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ABSTRACT Mechanical properties of the extracellular environment modulate axon outgrowth. Growth cones at the tip of ex-
tending axons generate traction force for axon outgrowth by transmitting the force of actin filament retrograde flow, produced by
actomyosin contraction and F-actin polymerization, to adhesive substrates through clutch and cell adhesion molecules. A mo-
lecular clutch between the actin filament flow and substrate is proposed to contribute to cellular mechanosensing. However, the
molecular identity of the clutch interface responsible for mechanosensitive growth cone advance is unknown. We previously re-
ported that mechanical coupling between actin filament retrograde flow and adhesive substrates through the clutch molecule
shootin1a and the cell adhesion molecule L1 generates traction force for axon outgrowth and guidance. Here, we show that
cultured mouse hippocampal neurons extend longer axons on stiffer substrates under elastic conditions that correspond to
the soft brain environments. We demonstrate that this stiffness-dependent axon outgrowth requires actin-adhesion coupling
mediated by shootin1a, L1, and laminin on the substrate. Speckle imaging analyses showed that L1 at the growth cone mem-
brane switches between two adhesive states: L1 that is immobilized and that undergoes retrograde movement on the substrate.
The duration of the immobilized phase was longer on stiffer substrates; this was accompanied by increases in actin-adhesion
coupling and in the traction force exerted on the substrate. These data suggest that the interaction between L1 and laminin is
enhanced on stiffer substrates, thereby promoting force generation for axon outgrowth.
SIGNIFICANCE Axonal growth cones respond to mechanical properties in their environment. A molecular clutch
between F-actin retrograde flow and the adhesive substrate is proposed to contribute to cellular mechanosensing.
However, the molecular identity of the clutch interface responsible for mechanosensitive growth cone advance is unknown.
We show that substrate-stiffness-dependent axon outgrowth of cultured hippocampal neurons requires actin-adhesion
coupling mediated by the clutch molecule shootin1a, the cell adhesion molecule L1, and the adhesive ligand laminin. The
interaction between L1 and laminin was enhanced on stiffer substrates, thereby increasing the efficiency of force
generation by growth cones. Thus, these data demonstrate that the stiffness-dependent L1-laminin interaction mediates
this mechanosensitivity of the growth cone machinery for axon outgrowth of hippocampal neurons.
INTRODUCTION

Growth cones located at the tip of extending axons probe
extracellularly presented local cues and guide long-distance
axonal extension toward their target cells and tissues (1–5).
Concerning the force to drive growth cone migration, actin
filaments (F-actins) polymerize at their leading edge and
disassemble proximally, which, together with myosin II ac-
tivity, drives retrogradely directed F-actin retrograde flow
Submitted March 9, 2021, and accepted for publication August 4, 2021.

*Correspondence: ninagaki@bs.naist.jp

Editor: Guy Genin.

3566 Biophysical Journal 120, 3566–3576, September 7, 2021

https://doi.org/10.1016/j.bpj.2021.08.009

� 2021 Biophysical Society.

This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
(6–9). Mechanical coupling between the F-actin retrograde
flow and adhesive substrates by clutch and cell adhesion
molecules is thought to generate force for axon outgrowth
(10–12). The actin-adhesion coupling transmits the force
of F-actin retrograde flow produced by actomyosin contrac-
tion and F-actin polymerization to the substrate as traction
force; concurrently, it reduces the speed of the F-actin
flow (10–12), thereby converting actin polymerization into
the force that protrudes the leading-edge membrane (13).

Accumulating evidence suggests that growth cones
respond not only to chemical ligands but also to mechanical
properties of their environment (5,14,15). Brain tissue is
relatively soft (0.1–10 kPa) compared to other tissues,
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Rigidity sensing for axon outgrowth
such as muscle (10–100 kPa) and connective tissues (100–
1000 kPa) (16–18), and heterogeneous depending on devel-
opmental stages and regions (19–22). Neurons cultured on
adhesive substrates with differing stiffness extend axons of
different lengths depending on the cell type (23–26).
Consistent with this, growth cones produce different ampli-
tudes of traction force depending on the stiffness of the sub-
strate (14,24). As a possible mechanism for such
mechanosensitivity, the molecular clutch between F-actin
retrograde flow and the adhesive substrate is thought to
contribute to cellular mechanosensing (14,27,28). Previous
studies reported that mechanosensitive ion channels
contribute to the regulation of mechanosensitive growth
cone advance (15,25). On the other hand, the molecular
identity of the clutch interface responsible for mechanosen-
sitive growth cone advance is unclear.

L1 is a single-pass transmembrane cell adhesion mole-
cule of the immunoglobulin superfamily that is expressed
predominantly in the nervous system and is involved in
axon outgrowth and guidance (29,30). L1 binds directly to
the extracellular matrix protein laminin (31,32) and medi-
ates axon outgrowth on laminin (33). Recently, we reported
that L1 and the clutch molecule shootin1a play key roles in
growth cone migration regulated by diffusible and substrate-
bound chemical ligands (31,34). Shootin1a interacts with F-
actin retrograde flow through its direct association with the
actin-interacting protein cortactin (35); it also interacts
directly with L1 (34), thereby mechanically coupling the
F-actin flow with the adhesive substrates (34,36). The attrac-
tive axon guidance molecule netrin-1 induces Pak1-medi-
ated shootin1a phosphorylation (12); this, in turn,
enhances shootin1a-mediated clutch coupling within growth
cones and produces directional force for netrin-1-induced
axon guidance (34). In addition, L1 at the growth cone
membrane undergoes grip and retrograde slip on laminin;
the directional force for laminin-induced axon guidance is
exerted on the substrates by the grip and slip of L1, which
occur asymmetrically under the growth cone (31).

