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Substrate Deformation Predicts Neuronal Growth Cone Advance
Ahmad I. M. Athamneh,1,2 Alexander X. Cartagena-Rivera,2,3 Arvind Raman,2,3 and Daniel M. Suter1,2,4,*
1Department of Biological Sciences, 2Birck Nanotechnology Center, 3School of Mechanical Engineering, and 4Bindley Bioscience Center,
Purdue University, West Lafayette, Indiana
ABSTRACT Although pulling forces have been observed in axonal growth for several decades, their underlying mechanisms,
absolute magnitudes, and exact roles are not well understood. In this study, using two different experimental approaches, we
quantified retrograde traction force in Aplysia californica neuronal growth cones as they develop over time in response to a
new adhesion substrate. In the first approach, we developed a novel method, to our knowledge, for measuring traction forces
using an atomic force microscope (AFM) with a cantilever that was modified with an Aplysia cell adhesion molecule (apCAM)-
coated microbead. In the second approach, we used force-calibrated glass microneedles coated with apCAM ligands to guide
growth cone advance. The traction force exerted by the growth cone was measured by monitoring the microneedle deflection
using an optical microscope. Both approaches showed that Aplysia growth cones can develop traction forces in the 100–102 nN
range during adhesion-mediated advance. Moreover, our results suggest that the level of traction force is directly correlated to
the stiffness of the microneedle, which is consistent with a reinforcement mechanism previously observed in other cell types.
Interestingly, the absolute level of traction force did not correlate with growth cone advance toward the adhesion site, but the
amount of microneedle deflection did. In cases of adhesion-mediated growth cone advance, the mean needle deflection was
1.05 5 0.07 mm. By contrast, the mean deflection was significantly lower (0.48 5 0.06 mm) when the growth cones did not
advance. Our data support a hypothesis that adhesion complexes, which can undergo micron-scale elastic deformation, regu-
late the coupling between the retrogradely flowing actin cytoskeleton and apCAM substrates, stimulating growth cone advance if
sufficiently abundant.
INTRODUCTION
Mechanical forces play a fundamental role during develop-
ment and regeneration of the nervous system (1,2). Studies
have shown that neurites are under permanent tension and
that their growing tip, the neuronal growth cone, can
develop traction forces (3–6). In addition, in vitro and
in vivo application of tensile forces on neurites promotes
their elongation (7–10). Furthermore, mechanical force
plays a fundamental role in the ability of neuronal growth
cones to sense and respond to the stiffness of the extracel-
lular environment (11). In advancing growth cones, traction
force is generated as a result of coupling of the myosin-
powered retrograde F-actin flow to a stationary extracellular
substrate (12–16). Coupling is mediated by adhesion recep-
tors, such as immunoglobulin superfamily cell adhesion
molecules and N-cadherin that connect to the actin cyto-
skeleton via linkage proteins (13,16,17). The vector sum
of traction forces resulting from substrate-cytoskeletal
coupling throughout the whole area of the growth cone op-
poses the tension that is acting along the neurite (18–20).
Growth cone sensing and response to mechanical cues is
thought to be mediated through 1) the slowing of F-actin
flow as a result of coupling to the extracellular substrate
(11,13,21,22) and 2) mechanosensitive ion channels
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(23–26). Despite these advances in the field of neuronal me-
chanics, the precise mechanism of force generation and
transmission in the growth cone as well as the role of force
in axonal guidance and growth are not fully understood.
Specifically, the development of traction forces as growth
cones encounter new adhesion substrates has not been quan-
tified with high-temporal and spatial resolution to date.
Such quantification is necessary to establish correlations be-
tween force and other known quantifiable molecular and
biophysical parameters within the cell, which will lead to
a better understanding of the fundamental role of forces
in axonal growth and guidance.

Different experimental methodologies have been utilized
to quantify forces in axons and growth cones including
the use of 1) force-calibrated microneedles (3,4,9,27–29),
2) traction force microscopy on flexible substrates
(11,14,18–20,23,30) or fabricated nanowire arrays (31),
3) optical tweezers (16,32–34), 4) atomic force microscope
(AFM) (35), and 5) microfabricated silicon-based micro-
mechanical force sensors (6,36). Force-calibrated micro-
needles were employed in the earliest quantitative work
and provided a global view of mechanical force at the
whole neuron and neurite level, but the details of force
generation and distribution at the growth cone level
remained unclear (4,5,8,27–29,37,38). Traction force mi-
croscopy enabled quantitative force measurements at the
growth cone level and presented high-resolution
http://dx.doi.org/10.1016/j.bpj.2015.08.013
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FIGURE 1 Schematic of AFM-based force measurement approach.

Illustration depicts the side view of an AFM cantilever modified with

apCAM-coated bead interacting with the P domain of a neuronal growth

cone (A) before and (B) after active coupling between the bead and

the growth cone cytoskeleton. Before coupling, the net external forces,

F0, acting on the cantilever via the bead are the normal and adhesion

forces. After coupling, the net external force F acting on the cantilever

via the bead changes because of the introduction of the retrograde traction

force f.
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visualization of force distribution in the growth cone
(18–20,23). However, the uniform substrates used in these
experiments provide the growth cone with the same me-
chanical and molecular stimuli from all directions simul-
taneously. The substrate uniformity issue can be
circumvented using optical tweezers trapping a bead coated
with an adhesion protein for the growth cone to interact
with. However, optical tweezers typically cannot provide
enough force to trigger growth cone advance (16,32–34),
although in the case of spinal commissural neurons,
0.063 nN was sufficient to redirect axons toward immobi-
lized netrin-1 beads (39).

