable mechanical output. Therefore, rather than organizing the 

field around individual molecules, assays, or biological processes alone, this review aims to 

provide a traction-centered framework for understanding how neurons generate, transmit, and 

respond to force during development, migration, and regeneration. At the same time, we 

explicitly distinguish conclusions supported by direct traction-force measurements from those 

based on indirect mechanobiological inference, because the strength of evidence varies 

substantially across growth cones, neuronal migration, branching, synaptic remodeling, 

disease-related contexts, and regeneration. 

 

2 Biomechanical Basis of Neuronal Traction Force and Traction Force Microscopy 

(TFM) 

In studies of neuronal mechanobiology, traction stress, traction force, tension, and adhesion are 

closely related but refer to distinct physical processes. Neuronal traction stress usually denotes 

the local mechanical output formed at the contact interface when neurons transmit endogenous 

cytoskeletal forces to the outside world through adhesive sites on the substrate or surrounding 

environment. When the emphasis is on the distribution per unit area, the term traction stress is 

commonly used; when the emphasis is on the resultant integrated force, traction force is more 

appropriate (Athamneh and Suter, 2015, Suter and Miller, 2011, Miller and Suter, 2018). By 

contrast, tension emphasizes tensile load borne or transmitted along the long axis within 

neurites or axons, whereas adhesion emphasizes the binding of membrane receptors to the 

extracellular matrix or to molecules on neighboring cell surfaces, as well as the coupling of this 

binding to the intracellular cytoskeleton. These concepts are interrelated but not 

interchangeable. In what follows, "traction stress/traction force" will refer to interfacial output, 

"tension" to internal axonal load, and "adhesion" to the interfacial condition on which force 

transmission depends. 

Mechanistically, neuronal traction force arises when intracellular cytoskeletal forces are 

transmitted to the extracellular environment through adhesive contacts. In growth cones, actin 

polymerization, myosin II-mediated contractility, retrograde F-actin flow, and adhesion-

molecule coupling provide the cellular basis for traction generation (Suter and Forscher, 2001, 

Bridgman et al., 2001, Burnette et al., 2008, Kerstein et al., 2015). This force-transmission 
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framework explains why traction force is closely related to, but still distinct from, axonal 

tension and adhesion. 

Early micromanipulation studies established that neurite elongation and growth cone 

advance are closely associated with mechanical tension and local pulling forces, providing the 

conceptual basis for quantitative measurements of neuronal force output (Bray, 1984, 

Lamoureux et al., 1989, Heidemann et al., 1990). Among current approaches, traction force 

microscopy (TFM) is particularly useful for estimating neuron–substrate traction because it 

maps substrate deformation induced by cells cultured on compliant, bead-embedded substrates. 

In a typical TFM workflow, fluorescent bead images are acquired in a deformed state with the 

neuron attached and in a reference state after cell removal. The resulting displacement field is 

then converted into a traction map through mechanical inversion based on assumptions about 

substrate elasticity, geometry, and boundary conditions (Athamneh and Suter, 2015, Ghate et 

al., 2024). This workflow allows neuronal force output to be spatially mapped, quantitatively 

estimated, and followed over time, making TFM especially suitable for studying growth cone 

motility, neuronal migration, and local mechanical asymmetry. A schematic overview of the 

TFM workflow, together with a representative neuronal TFM result from the authors’ 

experiments, is shown in Fig. 1.  

 

 

Fig. 1 Schematic workflow and representative output of neuronal traction force microscopy. 

(A) Schematic side view of a neuron cultured on an extracellular matrix-coated soft elastic gel 

containing fluorescent beads. Cell-generated traction is transmitted through the ECM coating 

to deform the bead-embedded substrate. (B) Fluorescent bead images are acquired in the 
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deformed state with the cell attached and in the reference state after cell removal. The 

displacement of embedded beads between these two states provides the basis for TFM analysis. 

(C) Representative schematic displacement and traction fields reconstructed from bead 

displacement. Arrows indicate the direction of substrate displacement or traction, whereas color 

maps indicate relative displacement or traction magnitude. (D) Representative neuronal TFM 

results, showing the bright-field image, displacement magnitude map, and traction magnitude 

map of a cultured neuron. The color bars indicate displacement magnitude in μm and traction 

magnitude in Pa. Scale bars, 10 μm. The representative neuronal TFM result in Fig. 1D is 

unpublished data from the authors’ laboratory. 

 

At the same time, neuronal TFM should be interpreted as an inference-based rather than a 

direct force-measurement method. The calculated traction field depends strongly on the 

inversion algorithm, regularization strategy, substrate parameters, bead-displacement accuracy, 

and image-registration quality. Fourier-transform traction cytometry provides an efficient 

approach for reconstructing traction fields on planar, linearly elastic substrates, but it may 

smooth highly localized force peaks depending on the regularization parameters used. Finite-

element-based TFM can better accommodate complex geometries, boundary conditions, or 

non-uniform material properties, but it requires more detailed modeling choices and is more 

sensitive to assumptions about substrate mechanics. These issues are especially important in 

neuronal systems because growth cones, thin axons, and small adhesion sites often generate 

weak and spatially confined forces. Therefore, local traction peaks in small growth cones may 

approach the practical detection limit of conventional TFM and can be affected by bead density, 

optical resolution, displacement noise, and the signal-to-noise ratio of the reference/deformed 

image pair. Because the effective detection limit of TFM is not a fixed value, but depends on 

substrate stiffness and thickness, bead density, imaging resolution, displacement-detection 

accuracy, regularization strength, and the selected traction metric, a universal numerical 

threshold cannot be defined across studies. This is particularly relevant for neuronal forces in 

the sub-nN to nN range, where small errors in bead displacement or image registration may 

substantially influence reconstructed local traction peaks. For this reason, neuronal TFM studies 

should report not only traction or stress values, but also the experimental and computational 

parameters that determine measurement sensitivity and signal-to-noise performance. 

Another important limitation is dimensionality. Most neuronal TFM studies have been 

performed on two-dimensional planar substrates, where the reconstructed traction field mainly 
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reflects basal force transmission at the neuron–substrate interface. However, neurons in vivo 

interact with soft, viscoelastic, heterogeneous, and three-dimensional environments. In three-

dimensional matrices, organoids, tissue slices, or developing brain tissue, force transmission 

may be distributed through surrounding extracellular matrix fibers, neighboring cells, and out-

of-plane components that are not captured by standard 2D TFM. Therefore, conclusions derived 

from 2D TFM should not be automatically generalized to three-dimensional neuronal 

environments without additional validation. Emerging 3D force-mapping strategies will be 

important for testing whether the same traction-generating mechanisms observed in growth 

cones and migrating neurons on planar substrates operate in more physiological settings. 

Because different force-measurement approaches capture different mechanical variables 

and operate at different force and spatial scales, their results should not be treated as 

interchangeable. To clarify the methodological scope of this review, commonly used force-

measurement approaches in neuronal mechanobiology are compared in Table 1, with emphasis 

on their main readouts, approximate force scale, spatial information, strengths, and limitations 

(Athamneh and Suter, 2015; Kilinc et al., 2015; Kerstein et al., 2015; Kumarasinghe et al., 

2022). 

 

Table 1. Comparison of force-measurement approaches used in neuronal mechanobiology. 

Method Main readout 
Typical force 

scale / sensitivity 

Spatial 

information 

Strengths in 

neuronal studies 
Key limitations 

Traction force 

microscopy 
(TFM) 

Substrate 
deformation 

reconstructed into 
traction stress or 

traction force maps 

Usually reported as 

pN/μm² or Pa-level 
traction stress; 

sensitivity depends 
on substrate, 

imaging, and 

inversion parameters. 

Full-field 2D 

traction maps; 

emerging 3D 
TFM can provide 

volumetric force 
information 

Enables spatial and 
temporal mapping of 

growth-cone and 

migration-associated 
traction; compatible 

with live-cell imaging 
and molecular 

perturbation 

Inference-based rather than 
direct force measurement; 

sensitive to noise, image 

registration, substrate 
parameters, and 

regularization; standard 2D 
TFM does not capture all 3D 

or out-of-plane forces 

Micropillar 

arrays 

Deflection of 

calibrated 
elastomeric pillars 

converted into local 

forces 

Typically nN-scale 
cellular or 

subcellular forces, 

depending on pillar 
stiffness and 

geometry 

Discrete force 
vectors at pillar 

positions 

Provides relatively 

direct force estimates 
with simple mechanical 

calibration; useful for 

local pulling forces 

Discrete sampling rather than 

continuous maps; artificial 
topography may affect 

growth-cone behavior and 

adhesion organization 

Force-calibrated 

microneedles / 
glass fibers 

Deflection of a 
calibrated flexible 

probe during 

pulling or contact 

Typically nN-scale 
forces; range 

depends on probe 

stiffness 

Local force at the 

probe–cell 
contact site 

Useful for measuring or 

applying defined 

pulling forces to 
neurites, axons, or 

growth cones 

Local and perturbative; does 

not provide full-field traction 

distribution; contact 
geometry can influence the 

measured response 

Optical tweezers 

Force applied to or 
measured through 

trapped beads or 

probes 

Typically pN-scale 

forces 

Highly localized 

force application 
or measurement 

Allows controlled local 
mechanical perturbation 

with high force 

sensitivity; useful for 
probing membrane, 

receptor, or bead-

coupled interactions 

Requires bead/probe 

attachment; limited to local 
measurements; optical setup 

and photodamage 

considerations may constrain 
live neuronal experiments 
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Method Main readout 
Typical force 

scale / sensitivity 

Spatial 

information 

Strengths in 

neuronal studies 
Key limitations 

Atomic force 
microscopy 

(AFM) 