Here, we show that cultured hippocampal neurons extend
longer axons on stiffer substrates and that the stiffness-depen-
dent growth cone advance requires actin-adhesion coupling
mediated by shootin1a, L1, and laminin on the substrate.
The duration of the grip phase of L1was longer on stiffer sub-
strates; this was accompanied by increases in actin-adhesion
coupling and the traction force exerted on the substrate. These
data indicate that the stiffness-dependent L1-laminin interac-
tion mediates this mechanosensitivity of the growth cone ma-
chinery for axon outgrowth of hippocampal neurons.
MATERIALS AND METHODS

Cell culture and transfection

All relevant aspects of the experimental procedures were approved by the

Institutional Animal Care and Use Committee of Nara Institute of Science
and Technology. Hippocampal neurons prepared from E16 mouse embryos

were seeded on polyacrylamide gels coated either sequentially with 100 mg/

mL poly-D-lysine (PDL) (catalog number: P-6407; Sigma, St. Louis, MO)

and 50 mg/mL laminin (catalog number: 120-05751; Wako Pure Chemical

Industries, Osaka, Japan) or with PDL alone and cultured in neurobasal me-

dium (catalog number: 21103049; Thermo Fisher Scientific, Waltham, MA)

containing B-27 supplement (catalog number: 17504044; Thermo Fisher

Scientific) and 1 mM glutamine (catalog number: 13012-92; nacalai tesque,

Kyoto, Japan) without a glia feeder layer, as described (31). Neurons were

transfected with plasmid DNA using Nucleofector (Lonza, Basel,

Switzerland) before plating. A polypeptide including residues 1–125 of

shootin1a (shootin1a (1–125)), which acts as shootin1a dominant-negative

mutant (shootin1a-DN), was generated previously (34). pCAGGS-myc was

used to overexpress myc-shootin1a (1–125) or myc-GST under the b-actin

promoter as described (37). For analyses of axon outgrowth on elastic sub-

strates, we used hippocampal neurons prepared from wild-type (WT) or

shootin1 knockout (KO) E16.5 mouse embryos. The generation of shootin1

KO mice is described elsewhere (34). Male and female shootin1 heterozy-

gous mice were mated to obtain WT and shootin1 KO mouse embryos; the

offspring genotypes were checked by PCR with the following primers: gen-

otyping F1 (50-CAGACTGCTACCCACTACCCCCTAC-30), genotyping

R1 (50-CCTAGAGCTGGACAGCGGATCTGAG-30), genotyping F2 (50-C
CCAGAAAGCGAAGGAACAAAGCTG-30), and genotyping R2 (50-ACC
TTGCTCCTTCAAGCTGGTGATG-30).
Substrate preparation

A glass bottom dish (35 mm, catalog number: 81218-200; Ibidi, Gr€afelfing,

Germany) was treated with 0.1 N NaOH for 15 min; then, 3-aminopropyl-

trimethyoxysilane (catalog number: A3648; Sigma-Aldrich) was added to

0.1 N NaOH on the glass bottom dish at a final concentration of 2% (v/v)

and incubated for 15 min. After washing with H2O three times, 0.5% glutar-

aldehyde (catalog number: G5882; Sigma-Aldrich) solution in phosphate-

buffered saline (PBS) was dropped onto the glass bottom dish and incubated

for 30 min. The dish was then washed with H2O three times and dried

before use. Acrylamide monomer (catalog number: 00809-85; nacalai tes-

que) and bis-acrylamide monomer (catalog number: 22402-02; nacalai tes-

que) solutions were mixed to give the compositions listed in Table S1. After

the addition of H2O, the mixture was degassed for 15 min and incubated at

28�C for 30 min. After the addition of 2 mL of 10% APS (ammonium per-

sulfate) (catalog number: 17131101; GE Healthcare, Chicago, IL) and 2 mL

of TEMED (N,N,N�,N�-tetramethylethylenediamine) (catalog number:

33401-72; nacalai tesque) to the solution, 7 mL of the mixture was placed

on an 18-mm glass coverslip (catalog number: C018001; Matsunami,

Osaka, Japan). The glass bottom dish was then affixed inversely to the

coverslip and incubated for 2 h at 28�C to form a polyacrylamide gel. After

removal of the coverslip, the gel was washed with H2O three times and

incubated in PBS at 4�C overnight. The gel was then cross-linked with

1 mM Sulfo-SANPAH (sulfosuccinimidyl 6-(40-azido-20-nitrophenyla-
mino)hexanoate) (catalog number: 22589; Pierce Biotechnology, Rockford,

IL) by UV irradiation for 10 min and washed with PBS three times. PDL

solution (100 mg/mL) was applied to the gel and incubated at 37�C over-

night. After three washes with PBS, laminin solution, filtrated through

a polyvinylidene fluoride membrane with 0.1 mm pore size (catalog num-

ber: IPVH00010;Millipore, Burlington, MA) to remove aggregated laminin

and then diluted to 50 mg/mL, was applied to the PDL-coated gel at 37�C
overnight. The gel was washed with PBS three times and used for cell

culture.