Our previous research has shown that growth cone
advance can be induced by mechanically restraining an
Aplysia cell adhesion molecule (apCAM)-coated bead
coupled to the actomyosin network in the growth cone pe-
ripheral (P) domain (13). This restrained bead interaction
(RBI) assay allowed analysis of cytoskeletal dynamics
and signaling underlying adhesion-mediated growth cone
advance (40–43). Studies using the RBI assay provided
strong evidence for the role of force in regulating growth
cone motility and guidance; however, growth cone traction
forces have not been quantified using this assay. To that
end, we have used two different experimental approaches
to quantify retrograde traction forces in the growth cones
of Aplysia californica bag cell neurons as they develop
over time in response to a new adhesion substrate. In the
first approach, we developed a new method, to our knowl-
edge, for measuring traction forces using an AFM with
an apCAM-coated colloidal cantilever. In the second
approach, we used force-calibrated glass microneedles
coated with apCAM ligands to guide the advance of Aplysia
growth cones. Both microneedle and AFM approaches
showed that Aplysia growth cones are capable of devel-
oping traction forces on the order of 100 to 102 nN, which
is an order of magnitude higher than previously reported for
other experimental methods and/or neuronal cell types.
Moreover, our results show that traction force is directly
correlated to the stiffness of the microneedle. Contrary to
our initial expectations, our results revealed that the level
of force produced during an adhesive contact does not
correlate with growth cone advance behavior, but the level
of microneedle deflection does. In cases where the growth
cone advanced in the direction of the adhesion site, the
mean microneedle deflection was 1.05 5 0.07 mm. By
contrast, the mean deflection was significantly lower
(0.48 5 0.06 mm) when the growth cones did not advance
in response to the adhesion substrate (i.e., microneedle).
Our results provide novel insights, to our knowledge, into
the significance of the level of substrate deformation as
opposed to the level of traction force for the regulation of
adhesion-mediated directional growth cone advance. We
argue that the level of substrate deformation likely origi-
nates from the size of the underlying elastic cytoskeletal
structures involved in clutch formation.
MATERIALS AND METHODS

Aplysia californica neuronal cell culture

Aplysia bag cell neurons were dissected and cultured in L15 medium (Invi-

trogen, Carlsbad, CA) supplemented with artificial seawater (400 mM

NaCl; 9 mM CaCl2; 27 mM MgSO4; 28 mM MgCl2; 4 mM L-glutamine;

50 mg/ml gentamicin; 5 mM HEPES, pH 7.9) on a glass-bottom dish (Flu-

orodish Cell Culture Dish, World Precision Instruments, Sarasota, FL)

coated with 20 mg/ml poly-L-lysine as previously described (13,44). Cells

were kept at 14�C until the time of experiment; typically 1 d after plating.
Measuring retrograde traction force in growth
cones using AFM

Karhu et al. (45) showed that frictional-force measurement using AFM was

possible in longitudinal imaging mode and provided several advantages

over lateral imaging mode. We built on their approach, which is essentially

measurement of force parallel to the imaging surface, and we developed a

new approach, to our knowledge, for measuring growth cone traction force

by monitoring the vertical height of the AFM cantilever as it interacts with

the growth cone. Fig. 1 shows an AFM cantilever with attached bead inter-

acting with the P domain of a growth cone. The shape of the cantilever is

described by the Euler–Bernoulli equation as follows (46):

EI
d2y

dx2
¼ MðxÞ; (1)

where E is the elastic Young’s modulus of the cantilever, I is its area

moment, d2y/dx2 is the local curvature, and M(x) is internal bending

moment. The spherical bead of radius R is attached at a distance L from

the cantilever base. Note that the end point of the cantilever is to the right

of the contact point between the bead and the growth cone surface at the
Biophysical Journal 109(7) 1358–1371
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bottom of the bead. Thus, the distance from the base of the cantilever to the

contact point is Lþ R sin a, and its position along the y axis is R(1þ cos a).

The cantilever shape is then governed by the following:

EIy00 ¼ ðF cos aþ f sin aÞðLþ R sin a� xÞ
� ðF sin a� f cos aÞð1þ cos aÞR; (2)

where f is the force exerted by the coupled growth cone cytoskeleton on the

cantilever in the direction indicated in Fig. 1, and F is the reaction force
(normal and adhesion) in the normal direction. Forces indicated in Fig. 1 are

in reality resultant forces representing the sum of forces resulting from the

interaction along the total contact area. These forces can be considered point

forces because the contact area is very small relative to the size of the bead.

Integrating, we can solve for the slope y0 at any point along the x axis as

follows:

y0ðxÞ ¼ 1

EI

Z
½ðF cos aþ f sin aÞðLþ R sin a� xÞ

� ðF sin a� f cos aÞð1þ cos aÞR�dx: (3)

Using the boundary condition y0(0) ¼ 0, we obtain the following:
y0ðxÞ ¼ 1

EI

�
ðF cos aþ f sin aÞ

�
Lx þ xR sin a� x2

2

�

� ðF sin a� f cos aÞð1þ cos aÞRx
�
: (4)

Integrating one more time, we obtain the following cantilever shape:
yðxÞ ¼
Z

1

EI

�
ðF cos aþ f sin aÞ

�
Lx þ xR sin a� x2

2

�

� ðF sin a� f cos aÞð1þ cos aÞRx
�
dx: (5)

Using the boundary condition y(0) ¼ 0, we obtain the following:
yðxÞ¼ 1

2EI

�
ðF cos aþ f sin aÞ

�
Lx2þ x2R sin a� x3

2

�

� ðF sin a� f cos aÞð1þ cos aÞRx2
�
: (6)

From Eq. 4, the end slope is the following:
y0ðLÞ ¼ L2

EI

�
ðF cos aþ f sin aÞ

�
1

2
þ s sin a

�

� ðF sin a� f cos aÞð1þ cos aÞs
�
;

(7)

and from Eq. 6, the end deflection is the following:

yðLÞ ¼ L3

2EI

�
ðF cos aþ f sin aÞ

�
2

3
þ s sin a

�

� ðF sin a� f cos aÞð1þ cos aÞs
�
;

(8)

where s ¼ R/L.
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The end slope of the cantilever is kept constant by the AFM feedback

loop during measurements by adjusting the vertical height of the cantilever

as follows:

y0ðLÞf ¼ y0ðLÞ0; (9)

where y0(L)o and y0(L)f are the end slope of the cantilever before and after

coupling, respectively.

ðF cos aþf sin aÞ
�
1

2
þ s sin a

�
�ðF sin a�f cos aÞ

� ð1þcos aÞs ¼ F0 cos a

�
1

2
þ s sin a

�

� F0 sin að1þ cos aÞs:

(10)

After some rearrangement, we obtain the following:

F ¼ F0 � f
2sð1þ cos aÞ þ sin a

cos a� 2s sin a
: (11)

By substituting F into Eq. 8, the deflection at end of the cantilever can be

expressed in terms of F0 and f as follows:

yðLÞ ¼ 1

k

�
F0

�
cos a� 3s

2
sin a

�
� s

2

1þ cos a

cos a� 2s sin a
f

�
:

(12)

Assuming no change to the shape of the growth cone (at least on a short

timescale), any change to the vertical height of the cantilever is caused by
the introduction of f. Thus, difference in the vertical height z before and af-

ter coupling between the bead and the growth cone cytoskeleton retrograde

flow is as follows:

Dz ¼ z0 � zf ¼ y0 cos a� yf cos a:

This leads to the following:
Dz ¼ s

2k

1þ cos a

1� 2s tan a
f : (13)

Equation 13 shows that the retrograde force f exerted by the growth cone

on the bead can be determined by monitoring the change in Z position.