Cantilever 

deflection during 

indentation, pulling, 
or contact 

pN–nN range 
depending on 

cantilever and mode 

Local 

mechanical 
measurement at 

the probe contact 

region 

Useful for measuring 

neuronal stiffness, 
membrane/cortical 

mechanics, and local 

mechanical response 

Primarily measures 

indentation or contact 

mechanics rather than 
endogenous full-field 

traction; probe contact can 

perturb soft neuronal 
structures 

Molecular 

tension probes 

Force-dependent 

fluorescence or 
molecular extension 

across selected 
receptor–ligand 

linkages 

Typically pN-scale 

molecular forces, 
depending on probe 

design 

Molecular-scale 

or adhesion-site-
level force 

readout 

Reports receptor-

specific force 
transmission and can 

connect molecular 
clutch engagement to 

mechanical load 

Usually reports forces across 

selected molecular linkages 
rather than total cell-

generated traction; requires 
specialized probe design and 

calibration 

Note. The force scales listed here are approximate and depend on probe design, substrate stiffness, 

calibration strategy, imaging conditions, and analysis workflow. These approaches are therefore 

complementary rather than interchangeable. 

 

In the context of this review, we use “direct traction-force evidence” mainly for studies that 

reconstruct substrate deformation into traction maps or otherwise quantify cell-generated 

pulling forces, whereas molecular, cytoskeletal, adhesion, or morphological data without direct 

force readouts are interpreted as indirect mechanobiological evidence. Representative studies 

and their quantitative and methodological characteristics are summarized in Table 2. 

 

Table 2. Representative studies of neuronal traction-force readouts, with emphasis on TFM-based 

approaches. 

No. 
Biological 

context 

Method and 

mechanical 

environment 

Quantitative force or 

stiffness information 
Perturbation / variable 

Main finding and 

evidence interpretation  
Ref. 

1 

Baseline 

biomechani
cs of 

growth 

cones; 
developing 

neuronal 

growth 
cones 

Growth-cone 

rheological/mechanical 

analysis plus traction-
force measurements; 2D 

substrate-based setting 

Elastic modulus: 106 ± 21 

Pa; estimated internal stress 

~30 pN/μm²; weak 

traction/stress scale 

confirmed by traction 
measurements. 

Growth-cone mechanics and 

retrograde actin flow 

Growth cones behave as soft 

and weak force generators. 

Evidence level: direct 
mechanical/traction-related 

measurement. 

(Betz et al., 

2011) 

2 

Substrate 

rigidity 

sensing; 
DRG 

versus 

hippocamp
al neurons 

TFM on laminin-coated 

polyacrylamide 
substrates; 2D culture; 

soft/intermediate/rigid 

substrates 

Substrate stiffness: ~300, 

1000, and 5000 Pa. 
Representative peak stress: 

DRG, 53.0 ± 3.3 Pa; 

hippocampal, 15.9 ± 1.5 Pa. 

Substrate stiffness, neuronal 
type, time in culture, myosin 

II inhibition 

Traction forces increase with 

substrate stiffness and differ 

by neuronal type; DRG 
growth cones exert stronger 

forces than hippocampal 

growth cones. Evidence level: 
direct TFM. 

(Koch et al., 

2012) 
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No. 
Biological 

context 

Method and 

mechanical 

environment 

Quantitative force or 

stiffness information 
Perturbation / variable 

Main finding and 

evidence interpretation  
Ref. 

3 

Peripheral 

traction vs. 

neurite 
tension; 

regeneratin

g Aplysia 
bag cell 

neurons 

TFM/substrate-
deformation analysis of 

Aplysia growth cones; 2D 

deformable substrate 

Mean neurite tension: 3.1 ± 

1.6 nN; mean total scalar 
force: 6.5 ± 3.8 nN. 

Growth cone area and time-

dependent traction dynamics 

Local traction dynamics and 
global neurite tension are 

related but not equivalent; 

much force is locally balanced 
within the growth cone. 

Evidence level: direct 

TFM/force analysis. 

(Hyland et 

al., 2014) 

4 

Guidance 

cue to force 
conversion; 

cultured rat 

hippocamp
al neurons 

TFM on compliant bead-
embedded substrates; 2D 

culture; L1-CAM-related 

adhesion context 

Netrin-1 increased growth-

cone traction; reported 

mainly as relative traction 

enhancement rather than a 

comparable scalar value. 

Netrin-1, Pak1-mediated 

shootin1 phosphorylation, 

shootin1 perturbation 

Chemical guidance cues can 

be converted into measurable 
traction output through the 

Pak1–shootin1 pathway. 

Evidence level: direct TFM 
plus molecular perturbation. 

(Toriyama 

et al., 2013) 

5 

Molecular 

clutch in 

axon 
outgrowth; 

cultured 

hippocamp
al neurons 

TFM on L1-CAM-Fc-

coated polyacrylamide 
gels embedded with 

fluorescent beads; 2D 

culture 

Netrin-1 enhanced traction; 
cortactin knockdown or 

shootin1–cortactin disruption 

reduced traction. Absolute 
comparable scalar value not 

reported. 

Netrin-1, cortactin RNAi, 
shootin1–cortactin interaction, 

rescue experiments 

Shootin1–cortactin interaction 
strengthens F-actin–adhesion 

coupling and promotes 

traction force generation. 
Evidence level: direct TFM 

plus molecular perturbation. 

(Kubo et al., 

2015) 

6 

Migration 

force map; 

migratory 
cerebellar 

granule 

neurons 

TFM on deformable 

substrates; 2D migratory 

neuron assay 

TFM mapped three 

traction/contraction centers; 
no single comparable scalar 

force value was emphasized. 

Neuronal migration stage, 

myosin II activity, 
leading/trailing process 

dynamics 

TFM identified three 

contraction centers in distal 

leading process, proximal 
leading process, and trailing 

process. Evidence level: direct 

TFM. 

(Jiang et al., 
2015) 

7 

Mechanical 
clutch in 

neuronal 

migration; 
migrating 

olfactory 

interneuron
s 

TFM in explant-derived 
migrating neuroblasts; 

semi-3D or substrate-

supported migration 
context 

Shootin1b loss reduced 

traction stress; reported 
shootin1 KO value: 4.53 ± 

0.66 pN/μm². 

Shootin1b loss, L1-

CAM/cortactin coupling, F-

actin retrograde flow 

Shootin1b couples F-actin 

retrograde flow to adhesion 
and promotes leading-process 

extension and neuronal 

migration. Evidence level: 
direct TFM plus molecular 

perturbation. 

(Minegishi 
et al., 2018) 

8 

Nuclear 

translocatio
n during 

migration; 

cerebellar 
granule 

neurons 

TFM during neuronal 
migration; 2D culture; 

local traction analysis 

near the proximal leading 
process 

Local traction patterns and 
force dipoles were linked to 

nucleokinesis; no single 

comparable scalar force 
value was emphasized. 

Physical hindrance of nuclear 

translocation, local leading-
process swelling, myosin II-

related force generation 

Local traction in the proximal 

leading process can pull the 

nucleus during nucleokinesis. 
Evidence level: direct TFM 

linked to a specific migration 

step. 

(Umeshima 
et al., 2019) 

9 

Growth-

cone clutch 

regulator; 
chick spinal 

neurons 

TFM combined with 
growth-cone adhesion 

and cytoskeletal analyses; 

2D culture 

Fmn2 depletion reduced 
growth-cone traction-stress 

generation; reported mainly 

as relative reduction. 

Fmn2 
morpholino/knockdown, 

adhesion stability, F-actin 

retrograde flow 

Fmn2 stabilizes point contacts 

and is required for growth-
cone traction stress 

generation. Evidence level: 

direct TFM plus molecular 
perturbation. 

(Ghate et 

al., 2020) 

10 

Mechanose
nsitive 

clutch 

interface; 
cultured 

mouse 

hippocamp
al neurons 

Traction/deformation 

analysis with L1-laminin 
clutch assays; 2D 

substrate setting 

Laminin-coated PA gels with 

different stiffness conditions; 
growth-cone traction stresses 

described as < ~80 pN/μm². 

Substrate stiffness, L1-

laminin interaction, clutch 

engagement 

ECM mechanics regulate 

axon outgrowth through 

mechanosensitive clutch 
engagement rather than 

through bulk stiffness alone. 

Evidence level: direct force-
related readouts plus 

molecular/adhesion 

perturbation. 

(Abe et al., 
2021) 
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No. 
Biological 

context 

Method and 

mechanical 

environment 

Quantitative force or 

stiffness information 
Perturbation / variable 

Main finding and 

evidence interpretation  
Ref. 

