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A modified motor-clutch model reveals that 
neuronal growth cones respond faster to soft 
substrates

ABSTRACT  Neuronal growth cones sense a variety of cues including chemical and mechani-
cal ones to establish functional connections during nervous system development. Substrate-
cytoskeletal coupling is an established model for adhesion-mediated growth cone advance; 
however, the detailed molecular and biophysical mechanisms underlying the mechanosens-
ing and mechanotransduction process remain unclear. Here, we adapted a motor-clutch mod-
el to better understand the changes in clutch and cytoskeletal dynamics, traction forces, and 
substrate deformation when a growth cone interacts with adhesive substrates of different 
stiffnesses. Model parameters were optimized using experimental data from Aplysia growth 
cones probed with force-calibrated glass microneedles. We included a reinforcement mecha-
nism at both motor and clutch level. Furthermore, we added a threshold for retrograde F-
actin flow that indicates when the growth cone is strongly coupled to the substrate. Our 
modeling results are in strong agreement with experimental data with respect to the sub-
strate deformation and the latency time after which substrate-cytoskeletal coupling is strong 
enough for the growth cone to advance. Our simulations show that it takes the shortest time 
to achieve strong coupling when substrate stiffness was low at 4 pN/nm. Taken together, 
these results suggest that Aplysia growth cones respond faster and more efficiently to soft 
than stiff substrates.

SIGNIFICANCE STATEMENT

•	 How neuronal growth cones sense substrates of different stiffness is not well understood.

•	 We have modified the motor-clutch model by including reinforcement at the motor and clutch level 
as well as threshold for F-actin flow when strong substrate-cytoskeletal coupling occurs. We found 
that simulated and experimental data for latency time and substrate deformation are in strong 
agreement.

•	 Our results suggest that Aplysia growth cones respond faster to soft versus stiff substrates. These 
findings provide a framework for future experimental studies and will improve our understanding of 
cellular mechanosensing.
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INTRODUCTION
Growth cones are motile and dynamic structures at the tips of axons 
and dendrites, that exhibit either attractive or repulsive behaviors in 
response to specific diffusible or immobilized extracellular chemical 
(Stoeckli, 2018), mechanical (Koser et  al., 2016), topographical 
(Spedden et al., 2014), and electrical cues (Yamashita, 2015). The 
growth cone continuously explores the extracellular environment to 
guide axon pathfinding and is critical for axon outgrowth, which is a 
process that was traditionally described to occur in three stages 
named protrusion, engorgement, and consolidation (Dent and 
Gertler, 2003; Lowery and Vactor, 2009). Protrusion is the extension 
of the growth cone edge driven by F-actin polymerization. Later 
engorgement occurs when microtubules (MTs) invade protrusions 
and transport organelles and vesicles into F-actin-rich regions. 
Finally, consolidation results from the contraction of the growth 
cone neck forming the new axon shaft and restoring the bidirec-
tional vesicle transport.

Different models have been proposed to explain the mecha-
nisms underlying growth cone advance, and in consequence, axon 
outgrowth. A recently proposed model suggests that, at least for 
CNS neurons in three-dimensional (3D) cultures, growth cones ad-
vance solely by an ameboid, protrusion-driven process independent 
of making adhesive contacts with the environment and applying 
traction forces (Santos et al., 2020). In contrast, a large body of evi-
dence mainly from experiments conducted with two-dimensional 
(2D) cultures of both PNS and CNS neurons supports another model 
of growth cone motility and neurite growth which involves the for-
mation of adhesions between the growth cone and immobile 
ligands in the extracellular matrix or on cellular surfaces (Suter and 
Forscher, 2000; Miller and Suter, 2018). Mitchison and Kirschner 
(1988) were the first to propose a mechanistic model to explain 
substrate-mediated growth cone advance. According to this “mo-
tor-clutch” or “substrate-cytoskeletal coupling” model, the growth 
cone attaches to a substrate through cell adhesion molecules 
(CAMs), that interact with actin filaments via specific coupling mole-
cules (Figures 1 and 2B) and contribute to tension build up. Conse-
quently, the adhesions “clutch” the actin retrograde flow by coun-
teracting the myosin force and transmitting the myosin forces to the 
substrate.

Experimental evidence supports this model for all major types of 
CAMs, such as immunoglobulin superfamily CAMs, integrins, and 
cadherins. The first evidence came from studies using neuronal 
growth cones derived from the invertebrate Aplysia californica and 
probed using beads coated with the Aplysia cell adhesion molecule 
(apCAM), a homologue of the vertebrate neural cell adhesion 
molecule (Suter et  al., 1998). Restraining apCAM-coated beads 
with a microneedle in the so-called restrained bead interaction (RBI) 
assay resulted in attenuation of actin flow, force build up, and 
growth cone advance specifically along the needle-central (C) do-
main axis. Similarly, in rat hippocampal neurons, a mechanical link-
age was found between L1-CAM-laminin adhesions and F-actin 
mediated by coupling molecules shootin1a and cortactin (Abe 
et al., 2018) as well as between N-cadherin-N-cadherin adhesions 
and F-actin mediated by α-catenin (Bard et al., 2008). Not surpris-
ingly, integrin-laminin adhesions resulted in a similar response of 
reduced actin retrograde flow in growth cones from Xenopus spinal 
neurons (Nichol et al., 2016). Several clutch or coupling proteins 
have been implicated in formation of a molecular clutch between 
adhesion receptors and F-actin including cortactin, shootin 1a, 
catenin, talin, vinculin, and paxillin. Moreover, the adhesion stabili-
zation and dynamics are regulated through the activation of several 
signaling enzymes including focal-adhesion kinase (FAK; Robles 

and Gomez, 2006), Src (Suter and Forscher, 2001), and p-21 acti-
vated kinase (Pak1; Santiago-Medina et al., 2013; Toriyama et al., 
2013) leading to changes in the phosphorylation status of different 
proteins of the adhesion complex such as paxillin and shootin1. 
However, while several molecular components of adhesion-medi-
ated neurite growth have been identified, it has remained unclear 
how the stiffness of the adhesion substrate regulates the formation 
of clutches and thereby growth cone advance.