Finally, the retrograde force can be calculated using the following simple

formula:

f ¼ Dz

�
2k

s

1� 2s tan a

1þ cos a

�
: (14)

Tipless AFM cantilevers HQ:CSC38/TIPLESS/CR-AU (Mikromasch,
Lady’s Island, SC) with a nominal spring constant of 0.03 N/m were modi-

fied with a 5 mm Ni-NTA silica bead (Micromod, Rostock, Germany) by

Novascan Technologies (Ames, IA). Cantilevers were incubated in 0.5 M

NaOH for 30 min, washed three times in phosphate-buffered saline

(PBS) and incubated in 300 mg/ml recombinant 6His-tagged apCAM puri-

fied from baculovirus-infected Sf9 cells (41) in PBS overnight at 4�C. AFM
measurements were performed using a commercial MFP-3D-BioAFM sys-

tem (Asylum Research, Santa Barbara, CA) mounted on an Olympus IX71

(Center Valley, PA) inverted optical microscope, which allows for simulta-

neous collection of AFM data and phase contrast time-lapse images. The

spring constant of the cantilevers was experimentally determined before

each experiment using the thermal noise method in culture media (47).

Growth cones with the desired orientation were located, and the cantilever
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engaged directly onto the growth cone P domain at 0.1 V set point. Real-

time Z sensor data, which represent the height of the cantilever above the

sample, was collected at 1 Hz frequency using the logger function in the

MFP-3D software. Z sensor data were corrected for drift by subtracting a

drift baseline measured by engaging the cantilever on the glass next to

the growth cone for at least 10 min. Phase contrast time-lapse images

were acquired in 10 s intervals starting immediately after engaging the

AFM cantilever.
Preparing microneedles for force measurements

Microneedles for force measurements were prepared by pulling 5 ml glass

capillaries (Drummond Scientific Co., Broomall, PA) using a Narishige PP-

832 vertical micropipette puller (Narishige, East Meadow, NY). Settings on

the puller were adjusted to fabricate microneedles with a closed (beam-like)

tapered tip that is ~5 mm long. After pulling, the fine microneedle tip was

slightly melted by bringing the tip close to the heating element on the puller

to ensure a smooth round tip.
Calibrating microneedles using AFM

We used the MFP-3D-BioAFM system in contact mode and BL-TR-400PB

(Olympus) cantilevers to measure the stiffness of microneedles in air

(Fig. S1in the Supporting Material). The spring constant of the cantilevers

was experimentally determined using the thermal noise method in air (47).

The microneedle was mounted on the microscope stage so that its long

axis was parallel to the long axis of the AFM cantilevers. A tapping

mode image of the microneedle tip was first collected for determination

of an exact position of the cantilever with respect to the microneedle

tip. Next, force curves were collected on the center of the free end of the

microneedle using 50 nN as a trigger point. The collected force data was

plotted against the height of the cantilevers minus its deflection as illus-

trated in Fig. S1. The slope of the linear region represented the microneedle

stiffness.
Calibrating microneedles using a laser Doppler
vibrometer

Measurements of microneedle stiffness using a laser Doppler vibrometer

(LDV) was performed according to Lozano et al. (48). Initially, stiffness

measurements were performed using both AFM and LDV for confirma-

tion of accuracy. Later measurements were conducted using LDV only,

because results were virtually identical. We used a Polytec MSA-400

scanning LDV (Polytec Gmbh, Waldbronn, Germany) to measure thermal

vibration time series at the tip of the microneedle. The incident beam of

the interferometer (wavelength l ¼ 633 nm; power < 1 mW; ~1 mm spot

size) was focused through a 50� microscope objective and was incident

normal to the microneedle as illustrated in Fig. S2 A. The power spectral

density of velocity time series was estimated using Welch’s periodogram

method (49), and the first flexural resonance fitted to a single harmonic

oscillator (Fig. S2, B and C). The resulting fitting parameters were used

to calculate the stiffness of the microneedle as previously described (48).

All calculations were performed in MATLAB version 2013a (The Math-

Works, Natick, MA).
Measuring retrograde traction force in growth
cones using microneedles

Force-calibrated microneedles were cleaned in piranha solution (H2SO4:

H2O2, 3: 1) for 20 min and rinsed with distilled water five times before incu-

bating the tip in the desired ligand solution for coating. Three different pro-

tein ligands were used in this research: 1) 300 mg/ml apCAM in PBS, 2)
100 mg/ml lectin concanavalin A (Con A) (Vector Laboratories, Burlin-

game, CA) in TBS, or 3) 5 mg/ml bovine serum albumin (BSA) (Sigma-Al-

drich, St. Louis, MO) in PBS. We used a three-dimensional (3D)-hydraulic

micro-manipulator (Narishige, East Meadow, NY) to position the micro-

needle onto the growth cone. Contact points were chosen in P domain

approximately halfway between the leading edge and the transition zone.