11 

Soft-tissue-

like 

chemotropi
sm; rodent 

hippocamp

al neurons 
on soft 

hydrogels 

TFM on 0.1 kPa 

hydrogels; 2D soft-
substrate assay 

Substrate stiffness: 0.1 kPa; 

growth-cone force generation 

was small and reduced by 
drebrin or paxillin 

perturbation. 

BDNF-bound stripes, drebrin 

phosphorylation, paxillin–

drebrin association, myosin 
II/Src inhibition, siRNA 

perturbations 

BDNF-induced growth-cone 

turning and force generation 

require drebrin 
phosphorylation and paxillin–

drebrin association in soft 

environments. Evidence level: 
direct TFM plus molecular 

perturbation. 

(Chen et al., 

2022) 

12 

Soft 

physiologic
al 

environmen

t and 
microtubule 

reinforceme

nt; hiPSC-
derived 

cortical 

i3Neurons 

High-resolution TFM in 

soft microenvironments; 

human iPSC-derived 
neurons 

High-resolution TFM 

showed small and transient 

traction forces in soft brain-
like microenvironments. 

DCX loss, microtubule 
reinforcement, BDNF 

gradient, soft environment 

DCX supports productive 

growth-cone advance by 

reinforcing microtubules 

when adhesion-mediated 

traction is weak and transient. 
Evidence level: direct high-

resolution TFM plus 

cytoskeletal perturbation. 

(Dema et 

al., 2024) 

13 

Substrate 
deformatio

n as 

predictor of 
advance; 

Aplysia 

growth 
cones 

AFM with apCAM-

coated colloidal 
cantilever and force-

calibrated glass 

microneedles; local 
adhesion-mediated 

growth cone advance 

Adhesion-mediated Aplysia 

growth-cone forces were in 

the 1–100 nN range. 

Probe stiffness, 

apCAM/adhesion ligand, 
adhesion-mediated growth 

cone advance 

Productive advance depends 
on when and where substrate-

cytoskeletal coupling is 

established, not simply on 
peak force amplitude. 

Evidence level: direct 

calibrated local force 
measurement. 

(Athamneh 
et al., 2015) 

14 

Netrin-

1/DCC 

clutch 
during 

haptotaxis; 

cultured 
hippocamp

al neurons 

TFM/substrate bead 

displacement on 

polylysine or netrin-1-
coated substrates; 2D 

haptotaxis assay 

Netrin-1 substrate: 11.9 ± 1.1 

pN/μm²; polylysine substrate: 
6.1 ± 1.5 pN/μm². 

Substrate-bound netrin-1, 

DCC, shootin1a, grip/slip 
state of DCC 

DCC–shootin1a adhesion 

clutch mediates netrin-1-

dependent traction-force 
transmission during axonal 

haptotaxis. Evidence level: 

direct TFM/substrate-
deformation measurement 

plus molecular perturbation. 

(Qiu et al., 

2024) 

Abbreviations: BDNF, brain-derived neurotrophic factor; DCX, doublecortin; DCC, deleted in colorectal 

cancer; DRG, dorsal root ganglion; ECM, extracellular matrix; hiPSC, human induced pluripotent stem 

cell; TFM, traction force microscopy.  

 

3 Traction Force in the Growth Cone: Generation, Distribution, and Function 

Having distinguished traction force, tension, and adhesion, the growth cone becomes the central 

model for observing interfacial mechanical output from neurons. It is both the leading structure 

that senses external guidance cues and substrate properties and the effector that converts 

intracellular cytoskeletal dynamics into external mechanical output. The growth cone therefore 

functions as a true mechano-chemical transducer, converting external cues into changes in 

adhesion, cytoskeletal organization, and force-generation state that ultimately determine 

whether the neuron advances, pauses, or turns (Pillai and Franze, 2024, Franze, 2020, Kerstein 

et al., 2015, McCormick and Gupton, 2020). 
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A striking feature of growth cone traction force is that it is not uniformly distributed across 

the entire contact interface, but instead exhibits marked spatial heterogeneity. Classical 

experiments showed that growing growth cones can actively pull on the substrate (Lamoureux 

et al., 1989, Heidemann et al., 1990), while higher-resolution studies revealed that this pulling 

is typically concentrated at the growth cone periphery and lateral edges rather than being evenly 

spread across the entire ventral surface. Betz and colleagues described growth cones overall as 

"soft and weak force generators," suggesting that they do not advance by sustained, large-

amplitude pulling, but rather by local, compliant mechanical modules that probe the 

environment and drive forward movement (Betz et al., 2011). Time-series analyses in Aplysia 

and DRG neurons further indicated that, although instantaneous traction maps are complex, one 

can still extract a relatively stable average contractile pattern that moves with the growth cone 

(Hyland et al., 2014, Polackwich et al., 2015). 

Growth cone traction force is also a dynamically remodeling force field. High-temporal-

resolution analyses have shown that growth cone traction force consists of short-lived local 

peaks together with a smaller number of longer-lasting stress peaks, consistent with a repeated 

cycle of "grip-release-regrip" in the growth cone (Polackwich et al., 2015). Earlier studies of 

actin flow found that the rate of growth cone advance is inversely correlated with retrograde F-

actin flow: when the growth cone advances along a given interaction axis, retrograde flow along 

that axis is selectively slowed (Lin and Forscher, 1995). Importantly, direct measurements of 

substrate deformation in Aplysia growth cones further showed that local substrate deformation 

can predict subsequent advance, reinforcing the view that productive outgrowth depends on 

effective substrate-cytoskeletal coupling in space and time rather than on force magnitude alone 

(Athamneh et al., 2015).  

These findings suggest that productive growth cone advance depends less on maximal force 

amplitude than on spatiotemporally coordinated force transmission. Local traction must be 

generated at appropriate adhesive sites, persist long enough to engage the substrate, and remain 

coordinated with retrograde F-actin flow and microtubule invasion. Thus, TFM is most 

informative when traction maps are interpreted together with adhesion dynamics, cytoskeletal 

organization, and growth cone behavior (Lin and Forscher, 1995, Athamneh et al., 2015, 

Hyland et al., 2014, Polackwich et al., 2015, Kerstein et al., 2015). 

Growth cone turning further illustrates the spatial significance of traction force. Moore and 

colleagues showed that immobilized netrin-1 is sufficient to reorient axons and is accompanied 

by local traction generation (Moore et al., 2009). Nichol and colleagues further demonstrated 
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that guidance can occur through local coupling between retrograde F-actin flow and point-

contact adhesions, without requiring a global alteration in actin flow (Nichol et al., 2016). 

Studies of L1-CAM grip/slip dynamics also showed that asymmetric traction can arise within 

the growth cone and drive haptotactic turning at a laminin/polylysine boundary (Abe et al., 

2018, Abe et al., 2021). Thus, growth cone turning is best understood as a mechanically 

lateralized process in which local asymmetry of force transmission biases directional movement. 

Together, studies of growth cone advance and turning show that traction force is a spatially 

organized and dynamically regulated component of growth cone motility. This raises the 

mechanistic question addressed in the next section: how intracellular cytoskeletal forces are 

captured by adhesion complexes and transmitted to the substrate. 

 

4 How Force is Transmitted to the Substrate: Adhesion Complexes and the Molecular 

Clutch 

The previous section emphasized the spatiotemporal manifestations of growth cone traction 

force. This section turns to a more mechanistic question: how are the internal forces generated 

by the cytoskeleton stably transmitted to the external substrate? In the neuronal field, the 

classical explanation is the molecular clutch model. The key point of this model is not any 

single protein, but rather that the retrogradely flowing actin network must be mechanically 

coupled, via specific linkage modules, to membrane receptors and their external ligands before 

internal cytoskeletal motion can truly be "engaged" and converted into measurable traction 

force (Kerstein et al., 2015, Suter and Forscher, 2001, Miller and Suter, 2018). 

In this sense, adhesion complexes constitute the essential interface required for traction 

generation, rather than merely serving as passive background conditions. Point contacts in 

growth cones are viewed as specialized adhesion structures composed of multiple molecules 

involved in integrin-mediated adhesion and cytoskeletal coupling; these sites serve not only as 

mechanical linkages but also as nodes for signal integration and local stabilization (Renaudin 

et al., 1999). FAK is one of the most important hubs in this network, regulating pathfinding and 

point-contact dynamics downstream of integrin-mediated adhesion, both of which are required 

for growth cone advance and turning (Robles and Gomez, 2006, Myers and Gomez, 2011). 

Although these structures are related to focal adhesions in non-neuronal cells, growth-cone 

adhesions are more commonly described as point-contact adhesions because of their small size, 

rapid turnover, and close association with filopodia and actin retrograde flow (Renaudin et al., 

1999, Robles and Gomez, 2006, Kerstein et al., 2015). To illustrate these adhesion structures 
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more directly, Fig. 2 includes representative Paxillin-GFP-labeled point-contact adhesion 

dynamics adapted from a previously published open-access work (Kerstein et al., 2015). 