Previous studies regarding neurite outgrowth on flexible sub-
strates have provided conflicting results about the effects of substrate 
stiffness on neurite growth even for the same neuronal cell type. 
Some studies have reported higher neurite outgrowth and branching 
on soft 2D substrates (Flanagan et al., 2002; Georges et al., 2006; 
Franze et al., 2009). While Kostic and colleagues (2007) and Tanaka 
et al. (2018) reported that hippocampal neurons grown on soft sub-
strates exhibit increased neuritogenesis and neurite outgrowth, Koch 
and colleagues (2012) found that hippocampal neurons are insensi-
tive to substrate stiffness (Koch et al., 2012; Kostic et al., 2007; Tanaka 
et al., 2018). Similarly, Koch and colleagues reported that dorsal root 
ganglion (DRG) cells exhibit maximal outgrowth on substrates of 
1kPa, whereas another group found that DRG cells have a higher out-
growth on substrates of 10 kPa in comparison with softer substrates 
(Koch et  al., 2012; Rosso et  al., 2017). In summary, while there is 
emerging evidence that different neurons exhibit distinct mechano-
sensing responses, there are still significant gaps in our understanding 
of mechanosensing.

Computational modeling is a powerful approach to better un-
derstand cellular behavior in response to changing specific param-
eters and allows comparing simulation with experimental results. 
Chan and Odde (2008) developed a mathematical model to study 
the mechanosensing of substrate stiffness by cells. The model pre-
dicts two regimes: (1) “frictional slippage” occurs on stiff substrates, 
when clutches bind quickly to F-actin and break before many 
clutches are bound, resulting in low traction forces and high retro-
grade F-actin flow. (2) A “load and fail” regime occurs on soft sub-
strates. It is characterized by an oscillatory behavior where substrate 
compliance increases the clutch-F-actin bond lifetime and allows 
many clutches to be bound at specific time point, contributing to 
the slowdown of actin retrograde flow and increase in traction force. 
To test this model, the researchers measured retrograde actin flow 
and traction force production in embryonic chick forebrain neurons 
growing on compliant substrates and detected a significant switch 
between the “frictional slippage” and “load and fail” regimes at a 
substrate stiffness of ∼1 kPa (Chan and Odde, 2008). A detailed 
sensitivity analysis of various model parameters was conducted in a 
follow-up study by the same group, and found that the optimum 
stiffness is more sensitive to changes in clutch-related parameters 
than to motor-related parameters (Bangasser et al., 2013). Several 
studies have shown the versatility and robustness of this model by 
adapting it to different cell types and substrates. For example, by 
including talin unfolding kinetics, it was shown that the above-men-
tioned biphasic relationship between stiffness and traction force de-
pends on talin depletion, and that a monotonic trend is observed 
between those variables when talin reinforces the integrin-actin cou-
pling above a specific force threshold (Elosegui-Artola et al., 2016). 
Additionally, the model has successfully reproduced the effect of 
catch-bond kinetics, ligand spacing, and the inclusion of different 
integrin types with different kinetics as a mechanism for adhesion 
strengthening (Elosegui-Artola et al., 2014; Oria et al., 2017).

Here, we modified the motor-clutch model for mechanosensing 
by large Aplysia growth cones, which are an ideal model system for 
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analyzing cytoskeletal dynamics and mechanics. We added several 
new features to the motor-clutch model. First, we introduced stiffness-
dependent reinforcement at both the motor and clutch level. Second, 
we included two new output variables: 1) the latency time, which rep-
resents the time when the F-actin flow decays to 20 nm/s and strong 
coupling occurs, and 2) the substrate deformation at the latency time. 
Third, in contrast to previous studies, our motor-clutch model results 
in a stable steady state, whereas the previous model resulted in an 
unstable oscillating steady state. After conducting sensitivity analy-
ses, we found that the latency time and substrate deformation are 
less sensitive to parameter changes at 4 pN/nm than at other sub-
strate stiffnesses. Furthermore, we found that the latency time exhib-
its a biphasic behavior with respect to the substrate stiffness being the 
shortest at 4 pN/nm. These results suggest that 4 pN/nm could be 
the optimum substrate stiffness for Aplysia growth cones.

RESULTS
A modified motor-clutch model for growth cone advance 
on different substrate stiffness
To better understand how neuronal growth cones advance on adhe-
sive substrates of different stiffness, we have adapted a previously 
established motor-clutch model (Chan and Odde, 2008; Bangasser 
et al., 2013) to the Aplysia growth cone system (Suter et al., 1998; 
Athamneh et al., 2015; Miller and Suter, 2018). This approach al-
lowed us not only to compare experimental with modeling data, but 
also to extract parameter values from experimental data for our 
model to make it more robust.

A growth cone has three regions based on differences in cyto-
skeletal structure and dynamics as well as organelle distribution 
(Figure 1A). The peripheral (P) domain contains both lamellipodia, 
that are composed of crosslinked F-actin networks, and filopodia, 

FIGURE 1:  Motor-clutch model for adhesion-mediated growth cone advance. (A) Growth cone 
organization and cytoskeletal components. (B) Motor-clutch model components in cross-section 
of a single filopodia. (C) Binding of a clutch to F-actin with a constant rate kon. (D) Force-
dependent unbinding of a clutch from F-actin with a rate koff. (E) Adhesion reinforcement event 
that includes the addition of a new clutch at a rate kadd, when at least one of the bound clutches 
can hold a force of 10 pN.

that consist of F-actin bundles. The transition (T) zone is located 
between the P domain and the C domain and is characterized by 
ADF-cofilin-mediated actin severing and nonmuscle myosin II 
(NMII)-powered contraction of the F-actin network, which leads to 
the formation of actin arcs. The C domain is rich in organelles and 
MTs. The actin filaments in lamellipodia and filopodia are constantly 
turned over by a combination of actin assembly along the leading 
edge and at filopodial tips, retrograde F-actin flow, and actin sever-
ing and disassembly in the T zone (Miller and Suter, 2018). Retro-
grade F-actin flow is a phenomenon found in all motile cells and 
largely driven by NMII activity in addition to actin assembly push 
against the plasma membrane and actin turn over in the T zone 
(Zhang et al., 2003; Medeiros et al., 2006; Burnette et al., 2008)