Time-lapse differential interference contrast (DIC) imaging was performed

using a Nikon TE2000 E2 Eclipse (Nikon, Inc., Melville, NY) inverted mi-

croscope equipped with a 60� 1.4 oil immersion DIC objective (plus addi-

tional 1.5� magnification) and a Cascade II charge-coupled device camera

(Photometrics, Tucson, AZ) controlled by MetaMorph version 7.8.6

(Molecular Devices, Sunnyvale, CA). Images were acquired in 10 s inter-

vals starting immediately after microneedle placement and continued for

~20 min or until the central (C) domain boundary reached the microneedle

contact site.
Data analysis

Calculation of retrograde traction force utilizing the AFM Z sensor data ac-

cording to Eq. 14 was performed in MATLAB. Optical images collected

during the AFM experiment were processed and analyzed in Image J soft-

ware (50). For the microneedle experiments, MetaMorph was used for im-

age processing, quantitative analysis of microneedle-growth cone

interaction, and retrograde F-actin flow rate measurements. Microneedle

deflection was assessed using the object tracking functionality in Meta-

Morph and confirmed by kymograph analysis. Kymographs were generated

from the DIC time-lapse sequences along lines extending from the growth

cone leading edge toward the C domain and passing through the micronee-

dle tip. Because of the sharp contrast between the microneedle tip and

growth cone features, the microneedle tip appeared as a thick line across

kymographs. Retrograde F-actin flow rate was measured by kymograph

analysis of DIC time-lapse sequences. Statistical significance was deter-

mined using two-tailed unpaired t-tests with a¼ 0.05 unless otherwise indi-

cated, using Prism version 6 (GraphPad Software, La Jolla, CA). Graphical

illustrations and final figure assembly was performed using Adobe Illus-

trator version CS6 (Adobe, San Jose, CA) and PowerPoint version 14

(Microsoft, Redmond, WA).
RESULTS

Quantifying traction force generation in growth
cones encountering new adhesion substrate with
high spatiotemporal resolution

We used two different approaches to measure traction forces
with high spatiotemporal resolution as growth cones
advance in response to an adhesion substrate in contact
with the P domain: 1) AFM and 2) force-calibrated micro-
needles. In both approaches, the probe (a bead attached to
the AFM cantilever tip or the microneedle tip) was brought
into contact with the dorsal side of the growth cone P
domain and kept in place allowing the growth cone to pull
on the force-sensing device. Unlike previous studies using
microneedles where external forces were applied on growth
cones and axons (4,8,29), in our experiment no towing or
any other external force was applied. Fig. 2 A shows a com-
plete Aplysia neuronal growth cone advance response to-
ward an apCAM-coated bead attached to an AFM
cantilever. In this article, the term complete is used to
describe growth cone responses when the C domain fully
advanced toward and reached the adhesion site. A total of
Biophysical Journal 109(7) 1358–1371
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FIGURE 2 Measuring the temporal traction
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(A) Phase contrast images showing AFM canti-

lever modified with apCAM-coated 5 mm bead

(white dashed circle) interacting with a growth

cone at 0, 12, and 19 min following engagement

of the cantilever onto the growth cone. C domain

boundary (black dashed line) started to reorient

toward the bead after ~12 min, and reached the

bead after 19 min. Leading edge is marked by

white dashed line. (B) Traction force felt by the

apCAM cantilever over time was calculated using

Eq. 14. This plot (solid line) shows the temporal

profile of traction force development in the P

domain of the growth cone shown in the sequence

of panel (A). Also shown are the force profiles

for an incomplete growth cone response to an

apCAM-coated cantilever (dotted line) and a
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10 AFM experiments were conducted and the probability of
a complete growth cone response was 50%. A complete
growth cone advance response can be divided into three
phases. Following the terminology used in previous work
published from our laboratory (42), the first phase is termed
latency and extends from time 0 when the cantilever is
brought into contact with the growth cone until the C
domain boundary starts to reorient toward the apCAM
bead. This phase involves adhesion formation, Src tyrosine
phosphorylation, and early microtubule exploration of the
adhesion site (13,40,42). The second phase is termed trac-
tion, which starts at the end of latency and ends when the
C domain reaches the adhesion site. This phase involves
major cytoskeletal and cytoplasmic domain rearrangements,
actin flow reduction, traction force buildup, and leading
edge growth (13,42,43). We also define the third or posttrac-
tion phase, during which the C domain becomes strongly
attached to the bead, and relatively violent fluctuations of
the apCAM bead are often observed.

Traction force generation over time as the growth cone in-
teracted with the apCAM-coated colloidal AFM cantilever
is shown in Fig. 2 B. Traction force in the retrograde direc-
tion increased gradually during the 12 min latency period up
to 100 nN and peaked at the end of the traction period as the
C domain reached the apCAM bead. At that point, the C
domain pushed the cantilever in the anterograde direction,
thus reducing the net retrograde force felt by the cantilever.
Control BSA-coated AFM cantilever did not elicit C domain
advance or traction force development (Fig. 2 B). Similarly,
when the growth cones did not respond completely to ap-
CAM-coated cantilevers, traction force remained signifi-
cantly lower. Traction force measured at the transition
from latency into traction phase was 123.9 5 13.1 nN
(n ¼ 5; mean value 5 SE; Fig. 2 C) in the case of complete
Biophysical Journal 109(7) 1358–1371
growth cone advance. For incomplete growth cone re-
sponses, the maximum force during the time of experiment
(~20 min) was significantly lower at 50.75 12.1 nN (n¼ 5;
Fig. 2 C). As shown in Fig. S3, whereas force gradually
increased in all observed advance responses, the temporal
profile varied between different growth cones.

To confirm our AFM data, we measured traction force
using force-calibrated microneedles. A typical complete
growth cone response to an apCAM-coated microneedle
is shown in Fig. 3 A at three different time points: begin-
ning of latency (left), end of latency (middle), and end of
traction phase (right) (see also Movie S1). Traction force
was generated through coupling of the apCAM-coated mi-
croneedle to the underlying retrograde actin flow, which
causes the microneedle to deflect in the retrograde direc-
tion. A kymograph of needle position shows initial nega-
tive force likely caused by increased ruffling activity at
the contact site (Fig. 3 B). Similar ruffling activity was
previously observed along with increased actin assembly
around mechanically restrained apCAM-coated beads in
experiments with Aplysia growth cones (13,34,51). After
an initial ruffling push, the growth cone started to pull
the microneedle in the retrograde direction as seen in
the kymograph in Fig. 3 B. By measuring microneedle
deflection, traction force F is calculated using Hooke’s
law F ¼ kx, where k is the stiffness of the microneedle
and x is microneedle deflection (Fig. 3 C). In the example
shown, traction force increased at the end of the latency
phase while retrograde actin flow rate decreased, consis-
tent with gradually increasing coupling between the ap-
CAM-coated microneedle and the actin retrograde flow
(Fig. 3 C). Reduction of retrograde actin flow at the end
of the latency phase and beginning of the traction phase
is consistent with our previous observations (13,42).
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tation toward the microneedle contact point (6 min; end of latency period), and C domain reaching the microneedle tip (15 min; end of traction period).