At the molecular level, the apCAM system was foundational. Suter and Forscher clearly 

proposed in Aplysia growth cones that apCAM is not merely a surface adhesion molecule, but 

also participates in the transmission of traction force, and that its linkage to the cytoskeleton is 

regulated by Src family kinases (Suter and Forscher, 2001). Subsequently, L1-CAM, ankyrinB, 

N-cadherin, and shootin1 were incorporated into this pathway. Nishimura and colleagues 

showed that L1-dependent neuritogenesis requires ankyrinB-mediated coupling of L1-CAM to 

retrograde actin flow (Nishimura et al., 2003), while Bard and colleagues demonstrated a direct 

molecular clutch between N-cadherin adhesions and actin flow that drives growth cone 

migration (Bard et al., 2008). The significance of these studies lies not merely in providing a 

list of molecules, but in progressively resolving the phenomenon that "neurons pull" into a 

dissectable and regulatable process of interfacial coupling. 

Research on shootin1 further developed this mechanism into a closed loop linking chemical 

signals to mechanical output. Shimada and colleagues found that shootin1 can interact with 

both actin retrograde flow and L1-CAM, thereby strengthening the connection between them 

and promoting axon outgrowth (Shimada et al., 2008). Toriyama and colleagues then showed 

that netrin-1 enhances growth cone traction force through Pak1-mediated phosphorylation of 

shootin1 (Toriyama et al., 2013). Fmn2 was subsequently identified as another key clutch 

regulator; by stabilizing point contacts and strengthening actin-substrate coupling, it promotes 

the generation of traction force by growth cones (Ghate et al., 2020). Recent work has extended 

this logic to the netrin receptor DCC: substrate-bound netrin-1 can function through a DCC-

shootin1a adhesion-clutch, increase the grip state of DCC on the substrate, and enhance 

traction-force transmission during axonal haptotaxis (Qiu et al., 2024). These findings make 

clear that the molecular clutch is not a static connector, but a dynamic interface continuously 

regulated by upstream signals. 

The L1-CAM grip/slip model proposed by Abe and colleagues refined regulation of the 

molecular clutch at the level of dynamics. L1-CAM movement on the substrate is not fixed, but 

switches between grip and slip states; when the proportion of time spent in the grip state 

increases, growth cone traction is enhanced and turning toward that side becomes more likely 

(Abe et al., 2018). Subsequent work further showed that the L1-laminin clutch interface itself 

is mechanosensitive (Abe et al., 2021). Thus, traction force should be understood as a highly 

regulatable force-transmission process with a clear molecular basis, rather than as a purely 
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phenomenological readout. The major mechanisms by which growth cones generate traction 

and transmit force through adhesion-based molecular clutch systems are summarized in Fig. 2. 

 

 

Fig. 2 Growth cone traction generation, point-contact adhesion dynamics, and molecular clutch 

mechanisms. (A) Schematic growth cone architecture showing F-actin retrograde flow, actin 

polymerization, microtubule organization, adhesion sites, and spatially localized traction 

hotspots. The lower inset shows Paxillin-GFP-labeled point-contact adhesion dynamics in a 

Xenopus growth cone, illustrating the transient assembly and disassembly of growth-cone 

adhesion structures. This inset was adapted from Kerstein, Nichol and Gomez (2015) under the 

Creative Commons Attribution License (CC BY). (B) In the molecular clutch model, weak 

cytoskeleton–substrate coupling permits rapid F-actin retrograde flow and low traction 

transmission, whereas stronger clutch engagement slows retrograde flow and increases traction 

transmission through adhesion receptors and clutch adaptors. (C) Guidance and adhesion 

pathways, including netrin-1/DCC, Pak1–shootin1, L1-CAM, N-cadherin, and actin-coupling 

modules, regulate clutch engagement, cytoskeletal stabilization, and traction output. (D) 

Different modes of force transmission contribute to growth cone behavior: balanced traction 

supports advance, insufficient clutch engagement favors pausing, and asymmetric traction 

biases turning. 
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5 How the Mechanical Microenvironment Shapes Neuronal Traction Force 

Neuronal traction force is not determined solely by the intracellular actomyosin system. 

Whether the growth cone can convert internal dynamics into effective traction on the outside 

world also depends on whether the external environment permits such force to be received, 

transmitted, and fed back. Substrate stiffness, ECM composition, mode of ligand presentation, 

surface geometry, and spatial confinement can all alter growth-cone adhesion, coupling to 

retrograde flow, and microtubule advance. Where traction has been directly measured, these 

environmental variables can influence traction output; in other contexts, their effects on traction 

remain mechanobiological inferences based on adhesion, cytoskeletal, or morphological 

changes (Pillai and Franze, 2024, Javier-Torrent et al., 2021, Chighizola et al., 2019). Traction 

is therefore not an isolated property of the neuron, but an interfacial variable jointly produced 

by the neuron and its microenvironment. 

Among environmental factors, substrate stiffness is one of the variables most directly 

linked to neuronal traction. Koch and colleagues found, by comparing DRG neurons with 

hippocampal neurons, that the two respond differently to substrate stiffness: DRG growth cones 

generate larger traction forces on stiffer substrates, whereas hippocampal neurons show a 

weaker stiffness response, suggesting intrinsic differences among neuronal types in 

mechanosensitivity and in the range of their mechanical output (Koch et al., 2012). At the same 

time, more recent motor-clutch modeling constrained by experimental data suggests that 

effective substrate coupling can be achieved more rapidly on relatively soft substrates, 

indicating that the relationship between stiffness and traction is not purely monotonic and may 

depend on cell type, clutch reinforcement, and the mechanical regime being tested (Pulido 

Cifuentes et al., 2024). Further in vivo studies have also shown that tissue stiffness and 

mechanosensitive pathways participate in axon growth during development, indicating that 

stiffness is not merely a materials-science concept in vitro, but a genuine instructive variable in 

nervous system development (Javier-Torrent et al., 2021, Koser et al., 2016). 

ECM composition more directly determines what the growth cone can grip and how it grips 

it. Laminin is one of the most classical ECM ligands in neuronal research. Rivas and colleagues 

long ago demonstrated that acute addition of laminin can markedly alter growth cone 

morphology and accelerate growth cone advance within minutes (Rivas et al., 1992). More 

specifically, studies of the L1-laminin clutch have shown that laminin acts as a mechanical 

interface that directly changes grip/slip state and the efficiency of traction transmission, beyond 

its role as a growth-promoting substrate (Abe et al., 2021). In addition, laminin presentation 
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density itself can alter branching and local adhesive organization, suggesting that ECM density 

is a mechanical variable that neurons can "read" (Liu et al., 2013).  

Geometric structure and spatial confinement likewise reshape neurite growth directionality 

and potential force-transmission patterns. Micropatterns and topography do not simply 

constrain which path neurites can follow; rather, at the scale of the growth cone they alter 

contact area, edge curvature, the distribution of adhesion sites, and the manner in which 

symmetry is broken (Clark et al., 1993, Fozdar et al., 2010). Smirnov and colleagues further 

showed that, in narrow channels, overall growth cone advance velocity may not decrease 

dramatically, but growth cone morphology and its response to changing constraints are clearly 

altered, suggesting that spatial confinement may shape growth behavior by redistributing 

adhesion sites, cytoskeletal organization, and potential force-transmission regions (Smirnov et 

al., 2014). 

Most current studies of neuronal traction are still based on two-dimensional culture systems, 

whereas neurons in vivo reside in environments that are three-dimensional, soft, viscoelastic, 

and highly heterogeneous. The difference between two-dimensional and three-dimensional 

settings involves far more than the addition of one extra dimension, because it entails wholesale 

changes in ligand presentation, force-dissipation pathways, and constraints on cell morphology. 

This distinction is not merely theoretical: recent work showed that CNS axons in three-

dimensional matrices can adopt amoeboid and adhesion-independent growth modes, implying 

that the force-transmission logic inferred from two-dimensional adhesive substrates cannot 

always be transferred directly to 3D settings without revision (Santos et al., 2020). Therefore, 

extending the study of neuronal traction force into three-dimensional systems, organoids, and 

even in vivo contexts will be an essential next step for understanding this mechanical phenotype 

(Pillai and Franze, 2024, Motz et al., 2021, Javier-Torrent et al., 2021). The principal ways in 

which the mechanical microenvironment regulates neuronal traction and growth behavior are 

summarized in Fig. 3.  
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Fig. 3 Mechanical microenvironmental regulation of neuronal traction and growth behavior. (A) 

Substrate stiffness changes the mechanical resistance against which growth cones transmit force. 