The motor-clutch model used in this study is a one-dimensional 
model, where adhesions/clutches develop between a single filopo-
dium and an elastic substrate (Figure 1B; Chan and Odde, 2008; 
Bangasser et  al., 2013). Friction develops between the actin fila-
ments and bound adhesions/clutches, which slows down the rate of 
actin flow. Here, we consider three events affecting the state of ad-
hesions/clutches: (1) binding of a clutch to F-actin with a constant 
rate kon (Figure 1C), (2) force-dependent unbinding of a clutch from 
F-actin with a rate koff (Equation 5 in Materials and Methods section; 
Figure 1D), and (3) adhesion reinforcement by adding a new clutch 
at a rate kadd, (Equation 6) when at least one of the bound clutches 
bears a force ≥10 pN (Figure 1E). The mechanical free body diagram 
of the motor-clutch model is depicted in Supplemental Figure 1. 
Each step of the simulation along with the variables and parameters 
is shown in Supplemental Figure 2 and Supplemental Tables 1 and 
2. The simulation starts with an unloaded actin flow velocity of 100 
nm/s under the assumption of no bound clutches. Clutches keep 
binding and unbinding, thereby affecting the retrograde actin flow 

speed vf (Equation 7), clutch position xi 
(Equation 8) and substrate position xsub 
(Equation 9). Thus, as the simulation pro-
gresses, the actin retrograde flow contrib-
utes to tension build up on bound clutches. 
The bound clutches transmit the force gen-
erated by the myosin motors (nm*Fs) to the 
elastic substrate with substrate stiffness de-
fined by a spring constant (Ksub) and cause 
substrate deformation (∆xsub). The simula-
tion runs until actin flow is attenuated to 
20 nm/s. This flow rate corresponds to 80% 
reduction of actin flow, which has been 
observed when Aplysia growth cones transi-
tion from a state of slow advance and little/
no coupling on poly-l-lysine (PLL) to a state 
of fast advance and strong coupling on 
physiological substrates (Lin and Forscher, 
1995; Suter et al., 1998).

Parameter optimization with data 
derived from microneedle experiments
To optimize some of the parameters of the 
model, we used experimental data of adhe-
sion-mediated growth cone advance trig-
gered by stiffness-calibrated microneedles 
reported in our previous study (Athamneh 
et  al., 2015). Specifically, Aplysia bag cell 
neurons were plated on cover glass coated 
with PLL, and after 1 d in culture, a stiffness-
calibrated microneedle coated with the 
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lectin Concanavalin A (ConA) was placed in 
contact with the P domain of a growth cone 
(Athamneh et al., 2015). The growth cone 
response to the ConA-coated needle was 
recorded by time-lapse imaging using dif-
ferential interference contrast (DIC) starting 
with the initial contact between the growth 
cone and the microneedle until the C 
domain advanced towards the contact site 
with the microneedle (Figure 2). The origi-
nal experimentally defined latency phase is 
a time range between the initial contact 
with the new substrate and the time point 
when major growth cone structural or cyto-
skeletal rearrangements such as C domain 
advance start (Suter et al., 1998; Athamneh 
et  al., 2015). The following traction phase 
is a time range when significant myosin-
generated traction force develops, and C 
domain and P domain advance in concert at 
higher velocity (Figure 2A).

Microneedle-induced advance of Aplysia 
bag cell growth cones can be mediated 
by both purified apCAM or by ConA 
(Figure 2B), a lectin previously shown to in-
teract with apCAM among other membrane 
proteins (Thompson et al., 1996; Suter et al., 
1998; Athamneh et al., 2015). Based on the 
needle deformation and stiffness values, we 
were able to determine the traction force as 
reported in our previous study (Athamneh 
et al., 2015). By creating kymographs along 
the C domain-microneedle axis (yellow line 
in Figure 2A), we have collected additional 
information in the current study (Figure 2, C 
and D): rates of actin retrograde flow behind 
(red lines) and in front of the microneedle 
(blue lines), as well as the displacement 
of the C domain boundary (green line) and 
of the leading edge (yellow line). Based on 
the kymograph analysis (Figure 2C) and in 
agreement with the results of the studies us-
ing the RBI assay, we found that during the 
latency phase, the position of the C domain 
boundary and leading edge do not change 
much, and that the retrograde actin flow 
behind the microneedle oscillates around 
50–60 nm/s during most of the latency pe-
riod. At the end of the latency period, there 
is a significant increase in the microneedle 
deformation along with a decrease in the 
actin flow to 20 nm/s behind the needle 
(purple dashed line in Figure 2D). Later, at 
the beginning of the traction phase, the 
advance of the C domain boundary and 
leading edge to the adhesion site was ob-
served (Figure 2D; pink dashed line), sug-
gesting that the substrate-cytoskeleton cou-
pling has been strengthened to a level when 
major cytoskeletal rearrangements occur 
(Suter et al., 1998). We also measured actin 
flow rates in the advancing P domain in front 

FIGURE 2:  Experimental approach to study stiffness-dependent adhesion-mediated growth 
cone advance. (A) Different phases of adhesion-mediated Aplysia growth cone advance using a 
ConA-coated microneedle with a stiffness of 2 pN/nm (images adapted from Figure 6A of 
Athamneh et al., 2015). (B) Schematic of the different components of the motor-clutch model in 
the context of the needle experiment. (C) Kymograph along the line shown in (A). 
(D) Information about needle tip, C domain boundary, and leading edge displacements as well 
as F-actin flow rates over time obtained from kymograph shown in (C). The purple vertical line 
indicates the time when the retrograde actin flow is 20 nm/s, and the pink vertical line shows the 
time when the C domain starts to advance towards the microneedle.
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of the needle and noticed that during the traction period, the origi-
nal actin flow on PLL substrate restored (Figure 2D). This indicates 
that the F-actin network in front of the adhesion site is uncoupled 
from the actin network, which is strongly coupled to the adhesion 
receptor under the needle tip.