The thickness of the gels prepared by this method was 35 5 6.6 mm

(mean 5 SD), which is very thin compared to those used in other studies

(38–40). Thin gels are required to obtain clear signals of HaloTag-actin

and L1-HaloTag for reliable speckle imaging analyses in Figs. 3, 4, and 5

but are likely to be more affected by regional heterogeneities in the poly-

merization and thickness of polyacrylamide gels, which occur intrinsically

during polymerization and produce regionally variable stiffness. We
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therefore used the percentage of acrylamide, not Young’s modulus, to

describe gel stiffness.
Measurement of substrate stiffness

Measurement of substrate stiffness was conducted by atomic force micro-

scopy (AFM) using a NanoWizard 4 (JPK Instruments, Berlin, Germany)

with a tipless cantilever (catalog number: HQ:CSC38/Cr-Au; Mikro-

Masch, Sofia, Bulgaria). A polystyrene sphere bead with a diameter of

39.33 5 0.35 mm (Duke Standards, catalog number: 4240A; Thermo

Fisher Scientific) was glued to the cantilever with a commercial epoxy

resin adhesive. The spring constant after the bead bonding was estimated

to be 0.05 N/m. The measurement was conducted on 3.5, 8, and 16% poly-

acrylamide gels put in PBS. Force curves were obtained by a force map-

ping mode with set point at 2 nN and approach velocity at 2 mm/s. Young’s

modulus of the polyacrylamide gels was determined by fitting force curves

in the entire observation data to Hertz’s equation for spherical indentation

(20):

F ¼ 4

3

E

1� v2
r1=2d3=2; (1)

where F is the load force, d is the indentation depth, E is Young’s modulus, v

is Poisson’s ratio, and r is the radius of the spherical probe. We set Poisson’s

ratio to 0.3 for all polyacrylamide gels (41).
Fluorescent speckle microscopy and grip and slip
analysis

Fluorescent speckle imaging and speckle tracking analyses of HaloTag-

actin and L1-HaloTag were performed as described previously (31). Neu-

rons expressing HaloTag-actin or L1-HaloTag were treated with HaloTag

tetramethylrhodamine ligand (catalog number: G2991; Promega, Madison,

WI) at 1:1500 dilution in the culture medium and incubated for 1 h at

37�C. The ligand was then washed with PBS three times, and the cells

were incubated with the culture medium for 30 min at 37�C. Before obser-
vation, the medium was replaced with L15 medium (catalog number:

21083027; Thermo Fisher Scientific) including B-27 supplement and

1 mM glutamine. The fluorescent features of L1-HaloTag in filopodia

and lamellipodia were observed using a fluorescence microscope (Axio

Observer.Z1; Carl Zeiss, Oberkochen, Germany) equipped with a comple-

mentary metal-oxide-semiconductor camera (ORCA Flash4.0 V2; Hama-

matsu Photonics, Hamamatsu, Japan) and a Plan-Apochromat 100�/1.40

oil objective lens (Carl Zeiss). Fluorescent signals of L1-HaloTag were

monitored at 5-s intervals.

We use the terms ‘‘grip’’ and ‘‘slip’’ to describe the movement of L1-

HaloTag. ‘‘Grip vs. slip’’ was used by Jurado et al. to describe the degree

of interaction between the cell adhesion and adhesive substrate in fish

keratocytes (42). Subsequently, Aratyn-Schau and Gardel used ‘‘fric-

tional slip’’ to describe the experimentally observed retrograde move-

ment of focal adhesions (including integrin) of human osteosarcoma

cells on adhesive substrates (43). Based on their concept and terms, we

previously called L1 molecules that undergo retrograde movement on ad-

hesive substrates as being in the ‘‘slip’’ phase and those immobilized on

the substrates as being in the ‘‘grip’’ phase (31); we follow this terminol-

ogy here. On the other hand, the clutch model developed by Chan and

Odde (14) and advanced by Roca-Cusachs et al. (28) uses similar terms

in a different context in clutch engagement; it uses ‘‘frictional slippage’’

and ‘‘load and fail’’ to describe low cell-matrix adhesion and high cell-

matrix adhesion states, respectively (14,28). Note, therefore, that

‘‘grip’’ versus ‘‘slip’’ in this work describes the experimentally observed

L1 movement, not the ‘‘frictional slippage’’ versus ‘‘load and fail’’

regimes.
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For the grip and slip analysis, L1 puncta that were visible for at least 10 s

(two intervals) were analyzed, and immobile signals were defined as L1 in

grip phase, whereas those that flowed retrogradely were defined as L1 in

slip phase.
Immunocytochemistry, immunoblot, and
microscopy

Cultured neuronswere fixedwith 3.7% formaldehyde (catalog number: 16223-

55; nacalai tesque) in PBS for 15 min on ice, treated for 15 min with 0.05%

Triton X-100 in PBS on ice, and blocked by 10% fetal bovine serum in PBS

for 1 h at room temperature. They were then stained with a mouse anti-bIII-

tubulin antibody (monoclonal antibody, catalog number: 801201, lot no.

B249869; BioLegend, San Diego, CA) at 1:1000 dilution, as described (31).

Neurons overexpressing myc-GST or myc-shootin1a-DN were stained with

anti-myc antibody (polyclonal antibody, catalog number: 562-5, lot No.

1901227; MBL, Tokyo, Japan). Immunoblot was performed using goat anti-

NCAM-L1 (C-2) antibody (monoclonal antibody, catalog number: sc-

514360; Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-cortactin

antibody (clone 4F11, monoclonal antibody, catalog number: 05-180, lot no.