Soft substrates undergo larger deformation and provide lower resistance, whereas stiff 

substrates show reduced deformation but stronger mechanical feedback, thereby altering the 

efficiency of traction transmission. (B) ECM and ligand presentation regulate receptor–ligand 

coupling and clutch engagement. Sparse ECM ligands weaken clutch engagement and reduce 

effective force transmission, whereas dense laminin ligands enhance receptor–ligand coupling 

and promote adhesion-dependent traction transmission. (C) Geometric cues and confinement 

reshape where adhesions form and where traction is transmitted. Micropatterned grooves or 

stripes bias adhesion and traction along defined directions, whereas narrow channel 

confinement restricts growth cone spreading and may redistribute the sites of adhesion and 

force transmission along the channel boundary. (D) Dimensionality changes the physical route 

of force transmission. On two-dimensional planar substrates, traction is mainly transmitted 

through basal adhesive contacts, whereas in three-dimensional fibrous matrices, force 

transmission is guided by surrounding ECM fibers and may involve different force-dissipation 

pathways. 
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6 From Axon Extension to Neuronal Migration and Morphogenesis 

During brain development, neurons actively interact not only with the extracellular matrix, but 

also with radial glia, neighboring cells, and the surrounding tissue architecture, and these 

interactions contribute to neuronal repositioning, laminar organization, and subsequent 

morphological development (Pillai and Franze, 2024, Javier-Torrent et al., 2021, Minegishi and 

Inagaki, 2020). However, compared with the growth cone literature, the strength of evidence 

here is not uniform. Direct traction-force evidence is relatively strong for neuronal migration, 

whereas branching and dendritic morphogenesis are still supported mainly by cytoskeletal, 

adhesion, and morphological data rather than by direct full-field traction measurements. 

With regard to neuronal migration, direct and indirect force-related evidence together 

support the view that the tip of the leading process can function as a growth-cone-like 

mechanical structure rather than merely a directional leading edge. He and colleagues showed 

early on that migrating neurons do not move by passive sliding of the soma, but by active 

pulling at the tip of the leading process; this process depends on myosin II and is accompanied 

by forward F-actin flow along the leading process (He et al., 2010). Minegishi and colleagues 

further demonstrated that, in migrating interneurons, shootin1b accumulates in the growth-

cone-like structure of the leading process and acts as a molecular clutch through interactions 

with cortactin and L1-CAM, coupling F-actin retrograde flow to the adhesive substrate and 

thereby promoting extension of the leading process and subsequent somal translocation 

(Minegishi et al., 2018). More recently, Nakajima and colleagues identified a bona fide growth-

cone-like structure at the tip of migrating neurons in the injured brain and showed that this 

structure probes extracellular inhibitory cues and helps drive migratory behavior, further 

strengthening the conceptual link between axonal growth cones and migratory leading 

processes. Although this study did not directly map traction forces, it strengthens the anatomical 

and functional analogy between axonal growth cones and migratory leading processes 

(Nakajima et al., 2024). 

Compared with axon elongation, one distinctive feature of neuronal migration is that it 

must move not only the leading edge but also the relatively bulky soma and nucleus. Thus, 

traction during migration is not concentrated solely at the extreme front. Using TFM in cultured 

granule cells, Jiang and colleagues found three distinguishable contraction centers in migrating 

neurons, located in the distal leading process, proximal leading process, and trailing process, 

respectively, all of which exhibit high myosin II activity (Jiang et al., 2015). Umeshima and 

colleagues further showed that local traction force generated in the proximal leading process 
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can directly trigger nuclear translocation (Umeshima et al., 2019). These findings represent 

some of the strongest evidence in this area, because they not only propose a mechanical model 

but also directly link local traction events to specific migratory steps such as somal advance 

and nuclear movement. 

From migration to branching and morphogenesis, local mechanical redistribution remains 

a plausible and important concept, but this area is currently supported mainly by indirect 

evidence rather than by a mature chain of quantitative traction measurements. Recent reviews 

of branching broadly agree that branch formation depends on local actin remodeling, adhesion 

adjustment, microtubule invasion, and membrane expansion. These processes are mechanically 

relevant, but they do not by themselves constitute direct evidence of traction-force 

redistribution (Gallo, 2011, Menon and Gupton, 2018, Pacheco and Gallo, 2016). In axon 

collateral branch formation, actin patches, filopodia, and microtubule invasion together 

constitute the cellular sequence of branching, while drebrin coordinates the actin and 

microtubule systems to promote collateral branch initiation. These studies suggest that local 

mechanical redistribution may participate in branch initiation and stabilization. However, direct 

full-field traction measurements demonstrating when, where, and how traction forces are 

redistributed during branching remain largely unavailable.  

Direct traction-force evidence in dendritic morphogenesis is currently lacking or remains 

extremely limited. The existing literature supports a relatively cautious conclusion: dendrite 

formation depends on local actin/microtubule coordination, cell adhesion, and branch 

stabilization, processes that may involve local mechanical organization but have not yet been 

directly linked to quantified traction-force patterns (Ouzounidis et al., 2023, Seong et al., 2015). 

Thus, from axon extension to neuronal migration and onward to branching and morphogenesis, 

a broader mechanobiological continuum can be proposed. Yet the density of evidence is not 

equivalent across all points on this continuum. A more defensible formulation is that neuronal 

morphogenesis may depend in part on local cytoskeletal–adhesion remodeling and mechanical 

redistribution across subcellular regions, but whether this involves measurable redistribution of 

traction output remains to be directly tested. 

7 Regeneration, Stretch Growth, and Externally Applied Mechanical Force 

Although exogenously applied tension is not identical to endogenous traction force, both lines 

of work converge on the broader principle that neuronal growth is mechanically regulatable. 

Regeneration-related studies have further expanded the broader force-based framework of 
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neuronal growth, although most of this evidence concerns externally applied tension rather than 

endogenous traction force. Classic tension experiments together with recent reviews indicate 

that mechanical force can serve not only as a concomitant factor in developmental growth, but 

also as an exogenous regulatory variable that promotes axon extension and regeneration-

associated growth under controlled experimental conditions (Franze, 2020, Bradke, 2022, De 

Vincentiis et al., 2020). From a historical perspective, this line of thinking is not abrupt. As 

early as the classic work of Bray, Dennerll, Zheng, and others, externally applied tension had 

already been shown to induce neurite growth, regulate axonal elongation, and influence neurite 

initiation (Bray, 1984, Zheng et al., 1991, Dennerll et al., 1989). Lamoureux and colleagues 

later showed that mechanical tension can even specify axonal fate in a particular process of 

hippocampal neurons (Lamoureux et al., 2002). The relationships between endogenous traction, 

externally applied tension, and regeneration-related growth are summarized in Fig. 4. 

 

 

Fig. 4 Mechanical regulation of neuronal migration, axon elongation, and regeneration-

associated growth. (A) The leading-process tip of migrating neurons can behave as a growth-

cone-like traction-generating structure, producing distal traction that supports directional 

migration. (B) During neuronal migration, traction is distributed across distal, proximal, and 
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trailing regions. These spatially organized traction centers contribute to somal translocation and 

nucleokinesis. (C) Exogenous mechanical inputs, including sustained stretch growth, localized 

pulling force, and nano-pulling or magnetic actuation, can promote axon elongation under 

controlled conditions. (D) Conceptual integration of endogenous traction during neuronal 

migration and exogenous tension during axon elongation or regeneration-associated growth. 

Together, these examples illustrate how distinct modes of neuronal mechanical regulation link 

migration-associated force generation to force-regulated axon elongation and repair-related 

growth. 

 

These studies shifted the interpretation of axon growth from a purely biochemical assembly 

process toward a model in which mechanical tension contributes actively to elongation and 

material addition along the axon. Later work pushed this logic further to the level of axon 

assembly. Reviews have pointed out that increases in axonal length do not simply reflect 

addition of membrane and cytoskeletal material at the distal tip, but involve tension 

transmission and material assembly along the entire axonal axis (Heidemann and Bray, 2015, 

Lamoureux et al., 2010). Corresponding theoretical models likewise emphasize that axon 

elongation is not a simple geometric stretching process, but a dynamic equilibrium jointly 

determined by force, viscosity, protein supply, and adhesion (O'Toole et al., 2008). 

The concept of stretch growth pushed this idea to a more extreme and clearly defined level. 

Smith and colleagues first proposed that sustained growth of integrated central nervous system 

axons can be induced by continuous mechanical tension (Smith et al., 2001). Pfister and 

colleagues then demonstrated that integrated axon tracts can be stretch-grown in vitro to the 

centimeter scale, while retaining active electrical signal conduction after stretching (Pfister et 

al., 2004). Loverde and Pfister further summarized axon stretch growth as an engineerable 

mechanotransduction platform (Loverde et al., 2011). These results show that sustained tension 

does not necessarily damage axonal structure; within an appropriate range, it can instead induce 

genuine growth accompanied by material assembly. 

More recent work on nano-pulling has advanced the concept that "externally applied 

mechanical force promotes axon growth" toward finer, more remote, and lower-amplitude 

forms of manipulation. A review by De Vincentiis and colleagues pointed out that extremely 

small external forces can significantly modulate axon growth (De Vincentiis et al., 2020). 

Subsequent studies have attempted to apply sustained, directionally controllable small forces 
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using magnetic nanoparticles or magnetically driven platforms, showing that such mechanical 

stimulation can promote axon elongation, cytoskeletal remodeling, and related transport 

processes (Falconieri et al., 2023). Thus, the growth-promoting effects of mechanical force are 

unlikely to reflect only passive elongation by external pulling; instead, they may involve 

coordinated regulation of the cytoskeleton, axonal transport, and local synthesis. 

However, this line of research also requires a clear conceptual boundary. The fact that 

controlled, low-amplitude, sustained pulling can promote axon extension does not mean that 

greater tension is always better in clinical repair. A more balanced view is that moderate, 

controllable mechanical bias may be beneficial, whereas focal or excessive tension could 

compromise blood supply, aggravate scarring, and impair regeneration. Translational efforts 

will therefore need to define safe ranges of force amplitude, duration, application site, and tissue 

tolerance (Bradke, 2022, De Vincentiis et al., 2020, Katiyar et al., 2020). 