We optimized the number of myosin motors nm and the rein-
forcement constant kadd0 at different substrate stiffnesses using ex-
perimental substrate deformation data corresponding to the time 
point when the actin retrograde flow decays to 20 nm/s (Figure 3; 
Supplemental Table 3). For the present study, we use the time when 
actin flow equals 20 nm/s as our new definition for latency time tl for 
both experimental and modeling data, because our model does not 
provide any information about the time when the C domain starts to 
advance. The start of C domain advance was previously used as the 
experimental definition for latency time (Suter et  al., 1998). As 
shown in Figure 2D, the two time points of 20 nm/s actin flow and C 
domain advance are close together with C domain always advanc-
ing after actin flow has declined to 20 nm/s. The optimum nm 
was estimated by rearranging the linear force-velocity equation 
(Equation 7). Here, we assigned a value of 6 pN for the motor stall 
force (Fs; Lohner et al., 2019), and 100 nm/s for the unloaded actin 
flow rate (vu), which corresponds to the actin flow rate of Aplysia 
growth cones grown on PLL (Lin and Forscher, 1995). From time-
lapse recordings of ConA needle experiments, we determined the 
amount of substrate deformation xsub at latency time tl (Athamneh 
et al., 2015). Once we estimated the optimum number of motors for 
each substrate stiffness, we optimized the reinforcement constant 
kadd0 by running 40 simulations, where kadd0 was assigned a value 
between 0.1 and 1. The sample mean and SD of the simulated la-
tency time was estimated from each group of simulations. Lastly, the 
optimal value for kadd0 at each substrate stiffness was chosen as the 
one for which the experimental latency time falls within one SD from 
the mean of the simulated time (Figure 3). When plotting the opti-
mized number of myosin motors nm and the optimized value of the 
reinforcement constant kadd0 against substrate stiffness (Figure 3), 
the number of motors increases linearly with substrate stiffness, 
whereas kadd0 exhibits a bimodal dependence on substrate stiff-
ness. Specifically, the reinforcement constant increases from 0.2 at 
2.5 pN/nm to 1 at 4 pN/nm, decreases to 0.2 at 14 pN/nm and 

increases subtly to 0.5 and 0.36 at 53 pN/nm and 106 pN/nm, re-
spectively. This suggests that at a substrate stiffness of 4 pN/nm, 
clutch reinforcement has the largest effect on clutch efficacy.

Sensitivity analysis of latency time and substrate 
deformation
To test the robustness of our model around the optimized para-
meter space, we conducted a sensitivity analysis of the latency time 
tl (Figure 4) and substrate deformation ∆xsub at that time (Figure 5) 
to changes of individual clutch and motor parameters as well as of 
combined parameters. The sensitivity of tl and ∆xsub at this time for 
a specific parameter change is defined as the rate of change in tl 
and ∆xsub per unit of change of a specific parameter. Figures 4 and 
5 show the estimated output variable (tl or ∆xsub) versus different 
parameter values for different substrate stiffness (left column), and 
the estimated sensitivity of output variable versus substrate stiffness 
for different parameter values (right column). The parameters can be 
divided into two groups according to their effects on tl. For param-
eters such as the force threshold Ft (Figure 4B), the myosin stall force 
Fs (Figure 4C), the ratio kadd0/kon (Supplemental Figure 3A), and the 
number of myosin motors nm (Supplemental Figure 3C), tl increases 
as the values of these parameter increase. The opposite can be ob-
served for parameters such as the bond rupture force (Figure 4D), 
the ratio kon/koff0 (Supplemental Figure 3B) and the number of 
clutches nc0 (Supplemental Figure 3E). Additionally, the latency time 
exhibits a biphasic dependence of the unloaded actin flow rate, be-
ing higher below or above the optimum value of 100 nm/s (Supple-
mental Figure 3D). When graphing latency time sensitivity against 
substrate stiffness for different parameters (Right column of Figure 4), 
we observed that below or above 4 pN/nm, the latency time is more 
sensitive to changes in the model parameters. However, at 4 pN/
nm, the latency time is more stable, and the parameter space at 
which the system is mechanosensitive is wider. Thus, this might indi-
cate that the optimum substrate stiffness for fast and efficient cou-
pling in Aplysia growth cones is close to 4 pN/nm.

On the other hand, the substrate deformation Δxsub at latency 
time is only sensitive to the motor-related parameters (Figure 5). In 
this case, the substrate deformation decreases if a specific para-
meter is below its optimized value and increases above this value. 
Furthermore, the estimated sensitivity of the substrate deformation 
for the motor-related parameters (Figure 5, right column), decreases 
when the substrate stiffness increases. This suggests that contrary to 
the findings for the latency time (Figure 4), the substrate deforma-
tion can be predicted only by the motor-related parameters, but 
similar to the latency time, it is differentially tuned across the para-
meter space at different substrate stiffness.

Comparing modeling with experimental data
To evaluate whether reinforcement by the number of bound 
clutches and of motors with increasing substrate stiffness repro-
duces the experimental substrate deformation behavior in our 
simulations, we compared simulated trajectories with and without 
adhesion reinforcement, and with different number of motors for a 
substrate stiffness of 4 pN/nm (Figure 6). As the number of motors 
increases, the amount of substrate deformation at equilibrium in-
creases and the frequency of the load and fail cycles decreases, for 
both reinforced (Figure 6, A–C, left) and not reinforced simulations 
(Figure 6, A–C, right). However, the reinforcement takes the system 
from an unstable steady state (continuous oscillations) to a stable 
steady state (a constant substrate deformation), which corresponds 
to the adaptative behavior we observed experimentally (Athamneh 
et al., 2015).