(B) Kymograph taken along the white line in (A) and showing the position of the microneedle throughout the time course of the growth cone response.

(C) Retrograde force exerted by the growth cone on the microneedle over time (solid circles) and F-actin retrograde flow rate during latency (open circles).

(D) Comparison of F-actin retrograde flow rates for complete and incomplete growth cone responses early in latency and traction periods, respectively.

Middle graph shows flow rates measured between the leading edge and the needle tip, whereas left and right graphs show flow rates measured between

the needle tip and the C domain. Mean values 5 SE; paired t-test.
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Traction force continued to increase during traction phase
and peaked at 15.6 nN just before the C domain reached
the adhesion site in the example shown in Fig. 3 A. The C
domain pushed the microneedle in the posttraction phase
causing a decrease in net traction force exerted on the mi-
croneedle. The temporal profiles of traction force for
several apCAM and Con A needle experiments are shown
in Figs. S4 and S5 and Movies S1 and S2, respectively. As
observed with the AFM approach (Fig. S3), the profile of
the force development varied between individual growth
cones.

Analysis of actin retrograde flow in all completemicronee-
dle experiments showed a 53% (n ¼ 22) reduction in actin
flow rate in the area between the microneedle and the C
domain and 56% (n ¼ 22) reduction in flow rate in the
advancing lamellipodia between the leading edge and themi-
croneedle (Fig. 3 D). This is the first time that we measured
flow rates between the advancing leading edge and the adhe-
sion site in addition to the area between the adhesion site and
the C domain. The flow reduction on either side of the needle
tip strongly suggests that a large retrogradely flowing actin
network was physically coupled to the microneedle beyond
the immediate adhesion site. For experiments with incom-
plete growth cone responses, a statistically significant reduc-
tion in actin flow rate was also observed, although the 19%
(n ¼ 20) reduction was not as severe as in the case of com-
plete responses (Fig. 3 D). In summary, we observed that
growth cones gradually build up traction force during latency
and traction phases, whereas retrograde actin flow signifi-
cantly slows down at the end of latency.
Biophysical Journal 109(7) 1358–1371



TABLE 1 Summary of all microneedle experiments

Con A apCAM BSA Uncoated

Number of experiments 33 28 12 17

Number of complete responses 19 9 1 2

% complete responses 58 32 8 12

Average latency length (min) 8.2 (5 1.4) 10.1 (5 1.6)

Con A, concanavalin A; apCAM, Aplysia cell adhesion molecule; BSA,

bovine serum albumin.
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Traction force correlates with microneedle
stiffness

Although we initially attempted to produce microneedles of
identical stiffness, the microneedles used in our experiments
showed variation. A trend was emerging that stiffer micro-
needles resulted in higher traction force values. Therefore,
we tested the hypothesis that traction force correlates with
the stiffness of the microneedle. Fig. 4 shows strong corre-
lation between microneedle stiffness and traction force
observed immediately before the C domain advanced to-
ward the microneedle. We conducted experiments with
apCAM- and Con A-coated microneedles; both are adhesion
proteins that bind the cell surface apCAM (13). Both sub-
strates show a significant higher response probability
compared with BSA-coated or uncoated microneedles
used as negative controls (Table 1). Correlation between
traction force and needle stiffness was high for both apCAM
(R2 ¼ 0.81) and Con A (R2 ¼ 0.85) needles. Interestingly,
the slope of the best-fit line was higher for apCAM, suggest-
ing that apCAM substrate may be a more specific force
transmitter than Con A. apCAM is a homophilic cell adhe-
sion molecule, whereas Con A binds apCAM among other
proteins (52,53).
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Substrate deformation and not traction force
predicts growth cone advance

As shown above, we have found that the amount of traction
force produced by the growth cone strongly depends on the
stiffness of the microneedle. We were interested to deter-
mine whether there was a certain threshold force needed
to induce complete growth cone advance. A comparison
of measured traction force values of all complete and
incomplete microneedle experiments revealed that the
magnitude of force exerted by the growth cone on the micro-
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FIGURE 4 Measured force is proportional to microneedle stiffness.

Relationship between traction force measured immediately before the C

domain advanced toward the microneedle and the stiffness of the micronee-

dle used to perform the measurement. Separate correlations are shown for

apCAM- and Con A-coated microneedles.
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needle does not predict whether the growth cone will
advance in the direction of the adhesion protein-coated mi-
croneedle or not. Although, traction forces at the end of the
latency period for complete growth cone advance responses
to apCAM-microneedles were generally larger than in the
case of incomplete interactions, the difference was not sta-
tistically significant (p ¼ 0.104 for apCAM and p ¼ 0.730
for Con A; Fig. 5 A). It was evident that the magnitude of
apCAM Con AC
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FIGURE 5 Microneedle deflection is a better predictor of growth cone

advance than absolute traction force values. (A) Comparison of force

measured for complete and incomplete growth cone responses for apCAM

and Con A microneedles. For incomplete growth cone response, the value

reported is the maximum force value within 10 min from the time the mi-

croneedle was lowered onto the growth cone, which corresponds to the

mean latency time of apCAM-induced responses. (B) Comparison of micro-

needle deflection observed for complete and incomplete growth cone

responses for apCAM and Con A microneedles, respectively. (C) Compar-

ison of traction force measured for complete and incomplete growth cone

responses using microneedles with a very narrow range of stiffness

(0.018 5 0.001 N/m, n ¼ 24). Box and whiskers plots show the median,

25th and 75th percentiles, and minimum and maximum values. Asterisk in-

dicates significant difference.
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traction force by itself does not determine whether
the growth cone will undergo a complete response or not.
For instance, some growth cones advanced after exerting
forces as low as 2.5 nN and as high as 92.2 nN, depending
on the microneedle stiffness, whereas other growth
cones did not advance despite exerting forces as high as
68 nN.