 

8 Discussion 

Overall, neuronal traction force can be viewed as an important intermediate mechanical variable 

linking cytoskeletal dynamics, adhesion regulation, and neuronal behavior, rather than as an 

accessory physical phenomenon (Pillai and Franze, 2024, Motz et al., 2021, Franze, 2020). Its 

value lies in providing a bridge between molecular mechanisms and cell-scale behavior: it helps 

explain not only whether neurites extend, but also how neurons convert intracellular actomyosin 

activity into measurable actions on the external environment. Importantly, the field is better 

viewed as stratified rather than uniform, with some biological contexts already supported by 

direct mechanical evidence and others still at the level of plausible mechanobiological extension. 

The strongest and most coherent evidence chain currently exists in the context of the 

growth cone. Conceptually, traction force, tension, and adhesion correspond to interfacial 

output, internal load, and the conditions for force transmission, respectively, and these terms 

should not be conflated. Mechanistically, actin polymerization, myosin II-mediated contraction, 

retrograde flow, point-contact dynamics, and clutch molecules together generate a force-

transmission system that converts intracellular cytoskeletal dynamics into substrate-directed 

mechanical output (Franze, 2020, Kerstein et al., 2015, Suter and Forscher, 2001, Nishimura et 

al., 2003, Bard et al., 2008, Shimada et al., 2008, Toriyama et al., 2013, Ghate et al., 2020, 

Miller and Suter, 2018). Recent work further strengthens this framework by showing that local 

substrate deformation can predict subsequent growth cone advance and that additional 
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guidance-receptor systems can also mediate directional traction-force transmission, thereby 

extending the clutch framework beyond the classical L1-CAM and N-cadherin paradigms 

(Athamneh et al., 2015, Qiu et al., 2024). 

At the functional level, growth cone advance and neuronal migration remain the best-

established application domains of neuronal traction force research. Existing studies 

consistently show that growth cone traction is spatially heterogeneous, temporally dynamic, 

and closely associated with advance, pausing, and turning (Franze, 2020, Polackwich et al., 

2015, Abe et al., 2018, Abe et al., 2021). Likewise, migrating neurons display traction-

generating regions along the leading and proximal processes, and recent work in the injured 

brain has further reinforced the idea that migratory leading processes contain bona fide growth-

cone-like structures that probe extracellular cues and contribute actively to migration (Jiang et 

al., 2015, Umeshima et al., 2019, Minegishi et al., 2018, Nakajima et al., 2024). By contrast, 

branching, dendritic morphogenesis, dendritic spine remodeling, and disease-related 

mechanical alterations should be discussed more cautiously. For branching and mature synaptic 

remodeling, direct traction-force measurements remain scarce or absent; for neurological 

disease, direct evidence demonstrating altered neuronal traction force is currently lacking. 

Dendritic spine remodeling and disease-related mechanopathology are conceptually 

relevant to neuronal mechanobiology, but they should not yet be considered established 

branches of neuronal traction-force research. Existing studies suggest that adhesion-dependent 

actin coupling, including shootin1a-mediated linkage to N-cadherin and L1-CAM, can 

contribute to activity-dependent spine enlargement and stabilization (Kastian et al., 2021, 

Chazeau et al., 2015, Minegishi et al., 2023). However, direct full-field traction measurements 

comparable to those in growth cones or migrating neurons remain scarce in mature synaptic 

contexts. Similarly, although abnormal mechanotransduction has been implicated in 

neurological disorders, direct evidence demonstrating disease-state-dependent alterations in 

neuronal traction force is currently lacking (Li et al., 2024, Barrantes, 2024). These topics are 

therefore best framed as future directions rather than as established branches of neuronal 

traction-force research. 

The role of the mechanical microenvironment also deserves a more nuanced interpretation 

than a simple “stiffer means stronger” model. Substrate stiffness, ECM composition, ligand 

density, surface geometry, spatial confinement, and dimensionality can reshape neuronal 

adhesion, cytoskeletal coupling, and, where directly measured, traction output by altering the 
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efficiency and topology of force transmission (Koch et al., 2012, Koser et al., 2016, Abe et al., 

2021, Rivas et al., 1992, Liu et al., 2013, Clark et al., 1993, Fozdar et al., 2010, Smirnov et al., 

2014). Moreover, recent modeling suggests that growth cones may couple more efficiently to 

relatively soft substrates under some conditions (Pulido Cifuentes et al., 2024), while 

experiments in 3D matrices indicate that CNS axons can adopt amoeboid and adhesion-

independent growth modes (Santos et al., 2020). Together, these findings argue that neuronal 

traction is an interfacial phenotype jointly determined by the neuron, the ligand system, and the 

mechanical regime in which force is generated and dissipated. 

Regeneration-related studies broaden the relevance of neuronal force biology, although 

most direct evidence in this area concerns externally applied tension or pulling rather than 

endogenous traction-force mapping. Classic tension experiments, stretch-growth paradigms, 

and more recent low-force nano-pulling approaches collectively show that mechanical force 

can function not only as an accompanying variable in developmental growth, but also as an 

exogenous regulator that promotes axon extension and regeneration-associated growth under 

controlled experimental conditions (Franze, 2020, Bradke, 2022, De Vincentiis et al., 2020, 

Lamoureux et al., 2002, Lamoureux et al., 2010, Smith et al., 2001, Pfister et al., 2004, Loverde 

et al., 2011, Falconieri et al., 2023). These observations support a view of axon growth as a 

distributed biomechanical process involving tension, adhesion, cytoskeletal assembly, transport, 

and local synthesis, rather than as an event controlled solely at the distal tip. For this reason, 

neuronal traction force research has genuine conceptual relevance for neural repair, but this 

relevance remains partly indirect until endogenous traction-force changes are measured in 

regeneration models (Bradke, 2022, De Vincentiis et al., 2020, Katiyar et al., 2020). 

Several limitations remain prominent. First, the literature is unevenly distributed. The most 

direct traction-force evidence is concentrated in growth cones and neuronal migration, whereas 

axon extension and regeneration are supported by a mixture of traction measurements, 

externally applied tension experiments, and indirect force-related evidence. Evidence in mature 

neural networks and synaptic homeostasis remains scarce, and direct evidence demonstrating 

disease-state-dependent alterations in neuronal traction force is currently lacking. Second, most 

current measurements are still obtained in two-dimensional reductionist systems and therefore 

do not fully capture the soft, three-dimensional, viscoelastic, and heterogeneous environments 

in which neurons operate in vivo (Pillai and Franze, 2024, Motz et al., 2021, Santos et al., 2020). 

Third, substantial differences in cell source, substrate formulation, ECM coating, stiffness range, 
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and analytical workflow reduce comparability across studies. Finally, although current work 

can localize where force is generated and suggest how it is transmitted, much less is known 

about how traction-like mechanical states couple to electrical activity, synaptic transmission, 

and network function. 

For neuronal TFM specifically, several technical issues should be addressed in future 

studies. First, standardized reporting of substrate stiffness, thickness, bead density, ECM 

coating, displacement-detection method, inversion algorithm, regularization strategy, and 

traction metrics would greatly improve comparability across studies. Second, higher-resolution 

and lower-noise imaging and analysis pipelines are needed to resolve weak and spatially 

confined forces in small growth cones, thin axons, filopodia-like protrusions, and small 

adhesion sites. Third, future work should more explicitly compare 2D and 3D force-mapping 

strategies, because traction reconstructed from basal deformation on planar substrates may not 

reflect force transmission through fibrous matrices, organoids, tissue slices, or in vivo-like 

environments. Finally, neuronal TFM should be integrated with calcium imaging, membrane-

potential imaging, electrophysiology, molecular perturbation, and quantitative live-cell 

imaging so that traction maps can be linked not only to morphology and migration, but also to 

neuronal excitability, synaptic activity, and network-level function. 

Accordingly, several broader biological directions appear especially important. First, the 

field should move beyond two-dimensional single-cell preparations toward three-dimensional 

matrices, organoids, tissue slices, and in vivo-like systems, not only to improve physiological 

relevance but also to test whether the same force-transmission principles still hold under these 

conditions (Pillai and Franze, 2024, Motz et al., 2021, Javier-Torrent et al., 2021, Santos et al., 

2020, Nakajima et al., 2024). Second, the scope of the field should expand from developmental 

growth cones and migrating neurons toward mature neurons, synaptic structural plasticity, and 

network-level behavior, while maintaining a clear distinction between well-established 

evidence and emerging hypotheses (Kastian et al., 2021, Chazeau et al., 2015, Minegishi et al., 

2023). Third, disease-oriented work should proceed both proactively and cautiously, with 

particular emphasis on identifying measurable mechanical intermediate phenotypes, including 

but not limited to traction-force readouts, between cytoskeletal imbalance, synaptic pathology, 

and abnormal mechanotransduction (Li et al., 2024, Barrantes, 2024). 