3073971; Millipore), rabbit anti-shootin1a peptide sequence antibody (34),

and mouse anti-actin antibody (clone C4, monoclonal antibody, catalog num-

ber: MAB1501, lot No. 3538098; Millipore) as described (37). Fluorescence

images of neurons were acquired using a fluorescence microscope (BZ-

X700;Keyence,Osaka, Japan) equippedwith aCFIPlanApol20�/0.75objec-

tive lens (Nikon, Tokyo, Japan).
Traction force microscopy

Traction force microscopy was performed as described (12,31). Briefly, neu-

rons were cultured on laminin-coated 3.5, 8, and 16% polyacrylamide gels

embedded with 200-nm fluorescent microspheres (200 nm diameter, catalog

number: F8810; Thermo Fisher Scientific). Time-lapse imaging of fluorescent

beads and growth cones was performed at 37�C using a confocal microscope

(LSM710; Carl Zeiss) equippedwith a C-Apochromat 63�/1.2WKorr objec-

tive lens. The growth cone area was determined from differential interference

contrast images. Traction force under growth cones was estimated from the

displacement of two-dimensional-distributed beads: we applied the Ridge reg-

ularization algorithm for the force estimation (12,44). To compare the

forces under different conditions, the magnitudes of the force vectors of the

individual growth cones were statistically analyzed and expressed as

means5 standard error (SE), separately. They were also analyzed by an un-

paired Student’s t-test.
Quantification of laminin on polyacrylamide gels

Alexa-555-conjugated laminin (50 mg/mL) was prepared as described

(45) and incubated on PDL-coated polyacrylamide gels overnight at

37�C. The gels were then washed with PBS three times. Fluorescent sig-

nals of Alexa-555 laminin on 3.5, 8, and 16% gels were imaged by a

fluorescence microscope (BZ-X710; Keyence) equipped with a CFI Pla-

nApo l 10�/0.45 objective lens (Nikon). The fluorescence intensity of

Alexa-555-conjugated laminin was quantified by ImageJ 1.53c. The rela-

tive fluorescence intensity was calculated by dividing each value of fluo-

rescence intensity by the maximal value of intensity in individual

experiments (n ¼ 8).
Statistical analyses

Significance was determined by an unpaired Student’s t-test using Excel

2016 (Microsoft, Redmond, WA). For multiple comparisons, we used

one-way ANOVA with Tukey’s post hoc test using GraphPad Prism 7.
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RESULTS

Hippocampal neurons extend longer axons on
stiffer laminin-coated substrates

To examine mechanosensitive axon outgrowth, we cultured
hippocampal neurons for 48 h on 3.5, 8, and 16% polyacryl-
amide gels and on glass, which were coated sequentially
with PDL and laminin (Fig. 1 A). Stiffness of the 3.5, 8,
and 16% gels examined by AFM was 72.8 5 1.2, 1477
5 35, and 3933 5 120 Pa, respectively (Fig. S1 A), values
that are approximately within the range of the stiffness of
brain tissues (100–10,000 Pa) (16–18). The amount of
coated laminin, quantified using Alexa555-conjugated lam-
inin, was similar on 3.5, 8, and 16% gels (Fig. S1 B).
Remarkably, neurons extended significantly longer axons
on stiffer gels; axon lengths on 3.5, 8, and 16% gels were
124.6 5 3.5, 153.1 5 5.5, and 185.0 5 6.6 mm, respec-
tively (Fig. 1, A and B). Neurons extended axons of similar
length on 16% gel and on glass, suggesting that the stiffness
effect reaches a plateau on the 16% gel (Fig. 1, A and B). On
the other hand, total neurite length showed a slight increase
on 16% gel and glass; the total lengths were 240.5 5 7.1,
235.1 5 9.0, 279.6 5 9.8, and 340.6 5 11 mm on 3.5, 8,
and 16% gels on and glass, respectively (Fig. S1 C).
Notably, axon length was decreased, and neurons did not
show the stiffness dependency of axon outgrowth when
they were cultured on gels without laminin (coated only
with PDL) (Fig. 1, B and C), indicating that stiffer substrates
promote axon outgrowth in a laminin-dependent manner.
Mechanosensitive axon outgrowth requires
shootin1a-mediated actin-adhesion coupling

As shootin1a promotes axon outgrowth through its clutch
linkage between F-actin retrograde flow and laminin on
the substrate (31), the laminin dependency of the mechano-
sensitive axon outgrowth raised the possibility that the actin-
adhesion coupling involving shootin1a, cortactin, L1, and
polyacrylamide gels and glasses for 48 h and stained with anti-bIII-tubulin antib

sent means5 SE; ***p< 0.01; n.s., nonsignificant (red asterisks represent statis

Axon lengths among laminin-coated substrates or PDL-coated substrates were a

inin-coated and PDL-coated substrates were examined by Student’s t-test. To se
laminin (Fig. 2 A) mediates this mechanosensitivity. To
examine this possibility, we cultured hippocampal neurons
prepared from shootin1 KO mice (34). As shown in
Fig. 2, B and C, shootin1 KO neurons on 3.5, 8, and 16%
gels extended significantly shorter axons compared to con-
trol neurons. Furthermore, the stiffness-dependent axon
outgrowth was abolished by shootin1 KO (Fig. 2 C), indi-
cating that shootin1a is also involved in the mechanosensi-
tive axon outgrowth.

To further analyze the role of shootin1a-mediated actin-
adhesion coupling, we inhibited the interaction between
shootin1a and L1 by overexpressing shootin1a-DN. We pre-
viously reported that a truncated polypeptide comprising
residues 1–125 of shootin1a (shootin1a (1–125)) acts as a
shootin1a-DN that inhibits the interaction between endoge-
nous shootin1a and L1 (34). Overexpression of shootin1a-
DN decreased axon length on 3.5, 8, and 16% gels and
disrupted the stiffness-dependent axon outgrowth (Fig. 2,
D and E). In addition, the expression levels of L1, cortactin,
shootin1a, and actin in control neurons did not change on
different elastic substrates (Fig. S1 D), thereby excluding
the possibility that the stiffness-dependent axon outgrowth
is mediated through a change in expression of these mole-
cules. Together, these results indicate that mechanosensitive
axon outgrowth requires shootin1a-mediated actin-adhesion
coupling.
Increase in substrate stiffness promotes actin-
adhesion coupling and traction force on the
substrate