By contrast, the magnitude of microneedle deflection
(i.e., adhesion substrate deformation) appears to be a better
predictor of whether the growth cone will advance in the di-
rection of the adhesion substrate or not (Fig. 5 B). In cases of
complete growth cone advance, the mean microneedle
deflection at the end of the latency period was 1.08 5
0.14 (n ¼ 7) and 1.04 5 0.09 (n ¼ 18) mm for apCAM
and Con A microneedles, respectively. These values were
significantly higher (p ¼ 0.008 for apCAM and p <
0.0001 for Con A; Fig. 5 B) than in cases of incomplete re-
sponses to both apCAM and Con A microneedles where
deflection remained below 0.62 5 0.08 (n ¼ 11) and
0.33 5 0.05 (n ¼ 11) mm, respectively. However, when
we compared traction force generation in complete and
incomplete growth cone responses using microneedles
within a very narrow range of stiffness, we noticed a signif-
icant difference in mean traction force values (p ¼ 0.018 for
apCAM and p¼ 0.001 for Con A; Fig. 5 C), which is also in
agreement with our findings using AFM cantilevers of
similar stiffness (Fig. 2 C). This shows that a certain force
value can only be an indicator of complete advance response
for specific substrate stiffness.

To further confirm the correlation of growth cone advance
response with substrate deformation as opposed to the level
of traction force, we sequentially probed the same growth
cone with two microneedles of different stiffness. In the
experiment shown in Fig. 6, a growth cone was first probed
by a Con A-coated microneedle with 0.0025 N/m stiffness
(Fig. 6 A). Con A was used in this experiment because the
probability of a complete response was higher with Con A
than with apCAM microneedles (Table 1). After observing
a complete growth cone advance response, the microneedle
was carefully disengaged to prevent damage to the growth
cone. The growth cone was allowed to recover for
~15 min before another Con A-coated microneedle with
0.014 N/m stiffness was placed on the growth cone and
another complete response was observed (Fig. 6 B).
Although the growth cone responded to both microneedles,
measured traction force at the end of latency was propor-
tional to microneedle stiffness (3.0 vs. 15.4 nN). Interest-
ingly, the observed microneedle deflection at the end of
latency was virtually the same (1.11 vs. 1.05 mm). This
experiment was repeated three times using different cells
and similar results were obtained each time, independently
of the order of needle application (Figs. S6 and S7). In sum-
mary, we observed that individual growth cones can produce
a wide range of traction forces during adhesion-mediated
growth cone advance, the level of which is correlated to
the substrate (i.e., microneedle) stiffness. These results sug-
gest that with respect to advance or not, the growth cone is
more sensitive to the amount of substrate deformation than
to the magnitude of traction force.
DISCUSSION

Quantification of traction force generation during
adhesion-mediated growth cone advance

To fully understand the mechanism of force generation and
transmission in the growth cone as well as its role in axonal
growth and guidance, it is critical to have quantitative infor-
mation about the relationships between forces, cytoskeletal
dynamics, molecular motors, biochemical signaling, sub-
strate adhesion, and stiffness, which all contribute to direc-
tional growth cone advance. In this study, we have measured
traction force as it develops in the growth cone during adhe-
sion-mediated advance with unprecedented spatial and tem-
poral resolution. Although growth cone traction forces have
been previously quantified using different experimental
techniques, our study is the first, to our knowledge, to quan-
tify the development of traction forces as the growth cone is
actively responding to a change in molecular and mechani-
cal stimuli.

Among the different methods for studying forces in neu-
rons, microneedles were used first by the groups of Bray and
Heidemann more than two decades ago. These studies pro-
vided a global view of mechanical forces at the whole
neuron and neurite level as opposed to local growth cone
traction force. The first force measurements using force-
calibrated microneedles were performed by Heidemann
and co-workers in PC-12 neurites, which were found to be
under permanent mechanical tension, so-called rest tension,
ranging over three orders of magnitude (10�2 to 100 nN) (8).
The same group later presented the first direct evidence that
growth cones pull by generating traction force (4). A force-
calibrated microneedle was attached to the soma of a
cultured chick sensory neuron and raised so that the cell
became attached to the substrate at the growth cone only.
Neurite tension was found to be in the 100 nN range and
strongly correlated to growth cone advance (4). Saif and
co-worker (6,36) fabricated a silicon-based micromechani-
cal force sensor to measure rest tension in the axons of
Drosophila neurons in vivo and found it to be in the 100

to 101 nN range. Recently, O’Toole et al. (29) presented a
mathematical model describing the relationship between
subcellular forces arranged in series within the axon and
the net axonal tension. They elegantly combined the use
of force-calibrated microneedle to measure and apply force
with labeling of docked mitochondria to monitor subcellular
strain in chick sensory neurons. Based on experimental re-
sults and the model, the mean forces were found to be
2.0 and 0.6 nN at the rear of the growth cone and axon,
respectively. In contrast to all these previous studies, the
Biophysical Journal 109(7) 1358–1371
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microneedle in our experiments interacted with the growth
cone specifically in the P domain, and no towing was intro-
duced. Therefore, the needles used in our approach
measured traction force solely as the result of the growth
cone interacting with the microneedle.

Traction force microscopy with flexible substrates was
used to measure forces generated by filopodia in growth
cones from superior cervical ganglion neurons (14). Peak
traction forces were in the 100 nN range. Using the same
technique, Hyland et al. (20) found that Aplysia growth
cones generate traction force on the order of 100 nN, which
is consistent with some of our data revealing forces as low as
3 nN during adhesion-mediated growth cone advance. Using
Biophysical Journal 109(7) 1358–1371
flexible substrates, Koch et al. (19) found that the growth
cones of peripheral neurons produce higher traction forces
compared with central nervous systems neurons (100 vs.
10�1 nN range). Hällström et al. (31) used nanowire arrays
and measured traction forces in the 10�2 to 101 nN range
exerted by the growth cones of rat dorsal root ganglion neu-
rons, depending on the stiffness of the nanowires. Whereas
traction force microscopy provides quantitative information
at the growth cone level, it is critical to note that these mea-
surements are performed while the growth cone is growing
on a molecularly and mechanically uniform substrate. Our
experimental approach is different from previous studies
in that traction force was measured during an active growth
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cone response to a molecular and mechanical change of the
adhesion substrate. The strong local coupling between the
actin network and the apCAM-coated AFM cantilever or
the microneedle triggered a distinct response pattern
involving major rearrangements of cytoplasmic domains
and cytoskeletal structures (Figs. 2 A and 3 A) consistent
with our previous results using a mechanically restrained
apCAM-coated microbead (13,40,42).