Overall, research on neuronal traction force has evolved from early observations that 

neurites can pull into a developing interdisciplinary framework connecting cell mechanics, 
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developmental neurobiology, and neural repair. The most solid evidence already supports one 

central idea: neurons are not merely electrical signaling units, but mechanically active cells that 

continuously exchange forces with their environment. Studying traction force therefore helps 

explain how neurons extend, navigate, and migrate, while also providing a physically grounded 

language for discussing regeneration and selected aspects of structural plasticity. With more 

realistic models and richer multimodal readouts, neuronal traction force research is well 

positioned to mature from a specialized biomechanical topic into a broader framework for 

understanding nervous system development, adaptation, and repair. 

 

Acknowledgements 

Funding supports from the National Natural Science Foundation of China (grant 32322042, 32271359, Y.F.), 

the Shanghai 2025 "Pioneer Initiative" Program (grant 25XF3200100, Y.F.), Space Application System of 

China Manned Space Program (grant CMSS-2024-1-A-017, Y.F.), Science and Technology Commission of 

Shanghai Municipality (grant 20DZ2220400, G.-Z. Y.), Shanghai Municipal Science and Technology Major 

Project (grant 2021SHZDZX, G.-Z. Y.) are acknowledged. We thank the Center for High Performance 

Computing (π 2.0 cluster) at Shanghai Jiao Tong University for computation support. 

 

 

COMPLIANCE WITH ETHICS GUIDELINES 

Conflict of Interest 

Peiyan Duan, Shengyuan Ma, Qian Suo, Lefan Lv, Huijing Jin, Linyong Zhu, Assaf Zemel, 

Guang-Zhong Yang, and Yuan Feng declare that they have no conflict of interest. 

Human and Animal Rights and Informed Consent 

This article does not contain any studies with human or animal subjects performed by any of 

the authors. 

 

References 

ABE K, BABA K, HUANG L, et al. 2021. Mechanosensitive axon outgrowth mediated by L1-laminin 

clutch interface. Biophys J [J], 120: 3566-3576. 

ABE K, KATSUNO H, TORIYAMA M, et al. 2018. Grip and slip of L1-CAM on adhesive substrates 

direct growth cone haptotaxis. Proc Natl Acad Sci U S A [J], 115: 2764-2769. 

ATHAMNEH A I, CARTAGENA-RIVERA A X, RAMAN A, et al. 2015. Substrate Deformation 

Predicts Neuronal Growth Cone Advance. Biophys J [J], 109: 1358-1371. 



Jus
t A

cce
pte

d

27 

 

ATHAMNEH A I, SUTER D M 2015. Quantifying mechanical force in axonal growth and guidance. 

Front Cell Neurosci [J], 9: 359. 

BARD L, BOSCHER C, LAMBERT M, et al. 2008. A molecular clutch between the actin flow and 

N-cadherin adhesions drives growth cone migration. J Neurosci [J], 28: 5879-5890. 

BARRANTES F J 2024. Cognitive synaptopathy: synaptic and dendritic spine dysfunction in age-

related cognitive disorders. Front Aging Neurosci [J], 16: 1476909. 

BETZ T, KOCH D, LU Y-B, et al. 2011. Growth cones as soft and weak force generators. Proc Natl 

Acad Sci U S A [J], 108: 13420-13425. 

BRADKE F 2022. Mechanisms of Axon Growth and Regeneration: Moving between Development 

and Disease. J Neurosci [J], 42: 8393-8405. 

BRAY D 1984. Axonal growth in response to experimentally applied mechanical tension. Dev Biol 

[J], 102: 379-389. 

BRIDGMAN P C, DAVE S, ASNES C F, et al. 2001. Myosin IIB is required for growth cone 

motility. J Neurosci [J], 21: 6159-6169. 

BURNETTE D T, JI L, SCHAEFER A W, et al. 2008. Myosin II activity facilitates microtubule 

bundling in the neuronal growth cone neck. Dev Cell [J], 15: 163-169. 

CHAZEAU A, GARCIA M, CZÖNDÖR K, et al. 2015. Mechanical coupling between transsynaptic 

N-cadherin adhesions and actin flow stabilizes dendritic spines. Mol Biol Cell [J], 26: 859-873. 

CHEN C, CHU C-H, CHU Y, et al. 2022. Neuronal paxillin and drebrin mediate BDNF-induced force 

transduction and growth cone turning in a soft-tissue-like environment. Cell Rep [J], 40: 111188. 

CHIGHIZOLA M, DINI T, LENARDI C, et al. 2019. Mechanotransduction in neuronal cell 

development and functioning. Biophys Rev [J], 11: 701-720. 

CLARK P, BRITLAND S, CONNOLLY P 1993. Growth cone guidance and neuron morphology on 

micropatterned laminin surfaces. J Cell Sci [J], 105(Pt 1): 203-212. 

DE VINCENTIIS S, FALCONIERI A, SCRIBANO V, et al. 2020. Manipulation of axonal outgrowth 

via exogenous low forces. Int J Mol Sci [J], 21: 8009. 

DEMA A, CHARAFEDDINE R A, VAN HAREN J, et al. 2024. Doublecortin reinforces 

microtubules to promote growth cone advance in soft environments. Curr Biol [J], 34: 5822-

5832.e5. 

DENNERLL T J, LAMOUREUX P, BUXBAUM R E, et al. 1989. The cytomechanics of axonal 

elongation and retraction. J Cell Biol [J], 109: 3073-3083. 

FALCONIERI A, DE VINCENTIIS S, CAPPELLO V, et al. 2023. Axonal plasticity in response to 

active forces generated through magnetic nano-pulling. Cell Rep [J], 42: 111912. 

FENG X-Q, LI B, LIN S-Z, et al. 2025. Mechano-chemo-biological theory of cells and tissues: review 

and perspectives. Acta Mechanica Sinica [J], 41: 625315. 

FOZDAR D Y, LEE J Y, SCHMIDT C E, et al. 2010. Hippocampal neurons respond uniquely to 

topographies of various sizes and shapes. Biofabrication [J], 2: 035005. 



Jus
t A

cce
pte

d

28 

 

FRANZE K 2020. Integrating Chemistry and Mechanics: The Forces Driving Axon Growth. Annu 

Rev Cell Dev Biol [J], 36: 61-83. 

GALLO G 2011. The cytoskeletal and signaling mechanisms of axon collateral branching. Dev 

Neurobiol [J], 71: 201-220. 

GHATE K, MUTALIK S P, GHOSE A 2024. Interrogating the Molecular Clutch in Neuronal Growth 

Cones: Measuring Traction Forces, F-actin Retrograde Flow, and Point Contact Demographics. 

Methods Mol Biol [J], 2831: 251-264. 

GHATE K, MUTALIK S P, STHANAM L K, et al. 2020. Fmn2 Regulates Growth Cone Motility by 

Mediating a Molecular Clutch to Generate Traction Forces. Neuroscience [J], 448: 160-171. 

HE M, ZHANG Z H, GUAN C B, et al. 2010. Leading tip drives soma translocation via forward F-

actin flow during neuronal migration. J Neurosci [J], 30: 10885-10898. 

HEIDEMANN S R, BRAY D 2015. Tension-driven axon assembly: a possible mechanism. Front Cell 

Neurosci [J], 9: 316. 

HEIDEMANN S R, LAMOUREUX P, BUXBAUM R E 1990. Growth cone behavior and production 

of traction force. J Cell Biol [J], 111: 1949-1957. 

HYLAND C, MERTZ A F, FORSCHER P, et al. 2014. Dynamic peripheral traction forces balance 

stable neurite tension in regenerating Aplysia bag cell neurons. Sci Rep [J], 4: 4961. 

JAVIER-TORRENT M, ZIMMER-BENSCH G, NGUYEN L 2021. Mechanical Forces Orchestrate 

Brain Development. Trends Neurosci [J], 44: 110-121. 

JIANG J, ZHANG Z H, YUAN X B, et al. 2015. Spatiotemporal dynamics of traction forces show 

three contraction centers in migratory neurons. J Cell Biol [J], 209: 759-774. 

KANG W, LI L, SONG H, et al. 2025. Advances and challenges in the mechanics of biological soft 

tissues: test methods, modeling, and applications. Acta Mechanica Sinica [J], 41: 624409. 

KASTIAN R F, MINEGISHI T, BABA K, et al. 2021. Shootin1a-mediated actin-adhesion coupling 

generates force to trigger structural plasticity of dendritic spines. Cell Rep [J], 35: 109130. 

KATIYAR K S, STRUZYNA L A, MORAND J P, et al. 2020. Tissue Engineered Axon Tracts Serve 

as Living Scaffolds to Accelerate Axonal Regeneration and Functional Recovery Following 

Peripheral Nerve Injury in Rats. Front Bioeng Biotechnol [J], 8: 492. 

KERSTEIN P C, NICHOL R I, GOMEZ T M 2015. Mechanochemical regulation of growth cone 

motility. Front Cell Neurosci [J], 9: 244. 

KILINC D, BLASIAK A, LEE G U 2015. Microtechnologies for studying the role of mechanics in 

axon growth and guidance. Front Cell Neurosci [J], 9: 282. 