FIGURE 3:  Parameter optimization. Optimized number of motors 
and reinforcement constants at different substrate stiffness. The 
number of motors (nm) and the initial reinforcement rate (kadd0), were 
optimized for each available experiment at a specific substrate 
stiffness. The number of experiments used for the optimization was 
n = 2 for 2.5 pN/nm, 4 pN/nm, and 14 pN/nm, and n = 1 for the rest 
of substrate stiffnesses. Thus, for the substrate stiffness with n = 2, 
the filled circles correspond to the average of the average of 
simulations optimized with each experiment, and the bars 
corresponds to the SD. x-axis is shown on a log10 scale.
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FIGURE 4:  Sensitivity analysis of latency time. Left column: Estimated latency time (tl) plotted 
versus different specific parameters at the experimental substrate stiffness (left color gradient). 
On each panel, the optimum value of the corresponding parameter is shown in bold, and for 
different values of the corresponding parameter the mean and SD from the mean is shown. 
Right column: Estimated sensitivity of the latency time plotted versus experimental substrate 
stiffness at different values (right color gradient) for the parameters, which are the same values 
shown in the x-axis of the corresponding figure in the left column. Moreover, tl and sensitivity 
are shown only for the parameter values and substrate stiffness when the system is able to 
reach 20 nm/s, and each point corresponds to the average and standard deviations from 
simulations. The parameters are displayed from the highest to the lowest sensitivity of the 

latency time in the following order: A) Clutch 
spring constant (Kclutch) in pN/nm, (B) force 
threshold for adding a clutch (Ft) in pN, 
(C) Myosin stall force (Fs) in pN, (D) Bond 
rupture force (Fb) in pN. Sensitivity plots on 
the right are shown with a log10 scale for the 
x-axis. The rest of the parameters are shown 
in Supplemental Figure 3.

Lastly, we assessed our model by com-
paring our modeling results for latency time 
and substrate deformation versus substrate 
stiffness with our experimental data from mi-
croneedle experiments (Athamneh et  al., 
2015; Figure 7). We found that the mean 
and standard deviations from n = 40 simula-
tions at each substrate stiffness using the 
optimized parameters is in very good agree-
ment with the experimental measurements 
(Figure 7, A and B). Consistent with the bi-
modal behavior observed for kadd0 at low 
stiffness values between 2 and 14 pN/nm 
(Figure 3), the latency time showed the same 
trend but in opposite direction (Figure 7A). 
The latency time decreased from 14 min at 
2.5 pN/nm to 2 min at 4 pN/nm and then 
increased at higher stiffness. The substrate 
deformation is the highest at lowest stiffness 
values (1.6 μm at 2.5 pN/nm) but then drops 
at higher substrate stiffness until it stabilizes 
around 0.8 μm. These results suggest that 
around 4 pN/nm substrate stiffness, the sys-
tem is most effective in forming clutches; 
however, it stabilizes at stiffnesses higher 
than 14 pN/nm.

DISCUSSION
Chan and Odde (2008) developed a physi-
cal motor-clutch model that was validated 
with data derived from experiments with 
embryonic chick forebrain neurons growing 
on flexible substrates (Chan and Odde, 
2008). This model predicts the retrograde 
actin flow rate and traction force of a single 
filopodium growing on a substrate with a 
specific stiffness. We previously used stiff-
ness-calibrated microneedles to measure 
the substrate deformation produced by 
Aplysia growth cones and found that the 
substrate deformation and not the traction 
force is correlated with growth cone ad-
vance (Athamneh et  al., 2015). Here, we 
used these experimental data to modify the 
motor-clutch model with the following new 
features: an actin flow threshold of 20 nm/s, 
which indicates strong substrate-cytoskele-
tal coupling at latency time tl; increasing 
number of motors nm with increasing sub-
strate stiffness; a clutch reinforcement con-
stant kadd0 that depends on substrate stiff-
ness and clutch force; two new output 
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variables called latency time tl and the sub-
strate deformation ∆xsub. After testing this 
model, we found that (1) the reinforcement 
constant is critical to reproduce the stiffness-
dependent experimental latency time; 
(2) the reinforcement constant exhibits a bi-
modal dependence on the substrate stiff-
ness (Figure 3), and is inversely proportional 
to the latency time (Figure 7A); (3) an 
increasing number of nm is required with 
increasing substrate stiffness to reproduce 
the experimental substrate deformation at 
latency time (Figure 7); (4) the system is 
more robust to changes in the parameters, 
when the substrate stiffness is 4 pN/nm, 
which suggests that this stiffness could be 
close to the optimum.

The latency time is one of the new out-
put variables of our modified motor-clutch 
model. We found very good agreement be-
tween experimental and simulated latency 
times as defined when actin flow drops to 
20 nm/s (Figure 7A). The latency time ini-
tially decreases with increasing substrate 
stiffness, then increases, and finally stabilizes 
at 8 min for stiffer substrates. Conversely, 
the estimated reinforcement constant (kadd0) 
shows an opposite behavior (Figure 3). 
These results suggest that Aplysia growth 
cones respond faster to soft compared with 
stiff substrates, which is in agreement with 
findings with Xenopus retinal growth cones 
(Koser et al., 2016). The amount of substrate 
deformation Δxsub is the second new output 
from our revised motor-clutch model. Sub-
strate deformation at latency time initially 
decreases with increasing substrate stiffness 
but then stabilizes at around 0.8–0.9 μm, 
when substrate stiffness is 4 pN/nm or 
higher (Figure 7B). Our findings on substrate 
deformation are in agreement with experi-
ments conducted with silicon elastomers of 
different stiffness and epithelial cells or fi-
broblasts (Saez et al., 2005; Ghibaudo et al., 
2008; Trichet et al., 2012; Yip et al., 2013). 
These studies report a linear increase in the 
traction force with stiffness, and a decrease 
in the substrate deformation with increasing 
substrate stiffness.