Because mechanosensitive axon outgrowth requires shoo-
tin1a-mediated actin-adhesion coupling, we next analyzed
the influence of substrate stiffness on the efficiency of
actin-adhesion coupling. To do this, the speed of F-actin
retrograde flow was monitored in axonal growth cones by
fluorescent speckle imaging of HaloTag-actin (Fig. 3 A;
Video S1). An increase in actin-adhesion coupling can be
FIGURE 1 Hippocampal neurons extend longer

axons on stiffer adhesive substrates. (A) Hippocam-

pal neurons cultured on laminin-coated 3.5, 8, and

16% polyacrylamide gels and glasses for 48 h and

stained with anti-bIII-tubulin antibody. Arrowheads

indicate axonal tips. (B) Quantification of axon

length of neurons on laminin-coated gels and glasses

in (A) (3.5%, n ¼ 202 neurons; 8%, n ¼ 205 neu-

rons; 16%, n¼ 199 neurons; glass, n¼ 203 neurons)

and quantification of axon length of neurons on

PDL-coated gels and glasses in (C) (3.5%, n ¼
152 neurons; 8%, n ¼ 157 neurons; 16%, n ¼ 151

neurons; glass, n ¼ 153 neurons). (C) Hippocampal

neurons cultured on PDL-coated 3.5, 8, and 16%

ody. Arrowheads indicate axonal tips. Scale bars, 50 mm. Data in (B) repre-

tical analyses of neurons on laminin, and blue n.s. represents those on PDL).

nalyzed by ANOVAwith Tukey’s post hoc test. Axon lengths between lam-

e this figure in color, go online.
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FIGURE 2 Mechanosensitive axon outgrowth re-

quires shootin1a-mediated actin-adhesion coupling.

(A)Diagram showing the growth cone clutchmachin-

ery for axon outgrowth, involving F-actin, myosin II,

cortactin, shootin1a, L1, and laminin (31). (B) Im-

ages of WT and shootin1 KO hippocampal neurons

cultured on 16% polyacrylamide gels for 48 h and

stained with anti-bIII-tubulin antibody. Arrowheads

indicate axonal tips. (C) Statistical analysis of axon

length ofWTand shootin1 KO hippocampal neurons

cultured on laminin-coated 3.5, 8, and 16% poly-

acrylamide gels for 48 h. (WT 3.5%, n ¼ 238 neu-

rons; 8%, n ¼ 205 neurons; 16%, n ¼ 208 neurons;

KO 3.5%, n ¼ 206 neurons; 8%, n ¼ 203 neurons;

16%, n ¼ 208 neurons.) (D) Hippocampal neurons

overexpressing myc-GST (control) or myc-shoo-

tin1a-DN were cultured on 16% polyacrylamide

gels for 48 h and stained with anti-myc antibody. Ar-

rowheads indicate axonal tips. (E) Statistical analysis

of axon length of neurons overexpressing myc-GST

(control) and neurons overexpressing myc-shoo-

tin1a-DN cultured on laminin-coated 3.5, 8, and

16% polyacrylamide gels. (myc-GST 3.5%, n ¼
153 neurons; 8%, n ¼ 147 neurons; 16%, n ¼ 149

neurons; myc-shootin1a-DN 3.5%, n¼ 132 neurons;

8%, n ¼ 150 neurons; 16%, n¼ 149 neurons.) Scale

bars, 50 mm. Data in (C) and (E) represent means5

SE; *p< 0.05; ***p< 0.01; n.s., nonsignificant (blue

n.s. in C represents statistical analyses of shootin1

KO neurons, whereas that in E represents statistical

analyses of neurons overexpressing myc-shootin1a-

DN). Axon lengths between WT and KO neurons or

between neurons overexpressing myc-GST and

myc-shootin1a-DN were examined by Student’s t-

test. Axon lengths among different substrates were

analyzed by ANOVAwith Tukey’s post hoc test. To

see this figure in color, go online.
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monitored as a decrease in F-actin retrograde flow speed
(12,46,47). As shown in Fig. 3, A and B, the speed of F-actin
retrograde flow decreased significantly with increasing sub-
strate stiffness; the flow speed was 3.65 0.1, 2.95 0.1, and
1.9 5 0.1 mm/min on laminin-coated 3.5, 8, and 16% gels,
respectively. These data indicate that an increase in sub-
strate stiffness promotes actin-adhesion coupling.

We also analyzed the traction force generated by axonal
growth cones using traction force microscopy. Neurons
were cultured on laminin-coated polyacrylamide gels with
embedded 200-nm fluorescent beads. The traction force
was monitored by visualizing the deformation of the gel,
which is reflected by the displacement of the beads from
their original positions. The reporter beads in 3.5 and 8%
gels moved dynamically under axonal growth cones
(Fig. 3, C andD; Video S2). Fig. S2 A shows a typical move-
ment of the reporter bead in a 3.5% gel. As reported (14), the
beads moved in a load (dashed line) and fail (arrowheads)
manner; the mean speed of the bead movement during the
3570 Biophysical Journal 120, 3566–3576, September 7, 2021
load phase on 3.5% gels was 0.58 5 0.04 mm/min
(Fig. S2 B).

The magnitude of the traction force calculated by bead
displacement was 4.4 5 0.6 pN/mm2 on 3.5% gel and
18.5 5 2.7 pN/mm2 on 8% gel, and significantly higher
on 8% gel than on 3.5% gel (Fig. 3 E). On the other hand,
we could not detect distinct bead movements on 16% gel
(data not shown). The traction forces produced by growth
cones (1–40 pN/mm2) (Fig. 3 E) are consistent with previous
data (16,24,35) and more than 10 times smaller than those
produced by non-neuronal cells, including epithelial cells,
smooth muscle cells, fibroblasts, and keratocytes (16).
Thus, growth cones are thought of as weak force generators
(48). We expect that growth cones produce larger forces on
16% gels, as actin-adhesion is increased on 16% gels (Fig. 3
B). However, we consider that the weak traction forces pro-
duced by growth cones were not sufficient to distinctly
deform 16% gels, which are ~2.7 times stiffer than 8%
gels (Fig. S1 A). Together, these data suggest that axonal