KOCH D, ROSOFF W J, JIANG J, et al. 2012. Strength in the periphery: growth cone biomechanics 

and substrate rigidity response in peripheral and central nervous system neurons. Biophys J [J], 

102: 452-460. 

KOSER D E, THOMPSON A J, FOSTER S K, et al. 2016. Mechanosensing is critical for axon 

growth in the developing brain. Nat Neurosci [J], 19: 1592-1598. 



Jus
t A

cce
pte

d

29 

 

KUBO Y, BABA K, TORIYAMA M, et al. 2015. Shootin1–cortactin interaction mediates signal–

force transduction for axon outgrowth. J Cell Biol [J], 210: 663-676. 

KUMARASINGHE U, FOX L N, STAII C 2022. Combined traction force-atomic force microscopy 

measurements of neuronal cells. Biomimetics (Basel) [J], 7: 157. 

LAMOUREUX P, BUXBAUM R E, HEIDEMANN S R 1989. Direct evidence that growth cones 

pull. Nature [J], 340: 159-162. 

LAMOUREUX P, HEIDEMANN S R, MARTZKE N R, et al. 2010. Growth and elongation within 

and along the axon. Dev Neurobiol [J], 70: 135-149. 

LAMOUREUX P, RUTHEL G, BUXBAUM R E, et al. 2002. Mechanical tension can specify axonal 

fate in hippocampal neurons. J Cell Biol [J], 159: 499-508. 

LI B, ZHAO A R, TIAN T, et al. 2024. Mechanobiological insight into brain diseases based on 

mechanosensitive channels: Common mechanisms and clinical potential. CNS Neurosci Ther [J], 

30: e14809. 

LIN C H, FORSCHER P 1995. Growth cone advance is inversely proportional to retrograde F-actin 

flow. Neuron [J], 14: 763-771. 

LIU M, WANG J, LI Y, et al. 2024. Development of mechanical equivalent porous structures for 3D-

printed artificial femoral heads. Acta Mechanica Sinica [J], 41: 624089. 

LIU W, XING S, YUAN B, et al. 2013. Change of laminin density stimulates axon branching via 

growth cone myosin II-mediated adhesion. Integr Biol (Camb) [J], 5: 1244-1252. 

LOVERDE J R, TOLENTINO R E, PFISTER B J 2011. Axon stretch growth: the 

mechanotransduction of neuronal growth. J Vis Exp [J], 54: e2753. 

MCCORMICK L E, GUPTON S L 2020. Mechanistic advances in axon pathfinding. Curr Opin Cell 

Biol [J], 63: 11-19. 

MENON S, GUPTON S 2018. Recent advances in branching mechanisms underlying neuronal 

morphogenesis. F1000Res [J], 7: F1000 Faculty Rev-1779. 

MILLER K E, SUTER D M 2018. An Integrated Cytoskeletal Model of Neurite Outgrowth. Front Cell 

Neurosci [J], 12: 447. 

MINEGISHI T, INAGAKI N 2020. Forces to Drive Neuronal Migration Steps. Front Cell Dev Biol 

[J], 8: 863. 

MINEGISHI T, KASTIAN R F, INAGAKI N 2023. Mechanical regulation of synapse formation and 

plasticity. Semin Cell Dev Biol [J], 140: 82-89. 

MINEGISHI T, UESUGI Y, KANEKO N, et al. 2018. Shootin1b Mediates a Mechanical Clutch to 

Produce Force for Neuronal Migration. Cell Rep [J], 25: 624-639.e6. 

MOORE S W, BIAIS N, SHEETZ M P 2009. Traction on immobilized netrin-1 is sufficient to 

reorient axons. Science [J], 325: 166. 

MOTZ C T, KABAT V, SAXENA T, et al. 2021. Neuromechanobiology: An Expanding Field Driven 

by the Force of Greater Focus. Adv Healthc Mater [J], 10: e2100102. 



Jus
t A

cce
pte

d

30 

 

MYERS J P, GOMEZ T M 2011. Focal adhesion kinase promotes integrin adhesion dynamics 

necessary for chemotropic turning of nerve growth cones. J Neurosci [J], 31: 13585-13595. 

NAKAJIMA C, SAWADA M, UMEDA E, et al. 2024. Identification of the growth cone as a probe 

and driver of neuronal migration in the injured brain. Nat Commun [J], 15: 1877. 

NICHOL R I, HAGEN K M, LUMBARD D C, et al. 2016. Guidance of Axons by Local Coupling of 

Retrograde Flow to Point Contact Adhesions. J Neurosci [J], 36: 2267-2282. 

NISHIMURA K, YOSHIHARA F, TOJIMA T, et al. 2003. L1-dependent neuritogenesis involves 

ankyrinB that mediates L1-CAM coupling with retrograde actin flow. J Cell Biol [J], 163: 1077-

1088. 

O'TOOLE M, LAMOUREUX P, MILLER K E 2008. A physical model of axonal elongation: force, 

viscosity, and adhesions govern the mode of outgrowth. Biophys J [J], 94: 2610-2620. 

OUZOUNIDIS V R, PREVO B, CHEERAMBATHUR D K 2023. Sculpting the dendritic landscape: 

Actin, microtubules, and the art of arborization. Curr Opin Cell Biol [J], 84: 102214. 

PACHECO A, GALLO G 2016. Actin filament-microtubule interactions in axon initiation and 

branching. Brain Res Bull [J], 126: 300-310. 

PFISTER B J, IWATA A, MEANEY D F, et al. 2004. Extreme stretch growth of integrated axons. J 

Neurosci [J], 24: 7978-7983. 

PILLAI E K, FRANZE K 2024. Mechanics in the nervous system: From development to disease. 

Neuron [J], 112: 342-361. 

POLACKWICH R J, KOCH D, MCALLISTER R, et al. 2015. Traction force and tension fluctuations 

in growing axons. Front Cell Neurosci [J], 9: 417. 

PULIDO CIFUENTES L P C, ATHAMNEH A I M, EFREMOV Y, et al. 2024. A modified motor-

clutch model reveals that neuronal growth cones respond faster to soft substrates. Mol Biol Cell [J], 

35: ar47. 

QIU Z, MINEGISHI T, AOKI D, et al. 2024. Adhesion-clutch between DCC and netrin-1 mediates 

netrin-1-induced axonal haptotaxis. Front Mol Neurosci [J], 17: 1307755. 

RENAUDIN A, LEHMANN M, GIRAULT J, et al. 1999. Organization of point contacts in neuronal 

growth cones. J Neurosci Res [J], 55: 458-471. 

RIVAS R J, BURMEISTER D W, GOLDBERG D J 1992. Rapid effects of laminin on the growth 

cone. Neuron [J], 8: 107-115. 

ROBLES E, GOMEZ T M 2006. Focal adhesion kinase signaling at sites of integrin-mediated 

adhesion controls axon pathfinding. Nat Neurosci [J], 9: 1274-1283. 

SANTOS T E, SCHAFFRAN B, BROGUIÈRE, et al. 2020. Axon Growth of CNS Neurons in Three 

Dimensions Is Amoeboid and Independent of Adhesions. Cell Rep [J], 32: 107907. 

SEONG E, YUAN L, ARIKKATH J 2015. Cadherins and catenins in dendrite and synapse 

morphogenesis. Cell Adh Migr [J], 9: 202-213. 



Jus
t A

cce
pte

d

31 

 

SHIMADA T, TORIYAMA M, UEMURA K, et al. 2008. Shootin1 interacts with actin retrograde 

flow and L1-CAM to promote axon outgrowth. J Cell Biol [J], 181: 817-829. 

SMIRNOV M S, CABRAL K A, GELLER H M, et al. 2014. The effects of confinement on neuronal 

growth cone morphology and velocity. Biomaterials [J], 35: 6750-6757. 

SMITH D H, WOLF J A, MEANEY D F 2001. A new strategy to produce sustained growth of central 

nervous system axons: continuous mechanical tension. Tissue Eng [J], 7: 131-139. 

SU L, LEI J-C, LI Z, et al. 2024. Wettability effect on hydraulic permeability of brain white matter. 

Acta Mechanica Sinica [J], 40: 623278. 

SUTER D M, FORSCHER P 2001. Transmission of growth cone traction force through apCAM-

cytoskeletal linkages is regulated by Src family tyrosine kinase activity. J Cell Biol [J], 155: 427-

438. 

SUTER D M, MILLER K E 2011. The emerging role of forces in axonal elongation. Prog Neurobiol 

[J], 94: 91-101. 

TORIYAMA M, KOZAWA S, SAKUMURA Y, et al. 2013. Conversion of a signal into forces for 

axon outgrowth through Pak1-mediated shootin1 phosphorylation. Curr Biol [J], 23: 529-534. 

UMESHIMA H, NOMURA K I, YOSHIKAWA S, et al. 2019. Local traction force in the proximal 

leading process triggers nuclear translocation during neuronal migration. Neurosci Res [J], 142: 38-

48. 

YU P, LI B 2024. Three-dimensional morphogenesis of epithelial tubes. Acta Mechanica Sinica [J], 

40: 623297. 

ZHENG J, LAMOUREUX P, SANTIAGO V, et al. 1991. Tensile regulation of axonal elongation and 

initiation. J Neurosci [J], 11: 1117-1125. 

 