To address how latency time is affected 
by clutch- and motor-related parameters, 
we conducted a sensitivity analysis for sev-
eral clutch-related parameters (Figure 4; 
Supplemental Figure 3). We found that the 
simulated latency time decreases when sev-
eral clutch-related parameters increase to 

FIGURE 5:  Sensitivity analysis of substrate deformation. Left column: Estimated substrate 
deformation at the latency time ∆xsub versus different specific parameters for a specific 
substrate stiffness (left color gradient). On each panel, the optimum value of the corresponding 
parameter is shown in bold, and for different values of the corresponding parameter the mean 
and SD from the mean is shown. Right column: Estimated sensitivity of the substrate 
deformation at the latency time versus experimental substrate stiffness at different values (right 
color gradient) for the parameters, which are the same values showed in the x axis of the 
corresponding figure in the left column. Moreover, ∆xsub and sensitivity are shown only for the 
parameter values and substrate stiffness when the system is able to reach 20 nm/s, and each 
point corresponds to the average and standard deviations from simulations. The parameters are 
displayed from the highest to the lowest sensitivity of ∆xsub in the following order: (A) Single 
myosin motor stall force (Fs) in pN, (B) unloaded actin flow velocity (vu) in nm/s, (C) multiplication 

factor for number of myosin motors (nm), 
(D) multiplication factor for number of myosin 
motors (nm) and initial number of available 
clutches (nc0). Sensitivity plots on the right 
are shown with a log10 scale for the x-axis.
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strengthen the adhesions. For example, by increasing the bond rup-
ture force, the ratio kon/koff or the number of clutches, the simulated 
latency time decreases. Similarly, when the actomyosin contractility 
decreases either by lowering the number of motors or the myosin 
stall force, the latency time decreases. These findings suggest that 
reinforcing the clutches will shorten the response time to acquire 
strong coupling, whereas increasing the number of myosins will 
have opposite effects, likely by increasing the time of each cycle 
(Figure 6). Additionally, the estimated sensitivity of the latency time 
to changes in either clutch or motor parameters is the lowest at 4 
pN/nm substrate stiffness, which may indicate that 4 pN/nm repre-
sents the optimum stiffness for Aplysia growth cones. Adhesion 

FIGURE 6:  Effect of reinforcement and number of motors on the substrate deformation at 
4 pN/nm. Substrate deformation ∆xsub vs time has been plotted for n = 20 simulation 
trajectories at 4pN/nm with the optimized parameters (Figure 3) and a specific number of 
motors. (A) Simulations with and without reinforcement with 664 motors. (B) Simulations with 
and without reinforcement with 1327 motors. (C) Simulations with and without reinforcement 
with 2654 motors.

reinforcement is necessary to reach a stable 
substrate deformation over time (Figure 6); 
without adhesion reinforcement, the system 
remains in a high-frequency oscillatory be-
havior from the beginning of the simulation. 
The oscillatory substrate deformation be-
havior was also observed in the experimen-
tal needle displacement data, although the 
extent of the oscillation was not the same.

What are the underlying molecular 
mechanisms of adhesion reinforcement? 
There is evidence for force-dependent ad-
hesion strengthening in non-neuronal cells. 
When fibronectin-coated beads were re-
strained on fibroblasts using an optical 
tweezer, the integrin-cytoskeleton link was 
strengthened in proportion to the applied 
force by recruiting additional integrins to 
the adhesion site (Choquet et  al., 1997; 
Roca-Cusachs et al., 2009). Adhesion mole-
cules such as P-selectin can display catch 
bond behavior (Marshall et al., 2003), which 
could explain reinforcement; however, so 
far, we do not have any evidence that the 
interaction between apCAM and ConA or 
F-actin involves any catch bonds. Another 
known reinforcement mechanism is the re-
cruitment of cytoskeletal coupling proteins 
like talin and vinculin, which can undergo 
conformational changes upon stretching. 
This results in exposing cryptic binding sites 
to other proteins or phosphorylation sites, 
leading to the recruitment of additional pro-
teins or activation of signaling cascades that 
contribute to further adhesion reinforce-
ment. In this case, the recruitment of addi-
tional proteins is itself force-dependent, as 
shown for in vivo talin stretching experi-
ments, where forces between 5 and 10 pN 
unfold the molecule and expose binding 
sites for vinculin (Yao et  al., 2016). Down-
stream activation of different signaling cas-
cades during focal adhesion assembly and 
maturation allows the cell to fine tune the 
adhesion strength and contractility. Nichol 
and colleagues (2019) showed that RhoA 
signaling and phosphorylation of signaling 
enzymes are essential for the tensional ho-
meostasis of human motor neurons grown 
on compliant substrates. Specifically, this 

study showed that on stiff substrates, there is an elevated level of 
phosphorylated FAK, Src and p130-CAS, as well as an elevated ac-
tivity of RhoA, ROCK, myosin light chain, and myosin II (Nichol et al., 
2019). This is in agreement with the role of RhoA/ROCK pathway in 
regulating the myosin II contractility, where RhoA activates ROCK, 
and this in turn, phosphorylates myosin light chain and activates 
myosin II (Loudon et al., 2006; Graessl et al., 2017). Furthermore, it 
has been shown with embryonic rat hippocampal neurons that paxil-
lin acts as a bistable switch that controls neurite initiation in a sub-
strate stiffness-dependent manner (Chang et al., 2017). Specifically, 
on soft substrates (0.1 kPa), paxillin is preferentially associated with 
endocytic vesicles, whereas on stiff substrates (20 kPa), paxillin is 
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mainly associated with focal adhesions via binding to vinculin 
(Chang et al., 2017). Additionally, in hippocampal neurons grown on 
0.1 kPa hydrogels coated with brain-derived growth factor, there is 
an increased paxillin-drebrin interaction in the T-zone, which is re-
lated to force generation and preferential growth cone turning on 
soft substrates (Chen et al., 2022). In our model, the force is equally 
shared among all bound clutches, so adding more clutches contrib-
utes to increasing the adhesion lifetime by reducing the load on 
each clutch. It is known that not only the substrate stiffness but also 
the force-loading rate affect the cellular mechanosensitivity (Cui 
et al., 2015; Oria et al., 2017; Andreu et al., 2021). Therefore, study-
ing the effect of cyclic extracellular forces on growth cone migra-
tions could provide additional information to unveil the molecular 
mechanism underlying growth cone mechanosensing.