FIGURE 3 Increase in substrate stiffness promotes

actin-adhesion coupling and traction force on the sub-

strate. (A) A fluorescent feature image (left) of

HaloTag-actin in axonal growth cones of neurons

cultured on laminin-coated 8% polyacrylamide gel

(left) (see Video S1) and time-lapse montages (right)

of fluorescent features of HaloTag-actin in filopodia

of axonal growth cones on laminin-coated 3.5, 8,

and 16% gels at 5-s intervals (right, F-actin flows

are indicated by dashed yellow lines). (B) F-actin

retrograde flow speeds obtained from the time-lapse

montage analyses in (A) (3.5%, n ¼ 86 signals; 8%,

n ¼ 78 signals; 16%, n ¼ 80 signals). (C and D)

Brightfield (left panels) and fluorescence (middle

panels) images showing axonal growth cones of hip-

pocampal neurons cultured for 1 day on laminin-

coated 3.5% (C) or 8% (D) polyacrylamide gel with

embedded 200-nm fluorescent beads (see Video

S2). The pictures show representative images from

time-lapse series taken every 3 s for 147 s. The orig-

inal and displaced positions of the beads in the gel

are indicated by green and red colors, respectively.

Dashed lines indicate the boundary of the growth

cones. The time-lapse montages (right panels) along

the axis of bead displacement (dashed arrows) in the

indicated areas 1 and 2 of the growth cone show

movement of beads recorded every 3 s. The beads in

area 2 are reference beads. (E)Magnitude of averaged

stress of axonal growth cones on laminin-coated 3.5

and 8% polyacrylamide gels (3.5%, n ¼ 15 growth

cones; 8%, n ¼ 14 growth cones). Scale bars, 5 mm

(in the time-lapse montage of A, 2 mm). Data in (B)

and (E) represent means5 SE; ***p< 0.01. F-actin

retrograde flow speeds were analyzed by ANOVA

with Tukey’s post hoc test. Magnitudes of averaged

stress were examined by Student’s t-test. To see this

figure in color, go online.

Rigidity sensing for axon outgrowth
growth cones generate larger traction force for axon
outgrowth on stiffer substrates by promoting the efficiency
of actin-adhesion coupling.
Increase in substrate stiffness promotes
L1-laminin interaction

To more precisely identify the clutch interface responsible
for the mechanosensitive actin-adhesion coupling, we
monitored the movement of L1, which links shootin1a
and laminin as a cell adhesion molecule (Fig. 2 A). L1-Hal-
oTag expressed in hippocampal neurons was labeled by
tetramethylrhodamine ligand and observed with a fluores-
cence microscope (Fig. 4 A; Video S3). As reported previ-
ously (31), two phases of L1 signals were observed:
immobile L1 puncta (grip phase) (pink dashed lines,
Fig. 4 A) and retrogradely flowing L1 puncta (slip phase)
(blue dashed lines). The mean speed of L1 slip on 3.5%
gels was 3.74 5 0.06 mm/min and substantially faster
than that of the bead movement, which represents the
deformation of polyacrylamide gels (Fig. S2 B). Therefore,
it is unlikely that the L1 slip phase was caused by local gel
deformation.
Strikingly, the grip phase of L1 was increased on laminin-
coated stiffer substrates (Fig. 4, A and B); the ratio of the
grip phase on laminin-coated 3.5, 8, and 16% gels was
18.8, 30.7, and 46.4%, respectively. Accordingly, the ratio
of the slip phase and mean L1 retrograde flow speed
decreased on the stiffer substrates (Fig. 4, B and C).
Fig. 4, D and E show a histogram and the means of the dura-
tion time of individual L1 grip phases on the substrates; the
duration time of grip phases increased significantly on
stiffer substrates. On the other hand, the ratio of the L1
grip phase and duration time of individual L1 grip phases
did not show stiffness dependency when neurons were
cultured on gels without laminin (Fig. 5), whereas mean
L1 retrograde flow speed increased slightly on 8% gels.
Together, these data indicate that an increase in substrate
stiffness promotes the interaction between L1 and laminin
on the substrate.
DISCUSSION

We have shown that cultured hippocampal neurons extend
longer axons on stiffer adhesive substrates coated with lam-
inin. We demonstrate that the stiffness-dependent axon
Biophysical Journal 120, 3566–3576, September 7, 2021 3571



FIGURE 4 Increase in substrate stiffness prolongs

the duration of the L1 grip phase. (A) A fluorescent

feature image (left) of L1-HaloTag in axonal growth

cone cultured on laminin-coated 8% polyacrylamide

gel (see Video S3). Time-lapse montages (right) of

retrograde flow of L1-HaloTag fluorescent features

on laminin-coated 3.5, 8, and 16% gels at 5-s inter-

vals (grip and slip phases are shown by dashed pink

and blue lines, respectively), are given. (B) Ratio of

grip/slip phases of L1 in growth cones on laminin-

coated polyacrylamide gels (3.5%, n ¼ 8 growth

cones; 8%, n ¼ 8 growth cones; 16%, n ¼ 8 growth

cones). (C) Mean retrograde flow speed of L1-Halo-

Tag in axonal growth cones on laminin-coated poly-

acrylamide gels (3.5%, n ¼ 188 signals; 8%, n ¼
232 signals; 16%, n ¼ 205 signals). (D) Histogram

showing the distribution of duration time of L1-Hal-

oTag grip phase. (E) Duration time of L1-HaloTag

grip phase on laminin-coated polyacrylamide gels

(3.5%, n ¼ 232 grip phases; 8%, n ¼ 226 grip

phases; 16%, n ¼ 244 grip phases). Scale bars, 5

mm (in the time-lapse montage of A, 2 mm). Data

in (B), (C), and (E) represent means 5 SE; *p <

0.05; ***p < 0.01; n.s., nonsignificant. Data were

analyzed by ANOVA with Tukey’s post hoc test.