Using optical tweezers, the forces exerted by the filopodia
and lamellipodia of rat hippocampal and dorsal root ganglia
were found to be on the order of 10�3 and 10�2 nN, respec-
tively (33). Furthermore, the strength of elastic coupling of
apCAM adhesions to actin flow in Aplysia growth cones was
on the order of 10�2 nN as determined by optical tweezers
(34). Whereas the optical tweezers approach circumvents
the issue of substrate uniformity, the level of force that
can be applied with optical and magnetic tweezers to the
cell without causing damage is typically below the threshold
required to induce adhesion-mediated growth cone advance.
Lastly, AFM was used to quantify forward pushing forces of
mouse retinal ganglion cell and NG108-15 growth cones
(35). Using lateral force microscopy, peak forward pushing
in addition to retrograde forces were found to be on the or-
der of 10�1 nN (35). Although lateral force microscopy ap-
pears to be an ideal solution for measuring traction force in
growth cones, significant technical difficulties exist particu-
larly related to calibrating the torsional response of the AFM
cantilever (45). Accordingly, we built on the work of Karhu
et al. (45) and developed a new approach, to our knowledge,
for measuring retrograde force by monitoring the vertical
height of the AFM cantilever as it interacts with the growth
cone. With the new method, we were able to measure hori-
zontal forces exerted on the AFM cantilever without the
need to perform lateral force calibration. In summary, our
approach to determine traction force during adhesion-medi-
ated growth cone advance is clearly distinct from previous
studies that reported on forces that (1) involved larger re-
gions of the neuron (2), were developed by growth cones in-
teracting with uniform substrates, or (3) reflected local
substrate-cytoskeletal coupling events that were insufficient
to induce adhesion-mediated growth cone advance.
Traction force gradually increases during
adhesion-mediated growth cone advance

Both AFM and microneedle measurements showed that
traction force in the P domain gradually increased over
time during adhesion-mediated growth as coupling got
stronger during latency. Force further increased during the
traction phase, when major cytoskeletal reorganizations
occur, and peaked just before the C domain reached the nee-
dle (Figs. 2, 3, and S3–S5). Gradual force increase was
matched by gradual decrease in retrograde actin flow, which
supports the substrate-cytoskeletal coupling model (22) and
is consistent with previous observations made using the RBI
assay (13,42–44), although in those experiments force mea-
surements were not performed. Whereas noticeable actin
flow reduction typically occurred late in latency as seen in
Fig. 3 C and previous studies (13,42), we observed
frequently gradual buildup of traction force earlier in la-
tency using both force measuring approaches (Figs. S3–
S5). This early raise in traction force before significant
flow attenuation occurred could reflect the gradual buildup
of engaged clutches.

We measured traction forces during complete growth
cone advance responses ranging over two orders of magni-
tudes. Although we observed traction forces in the 100 to
101 nN range similar to previous studies (19,20,29,31), we
are the first, to our knowledge, to report growth cone forces
up in the 102 nN range. Considering the large size and cyto-
skeletal mass of Aplysia growth cones such high force levels
may not be surprising. However, it is important to point out
that a direct comparison with previous studies can be prob-
lematic because 1) reported force values are not necessarily
analogous, and 2) contact area, molecular, and mechanical
properties of the sampling probe usually vary among
different studies. For example, we and others have observed
a positive correlation between substrate stiffness and
measured force (19,54–58). Although both AFM and micro-
needle methods revealed traction forces in Aplysia growth
cones in a similar range, directly comparing force values
measured by AFM and microneedles is challenging for a
number of reasons: 1) knowing the effective cantilever stiff-
ness is difficult, 2) the AFM experiment was performed with
the feedback loop turned on to satisfy Eq. 9, and 3) because
the calculation of traction force using our AFM approach
depends on changes in cantilever height (Eq. 14), the accu-
racy of measurement is influenced by any factor that causes
a change in cantilever height other than traction force. For
example, an increase in growth cone thickness because of
cytoskeletal rearrangements during the growth cone interac-
tion with the cantilever tip could inflate the traction force
value calculated. Because we are currently unable to deter-
mine such potential height changes independently from
traction forces, it was important that we measured traction
force using two completely independent experimental ap-
proaches, AFM and force-calibrated microneedles. Force
values derived from the AFM approach were generally
higher than force values determined with microneedles,
which may indicate that height changes because of cytoskel-
etal remodeling caused an overestimate. The microneedle
approach is insensitive to potential growth cone height
changes but could potentially suffer from systematic drift
in the position of microneedle tip relative to the growth
cone. Initially, we attempted to include a second reference
microneedle mounted on the same holder to account for
drift, but that proved to be challenging given our setup
and the very small field of view under 60� objective. How-
ever, control experiments with microneedles raised slightly
above the surface were conducted to make sure drift was not
Biophysical Journal 109(7) 1358–1371
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influencing the position of the microneedle. Additionally,
we alternated the orientation of growth cones to account
for any potential systematic drift. In about half of the exper-
iments, the growth cone was oriented such that the axis from
the central domain to the microneedle tip was pointing
upward, whereas for the other half of experiments, that
axis was pointing downward.

In summary, despite potential inaccuracies in the true
force values, the two independent measurements techniques
showed that traction force increases steadily throughout the
latency period. This novel observation, to our knowledge, is
particularly intriguing and raises questions about the mech-
anisms and signaling cascades involved in, and influenced
by, force build up in the growth cone cytoskeletal network.
The growth cone advance response correlates
with substrate deformation

Somewhat unexpectedly, we did not identify a threshold
force level that would be required for a complete advance
response. Interestingly, growth cone advance responses
correlated with the level of microneedle deflection and
less so with the magnitude of force (Fig. 5). We confirmed
this relationship by probing the same growth cone twice us-
ing two microneedles of different stiffness. We repeated this
experiment with three different cells, and in each case, trac-
tion force at the end of the latency phase was proportional to
the microneedle stiffness; however, microneedle deflection
was 1.2 5 0.1 mm (Figs. 6, S6, and S7). Such a correlation
between substrate stiffness and mechanical response by the
cell is in agreement with previous studies. Choquet et al.
(54) showed that the strength of substrate-cytoskeletal
coupling in the lamellipodia of mouse fibroblasts increased
proportionally with substrate rigidity. A similar cellular
reinforcement behavior was observed in studies with epithe-
lial cells (55,56) and fibroblasts (56–58). Using traction
force microscopy, Koch et al. (19) showed that forces gener-
ated by dorsal root ganglia and hippocampal growth cones
both increase with increasing substrate stiffness. Our results
are in agreement with these findings and suggest a cellular
reinforcement mechanism that responds to the extracellular
stiffness. What is the underlying mechanism and the role of
reinforcement? A positive feedback loop system between
tyrosine phosphorylation and tension development could
provide an answer to the first question (40). Whether cells
use the reinforcement mechanism to decide in which direc-
tion they migrate is an interesting hypothesis. There is evi-
dence that migrating cells decide in which direction to
advance partly by sensing and responding to the stiffness
of the extracellular matrix (19,59–62). However, whether
the cellular response is governed by force (stress) or defor-
mation (strain) or both has remained unclear (55–58,63).
Our results show that the magnitude of traction force itself
is not a good predictor of the growth cone advance response
(Fig. 5, A and B). By comparison, the level of microneedle
Biophysical Journal 109(7) 1358–1371
deflection better predicts whether the growth cone will
advance toward the adhesion site or not (Fig. 5, A and B).
Within the boundaries of our experiment, our results suggest
that substrate deformation is a more relevant factor in deter-
mining a cellular response.
Mechanosensing involves cytoskeletal structures
beyond immediate adhesion site