In contrast to the latency time, the substrate deformation at la-
tency time depends only on the motor-related parameters (Figure 5). 
Briefly, the substrate deformation exhibits an increasing linear trend 
across the parameter space (Figures 5 and 6). Increasing number of 
NMII motors with stiffness is essential to reproduce the experimental 
substrate deformation behavior at different substrate stiffnesses. 
Moreover, the estimated sensitivity of substrate deformation to mo-
tor-related parameters decreases as the substrate stiffness increases. 
These findings suggest that the growth cone needs to recruit more 
myosins when the substrate becomes stiffer. Without such a motor 
reinforcement mechanism, the system oscillates and does not reach 
a stable value (Figure 6). Although challenging, quantifying the num-
ber of active NMII motors could provide supportive evidence for the 
idea of myosin recruitment with increasing substrate stiffness.

There is evidence for force-dependent changes in myosin-F-ac-
tin interactions. All myosin motors undergo a mechanochemical 
cycle in which the force generation is coupled with ATP hydrolysis 
and structural changes associated with myosin-F-actin interactions 
(Houdusse and Sweeney, 2016). It is known that myosin II exhibits a 
load-dependent ADP release, which affects the time the myosin is 
bound to F-actin (duty ratio) and the fraction of bound or unbound 
myosin molecules (Kovács et al., 2007). Additionally, micropipette 
aspiration experiments in Dictystelium discoideum showed a sig-
moidal increase of myosin II at the site of force application, and that 

as the applied force increases, myosin II increases monotonically 
(Luo et al., 2013). This behavior was simulated by a multiscale model 
of a myosin bipolar filament assembly, which considers a force-de-
pendent myosin unbinding from F-actin and cooperativity among 
bound myosin molecules (Luo et al., 2012; Schiffhauer et al., 2019; 
Grewe and Schwarz, 2020). On the other hand, simulations using a 
two state cross-bridge model showed that the force output from the 
myosin ensemble in response to an external stiffness, depends on 
two variables: 1) the time of force buildup, and 2) time for which the 
myosin is attached to F-actin (Stam et al., 2015). Specifically, this 
study showed that different myosin isoforms can respond differently 
to external stiffness. For example, NMIIA exhibits a sharp transition 
in both the time of force build up and time of F-actin attachment as 
stiffness increases suggesting that NMIIA is an adaptable motor.

In addition to the role of load-dependent kinetics on the myosin 
force output, the compliance of different actin crosslinkers, the 
structure of the actin network, and interfilamentous spacing also in-
fluence the force output (Weirich et al., 2021; Muresan et al., 2022). 
For example, by comparing experimental data of myosin motion 
with simulations, it was found that as the interfilamentous spacing 
increases, the number of myosin heads required to produce a spe-
cific force increase. Moreover, for a specific number of myosin 
heads, the force output increases with the crosslinker stiffness or the 
compliance of the actin network (Weirich et  al., 2021). Taken to-
gether, several previous studies suggest that changes in the struc-
ture and dynamics of the actomyosin cytoskeleton can fine-tune the 
myosin force output spatiotemporally. Because the myosin dynam-
ics in our motor-clutch model is simple, it could be interesting to 
explore the effects of a more complex and dynamic actomyosin sys-
tem on the substrate deformation in our model.

We have revised the motor-clutch model by adding a reinforce-
ment feature at the level of both clutches and motors as well as a 
threshold for actin flow speed, which indicates the transition from 
weak to strong coupling. The new outputs of the model – latency 
time and substrate deformation – reproduce the experimental data 
of the mechanosensitive response of Aplysia growth cones very 
well. Latency time is shortened by strengthening adhesions and 
reducing the number of myosins, whereas the amount substrate 

FIGURE 7:  Comparison of experimental and simulation results. (A) Comparison of experimental and simulation results 
for the latency time tl versus substrate stiffness Ksub. (B) Comparison of experimental and simulations results for the 
substrate deformation ∆xsub at latency time versus substrate stiffness Ksub. The number of experiments used for the 
optimization was n = 2 for 2.5 pN/nm, 4 pN/nm, and 14 pN/nm, and n = 1 for the rest of substrate stiffnesses. Thus, for 
the substrate stiffness with n = 2, the filled circles correspond to the average of the average of simulations optimized 
with each experiment, and the bars corresponds to the SD. x-axis is shown on a log10 scale.
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deformation is only sensitive to motor-related parameters. Our re-
sults suggest that a substrate stiffness of 4 pN/nm is optimal for 
Aplysia growth cones to acquire a strong coupling state in minimal 
time. In conclusion, our findings indicate that Aplysia growth cones 
appear to prefer soft over stiff substrates when given the choice.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Aplysia bag cell neuronal culture
Aplysia bag cell neurons were collected from the abdominal gan-
glion as described previously (Lee et al., 2008), and cultured on a 
glass bottom dish (Fluorodish Cell Culture Dish, World Precision In-
struments, Sarasota, FL) coated with 20 ug/ml PLL and immersed in 
L15 medium supplemented with artificial sea water (ASW; 400 mM 
NaCl; 9 mM CaCl2; 27 mM MgSO4; 28 mM MgCl2; 4 mM l-gluta-
mine; 50 mg/ml gentamicin; 5 mM HEPES, pH 7.9). After plating, 
the cells were kept at 14°C and typically used for experiments 1 d 
after plating.

Preparation and calibration of microneedles
Microneedles were prepared as described in Athamneh et  al. 
(2015). In brief, microneedles were prepared by pulling 5 μl glass 
capillaries (Drummond Scientific, Broomall, PA) using a Narishige 
PP-832 vertical micropipette puller (Narishige, East Meadow, NY). 
The settings on the puller were modified to get a tapered tip, which 
was brought close to puller heater to ensure a smooth round tip. 
Subsequently, microneedle stiffness was measured using a laser 
Doppler vibrometer (LDV) according to Lozano et  al. (2010). 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 
λ = 633 nm; power <1 mW; 1 mm spot size) was focused through a 
50x microscope objective. Later, the power spectral density of 
velocity time series was estimated using Welch’s periodogram 
method, and the first flexural resonance was fitted to a single har-
monic oscillator. Those parameters were used to calculate the stiff-
ness of the microneedle as previously described in Lozano et al. 
(2010) by using a script written in MATLAB version 2013a (The 
Math-Works, Natick, MA)