To see this figure in color, go online.
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outgrowth requires actin-adhesion coupling mediated by the
clutch molecule shootin1a, the cell adhesion molecule L1,
and the adhesive ligand laminin. L1 at the growth cone mem-
brane underwent grip and slip on the laminin-coated sub-
strate. The duration of the grip phase was extended on
stiffer substrates in a laminin-dependent manner, indicating
that stiffer substrates promote the interaction between L1
and laminin. Consistent with this, both the actin-adhesion
coupling and the traction force exerted on the substrate
were increased on stiffer substrates. These data indicate
that the stiffness-dependent L1-laminin interaction mediates
this mechanosensitivity of the growth cone machinery for
axon outgrowth of hippocampal neurons.
Shootin1a-dependent mechanosensitive axon
outgrowth of hippocampal neurons

Previous studies have analyzed axon outgrowth of hippocam-
pal neurons cultured on laminin-coated substrates of different
stiffnesses, with variable results. Kostic et al. reported that
softer gels promoted axon outgrowth (23). On the other
hand, Koch et al. reported that stiffer gels increased the trac-
tion force produced by growth cones and that the substrate
stiffness had no marked influence on total neurite length
(24). Our data appear consistent with the latter in this range
of stiffness values. Namely, shootin1a is preferentially accu-
mulated in the axonal growth cone of hippocampal neurons
cultured for 2 days, but not in the growth cones of other neu-
rites (37). Therefore, shootin1a preferentially promotes trac-
tion force at the axonal growth cone. However, as the
materials constituting neurite shafts, such as tubulin and
3572 Biophysical Journal 120, 3566–3576, September 7, 2021
plasma membrane, are limited in neurons with rapidly ex-
tending axons (37,49,50), an increase in traction force at
the axonal growth cone would not necessarily increase sub-
stantially the total neurite length. Indeed, the promotion of
shootin1a activity by its overexpression does not lead to a
substantial increase in the total neurite length of hippocampal
neurons (37). Thus, the data indicating that an increase in the
substrate stiffness promotes axon outgrowth (Fig. 1, A and B),
but not substantially total neurite length (Fig. S1 C) (24), are
consistent with the shootin1a-dependent mechanosensitive
axon outgrowth (Fig. 2, B–D).
Soft molecular clutch for mechanosensitive axon
outgrowth

The molecular clutch between F-actin retrograde flow and
adhesive substrates has been proposed to contribute to
cellular mechanosensing (14,27,28). For example, at focal
adhesions of non-neuronal cells, talin and vinculin mediate
mechanical coupling between F-actin retrograde flow and
integrins as clutch molecules (46,47,51). Talin is thought
to be stretched under mechanical tension and on stiffer sub-
strates, thereby recruiting vinculin (52–55). A clutch model
originally developed by Chan and Odde (14) and advanced
by Roca-Cusachs et al. incorporates the talin-unfolding and
vinculin-binding processes into ‘‘load and fail’’ and ‘‘fric-
tional slippage’’ regimes of clutch engagement (14,55).
This model excellently describes the mechanoresponse
mediated by fibroblasts, in which the cells produce talin-
dependent strong traction force above ~80 pN/mm2 (equiva-
lent to Pa), which increases with increasing substrate



FIGURE 5 Stiffness-dependent increase in the

duration of the L1 grip phase requires laminin on the

substrate. (A) A fluorescent feature image (left) of

L1-HaloTag in an axonal growth cone cultured on

PDL-coated 8% polyacrylamide gel. Time-lapsemon-

tages (right) of retrograde flow of L1-HaloTagfluores-

cent features on PDL-coated3.5, 8, and 16%gels at 5-s

intervals (grip and slip phases are shown by dashed

pink and blue lines, respectively) are given. (B) Ratio

of grip/slip phases of L1 in growth cones on PDL-

coated polyacrylamide gels (3.5%, n ¼ 6 growth

cones; 8%, n ¼ 6 growth cones; 16%, n ¼ 6 growth

cones). (C) Mean retrograde flow speed of L1-

HaloTag in axonal growth cones on PDL-coated poly-

acrylamide gels (3.5%, n ¼ 84 signals; 8%, n ¼ 120

signals; 16%,n¼100 signals). (D)Histogramshowing

the distribution of duration time of L1-HaloTag grip

phase. (E) Duration time of L1-HaloTag grip phase

on PDL-coated polyacrylamide gels (3.5%, n ¼ 31

grip phases; 8%, n ¼ 48 grip phases; 16%, n ¼ 33

grip phases). Scale bars, 5 mm (in the time-lapse

montageofA, 2mm).Data in (B), (C), and (E) represent

means5 SE; *p< 0.05; ***p< 0.01; n.s., nonsignif-

icant. Data were analyzed by ANOVA with Tukey’s

post hoc test. To see this figure in color, go online.
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stiffness (55). This talin-dependent mechanoresponse is
further accompanied by the growth of focal adhesions and
YAP nuclear translocation (55).

However, it is also reported that the depletion of vinculin
paradoxically promotes fibroblast migration in two-dimen-
sional environments (47,56) where vinculin and talin pro-
mote clutch coupling and traction force (46,47). In
addition, a study with micro-CALI (chromophore-assisted
laser inactivation) analyses reported that inactivation of talin
or vinculin had no significant effect on neurite outgrowth of
chick dorsal root ganglia neurons, although their inactiva-
tion affected filopodial motility (57). Therefore, although ta-
lin and vinculin provide a key clutch linkage that mediates
integrin-based focal adhesion functions, including mecha-
notransduction (28,53,58,59), it is not precisely understood
whether mechanosensitive axon outgrowth requires these
molecules. An explanation for the promoted cell migration
upon talin depletion might be the strong traction forces pro-
duced by the integrin-talin-vinculin clutch system (16,55).
Establishment of a strong traction force inevitably requires
formation of a strong adhesion that could inhibit cell migra-
tion (60,61).