Different molecular mechanisms have been proposed to
explain force sensing by cells, including stretch-activated
ion channels and conformational changes in proteins regu-
lating tyrosine phosphorylation (62). Stretch-activated cal-
cium channels mediate neurite retraction in NG108-15 and
PC12 cells, which requires a stress threshold (23). Although
stretch-activated molecular structures provide a plausible
mechanism for sensing mechanical stress, they alone do
not explain the extent of the constant micron-scale substrate
deformations. Our results support a mechanosensing mech-
anism that involves structural elements spanning a micron-
scale distance. The mean microneedle deflection was
1.05 5 0.07 mm when the growth cones advanced in the di-
rection of the adhesion site for both Con A and apCAM
microneedles. By contrast, the mean deflection was signifi-
cantly lower (0.48 5 0.06 mm) when the growth cones did
not respond to the adhesion substrate. Interestingly, Trichet
et al. (57) observed a constant deformation of the substrate
of around 0.84 5 0.03 mm caused by migrating fibroblasts.
The relatively large deformations we and others observed
imply a mechanosensing mechanism that involves structures
spanning a large spatial range such as actin and microtubule
cytoskeleton and not only local protein interactions at the
adhesion site, such as stretch-induced phosphorylation or
opening of ionic channels. This conclusion is also supported
by our analysis of retrograde actin flow rate, which showed a
53% reduction in the area between the microneedle and the
C domain and 56% reduction in the area between the lead-
ing edge and the microneedle (Fig. 3 D), suggesting a larger
area of the flowing actin network beyond the immediate
adhesion site was physically coupled to the microneedle.
In support of this idea, Mejean et al. (34) recently reported
that the mechanical properties of nascent apCAM-mediated
adhesions in Aplysia growth cones were dominated by
elastic structures that undergo micron-sized reversible de-
formations, suggesting the substrate was physically coupled
to a large cross-linked actin network beyond the immediate
adhesion site. Furthermore, Trichet et al. (57) argue
convincingly that the fact that stress applied by the cell de-
pends on substrate stiffness provides direct evidence that a
feedback involving structures other than focal adhesions
must be involved (57).

The micron-scale deformation of nascent apCAM-medi-
ated adhesions observed by Mejean et al. (34) occurred
over 15 s, whereas the micron-scale substrate deformation
we and Trichet et al. (57) observed occurred over 15 to
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20 min, during which traction force grew steadily. Are these
two sets of observations, which occurred over different
timescales, related? And, if so, how? How is cellular
movement related to the observed substrate deformation,
which averages around 1 mm? One possible explanation
could be that the observed substrate deformation, which
correlates with growth cone advance response, is related
to the maximum length to which nascent actin-based
adhesion structures can be stretched before they break
(Fig. 7). Adhesions form and break on a timescale of sec-
onds, but the resultant effect is felt by the microneedle as
a permanent linkage. That linkage grows stronger as adhe-
sion become more abundant and more are forming than
breaking.

The growth cone, including the microtubule- and organ-
elle-rich C domain, advances when F-actin flow in the P
domain is significantly slowed down. For this to happen,
substrate-cytoskeletal linkage involving growing actin fila-
ments (also referred to as elastic nascent adhesions) must
be strong enough to bear the building tension. When the
linkage is strong enough, it holds without breaking at
the maximum extendable length, which appears to be on
the order of 1 mm (Fig. 7). Although nascent adhesions
are dynamic and transient, over time they become more
abundant and capable of bearing increasing tension. This
FIGURE 7 Hypothesis: development of traction force and the origin of the obs

with the microneedle tip, the nascent apCAM-mediated actin-based elastic adhe

tip. Individually, elastic adhesions are too weak to hold the connection, resultin

become more abundant and capable of bearing increasing tension, resulting in h

needle tip movement is related to the micrometer scale length to which elastic ad

online.
was evident in the experiment by Trichet et al. (57), which
showed steady growth of focal adhesion area with time.
Taken together, we propose a hypothesis according to
which nascent adhesions may be considered as individual
rubber bands, each can undergo micron-scale deformation
(Fig. 7). Early during the latency period, they break
because individually they cannot hold the connection be-
tween the microneedle tip and the flowing actin network.
However with time, more rubber bands are recruited.
The resultant effect of this dynamic coupling is a temporal
increase in the force transiently felt by the microneedle
tip. Once the number of rubber bands is high enough,
the connection is held extended and actin flow is reduced
to a halt, thus initiating the growth cone advance
mechanism.

In summary, we believe that the micron-scale deforma-
tion observed in our and other studies, are related to the elas-
ticity of actin-based adhesion structures forming between
the substrate and the flowing actomyosin network. Although
it is still unclear whether this seemingly constant micron-
scale substrate deformation is of physiological significance
(e.g., having a regulatory role), our findings suggest a stiff-
ness-sensitive mechanism that likely involves cytoskeletal
elements spanning a large spatial range that goes beyond
local interactions at the adhesion site.
erved micrometer-scale substrate (microneedle) deformation. Upon contact

sions establish linkage between the flowing actin network and microneedle

g in a very low traction force. Over time, dynamic and transient adhesions

igher traction force and reduced retrograde flow. The magnitude of micro-

hesions can be stretched before breaking (34). To see this figure in color, go
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