Measuring growth cone traction force using stiffness-
calibrated microneedles
Stiffness-calibrated microneedles were cleaned in piranha solution 
(H2SO4:H2O2 = 3:1) for 20 min, rinsed five times in distilled water, 
and incubated in 100 μg/ml Con A (Vector Laboratories, Burlin-
game, CA) in TBS. We used a three-dimensional (3D)-hydraulic mi-
cromanipulator (Narishige, East Meadow, NY) to position the mi-
croneedle on the growth cone P domain between the leading edge 
and the T zone. When the needle tip was in contact with the growth 
cone, time-lapse DIC imaging was performed using a Nikon TE2000 
E2 Eclipse (Nikon, Melville, NY) inverted microscope with a 60 × 1.4 
NA oil immersion DIC objective (plus additional 1.5x magnification) 
and a Cascade II charge-coupled device camera (Photometrics, Tuc-
son, AZ) controlled by MetaMorph software version 7.8.6 (Molecular 
Devices, Sunnyvale, CA). Images were acquired every 10 s after the 
microneedle was placed in contact with the growth cone and until 
the C domain reached the microneedle tip.

Data analysis
The microneedle displacement along the x and y axis was measured 
using the ImageJ plugin TrackMate. The detection algorithm was 

Difference of Gaussians, and filters for the spot quality and x and y 
positions were used, so the needle tip was detected as a single cir-
cular object per frame. Additionally, measurements of the actin ret-
rograde flow in front and behind the microneedle, as well as the 
velocities of the boundaries corresponding to the C and P domains, 
were obtained from kymographs using the MetaMorph 7.8.6 kymo-
graph tool after processing the time lapse DIC movies in the follow-
ing order: a 4 × 4 low pass filter, a Laplace filter, and a 3 × 3 low pass 
filter. All data were saved as csv files, and the corresponding time 
series were plotted in Python 3.8.

Implementation of motor-clutch model
The simulations were run in Python 3.8. The time evolution of the 
motor-clutch model was simulated using the direct method of the 
stochastic simulation algorithm (Gillespie, 1977). Briefly, three types 
of reaction with corresponding rates are considered: clutch binding 
(kon), clutch unbinding (koff), and clutch reinforcement (kadd). Each 
reaction j has a parameter cj that can be either kon, koff, or kadd, and 
a parameter hj that represents the number of molecules that partici-
pate in the reaction. In our study, hj is equal to 1, because we con-
sider only unimolecular reactions. Each time step was calculated 
using a uniform random number (r1) between [0, 1] and the sum of 
all reaction probabilities through the following equation:
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Then, the time was advanced by Δt:

= + ∆−t t tk k 1 � (2)

where k is an index that describes the number of simulated events 
and takes a value between 0 and the total number of simulated 
events for a specific set of parameters. For each simulation, the 
number of simulated events depends on the time required to reach 
the latency time.

After the time step was calculated, the second random number 
(r2) was drawn uniformly from [0, 1]. A reaction j is executed in the 
next time step, if r2 is equal or greater than the quotient between 
the probability of each reaction and the sum of all reaction probabil-
ities as follows:
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The physical behavior of the motor-clutch system was mod-
eled using the model proposed by Chan and Odde (2008), and 
the reinforcement equation proposed by Mekhdjian and 
colleagues (Mekhdjian et al., 2017). The model workflow is shown 
in Supplemental Figure 2, and the parameter values as well as 
variable abbreviations are shown in the Supplemental Tables 1 
and 2.

During each simulation event, we defined a variable i to repre-
sent each clutch. Because the number of available clutches at each 
time step changes due to the reinforcement, i can take any value 
between 1 and nc(tk), which is the total number of available clutches 
at time k. Assuming that each clutch and the substrate can be 
represented as elastic springs, the force on each clutch (Fclutch(i); 
Equation 4) was calculated using the clutch spring constant (Kclutch), 
the clutch position (xi(tk–1)) and the substrate position (xsub(tk-1)) at 
the previous time step:

( )( ) ( ) ( )= −( ) − −F t K x t x t*clutch i k clutch i k sub k1 1 � (4)

https://en.bio-protocol.org/cjrap.aspx?eid=10.1091/mbc.e23-03-0101
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Next, unbound clutches were allowed to bind F-actin with a fixed 
binding rate kon (Supplemental Table 1), bound clutches unbind 
from F-actin with a force-dependent unbinding rate koff(i) (Equation 
5) using the Bell model (Bell, 1978), and the adhesion reinforcement 
rate kadd was calculated using Equation 6.
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In Equation 6, kadd represents the rate at which new clutches are 
added to the system. kadd0 is the optimized rate for each substrate 
stiffness, neng is the number of engaged clutches at time tk, and a(i) 
is 1 or 0 depending on whether or not the force on clutch is greater 
than a force threshold Ft:
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and, favailable(t) is the fraction of available clutches for reinforcement:
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,

nc,max and nc are the maximum allowed number of clutches in 
the system and the number of available clutches at time tk, 
respectively.

One of the three reactions was chosen according to Equation 3, 
and the time was advanced as stated in Equation 2. Consequen-
tially, the clutch state was updated accordingly, and the retrograde 
actin flow (vf (tk); Equation 7), the clutch position (xi(tk); Equation 8) 
and the substrate position (xsub(tk); Equation 9) were calculated as 
follows:
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Sensitivity analysis
Individual and combined parameter sensitivities were estimated us-
ing a finite-difference scheme known as the common random num-
bers approach (Rathinam et  al., 2010), which uses the same two 
random numbers to simulate the system with the optimum para-
meter set and with a change in one of the parameters. Thus, the 
sensitivities of the substrate deformation and the latency time to a 
change h in a specific parameter, was estimated dividing the differ-
ence between the perturbed and unperturbed variables by h. Fur-
thermore, we used a custom-written script in Python 3.8 to calculate 
the sample mean and SD of the sensitivity estimate, the latency 
time, and the substrate deformation at latency.

Code availability
The code will be made available upon request.
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