Fibroblasts are also reported to show a talin-independent
mechanoresponse in a weak force regime; they produced a
weak traction force (below ~80 pN/mm2), which increased
monotonically with increasing substrate stiffness below
the threshold of talin unfolding (55). Brain is softer than
other tissues such as connective tissues (16–18), and growth
cones produce soft and weak traction forces (below ~80 pN/
mm2) (16,35,48). Consistently, our data demonstrate that the
mechanosensing mediated by the actin-cortactin-shootin1a-
L1-laminin clutch occurs in a weak force regime (Fig. 3 E).
Thus, we consider that this clutch system mediates a soft
mechanosensing for axon outgrowth, which probably occurs
below the threshold of talin unfolding.
Catch bond as a possible mechanism to promote
the L1-laminin clutch interface

How does the grip phase between L1 and laminin increase
on stiffer substrates? At the growth cone membrane, the
force generated by actomyosin contraction and F-actin poly-
merization is transmitted through F-actin retrograde flow
(green arrow, Fig. 6 A), cortactin and shootin1a to L1,
thereby pulling the bond between L1 and laminin (blue ar-
rows). When this force exceeds a threshold, the bond breaks
and L1 slips retrogradely on the substrate (blue dashed lines,
Fig. 4 A) (31). One possible mechanism to explain this me-
chanosensitivity is the catch bond, in which the average
bond lifetime between molecules increases with tensile
force (62–65). Studies using single-molecule dynamic force
spectroscopy have reported catch bonds between various
molecules, such as integrins and their ligand fibronectin
(64–66). In addition, it has been proposed that an increase
in the rigidity of an adhesive substrate promotes the force-
loading rate exerted through a molecular clutch (blue ar-
rows, Fig. 6 B) (28,55). Hence, we expect that the increase
in the L1-laminin grip phase on stiffer substrates reflects
catch-bond-like behavior in the L1-laminin interaction on
living cells. Although spectroscopy experiments with exog-
enously applied force demonstrated that different force
application histories can elicit distinct dynamic bond types
(65,67), endogenous force derived from F-actin retrograde
flow is applied to the L1-laminin interaction in this case.
Therefore, we consider that a catch-bond-like L1-laminin
interaction occurs under physiological conditions (Fig. 6).
Biophysical Journal 120, 3566–3576, September 7, 2021 3573



FIGURE 6 A model for mechanosensitive axon outgrowth mediated by

catch-bond-like L1-laminin clutch interface. (A) The force generated by

actomyosin contraction and F-actin polymerization is transmitted through

F-actin retrograde flow (green arrow), cortactin, and shootin1a to L1,

thereby pulling the bond between L1 and laminin (blue arrows). When

this force exceeds a threshold, the bond breaks and L1 slips retrogradely

on the substrate (slip phase). (B) An increase in the substrate rigidity pro-

motes the force-loading rate exerted through the molecular clutch (blue ar-

rows). This, in turn, induces catch-bond-like behavior of the L1-laminin

clutch interface, in which the average bond lifetime between L1 and lami-

nin increases with tensile force, thereby promoting the L1 grip phase, actin-

adhesion coupling, traction force (red arrow), and axon outgrowth (white

arrow). To see this figure in color, go online.
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Alternatively, we do not rule out the possibility that the
L1-laminin interaction is promoted by mechanosensitive
cell signaling. Previous studies reported that substrate stiff-
ness modulates the activities of signaling molecules,
including focal adhesion kinase (68,69), mechanosensitive
ion channels (25,70), calcium (70,71), and RhoA (26,72),
in neurons. Signaling downstream of these molecules might
promote the L1-laminin interaction by changing the L1
structure. Further mechanistic analyses are required for a
precise understanding of how the L1-laminin interaction is
regulated.
The molecular clutch as a mechanointegrator for
axon guidance

In the brain, axon outgrowth and pathfinding are regulated
by diffusible and substrate-bound chemical cues (1,2), in
processes called chemotaxis and haptotaxis (73,74).
Although the precise role of the mechanosensitive growth
cone response remains unclear, environmental mechanical
cues are proposed to contribute to axon outgrowth and path-
finding in vivo (25,75); cell movement guided by the stiff-
ness of the substrate is referred to as durotaxis (76).

Recent studies have reported that the molecular clutch
system involving shootin1a, cortactin, and L1 mediates
axon guidance in response to the diffusible chemotactic
ligand netrin-1 (34) and the substrate-bound haptotactic
ligand laminin (31). The clutch molecule shootin1 is also
involved in the generation of force for neuronal migration
(77,78) and required for axon pathfinding and cell migration
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in vivo in three-dimensional environments (34,77,79). Ne-
trin-1 signals promote Pak1-mediated shootin1a phosphory-
lation in axonal growth cones under the activation of Cdc42
and Rac1 (12). This, in turn, enhances the clutch linkages
between shootin1a and cortactin (35) and shootin1a and
L1 (34), thereby promoting traction force for axon
outgrowth and chemotaxis (34,35). On the other hand, the
regulation of the clutch coupling between L1 and laminin
plays a key role in laminin-induced axonal haptotaxis
(31). Thus, these findings lead us to propose that the clutch
interfaces involving shootin1a, cortactin, L1, and laminin
(Fig. 6) respond not only to chemotactic and haptotactic
chemical cues but also to durotactic mechanical cues,
thereby providing an integrated view of a growth cone ma-
chinery for axon outgrowth and pathfinding.
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