Supplementary Materials
Section S1: Supplementary Materials and Methods
S1.1. Model parameters
We approximated the model parameter values from the literature as follows. From the
average lifetime of PCs of 2.3 min [1], we fixed the PC disassembly rate constant, d, to be 0.4
min-1. From the average number of point contacts per growth cone of ~ 9 [1], the PC assembly
rate constant was approximated as a ~ 9d ~ 3.6 min-1, and we assumed x = 0.05. In our model,
factors involved in PC assembly, such as the density and nature of ECM, expression levels of
integrin receptor, interactions between ECM ligand and integrin receptors and subsequent
receptor clustering, and recruitment of adapter and signalling proteins, are lumped into the PC
adhesion assembly rate constant. Any changes in the extracellular conditions, for example,
changes in the density of ECM, and in the expression and activity levels of proteins involved in
the PC assembly will alter a in our model. We have therefore varied a between 1 and 5 min-1.
Following the literature [2-4], we fixed the Rac1 activation rate constant, kar, to be 9 min-1, the
Rac1 deactivation rate constant, kdr, to be 3 min-1, and the total number of Rac1 molecules in the
growth cone, R1T, to be 1000. We chose the baseline values of b0 to be 0.1 min-1, KR1 to be 400
molecules per growth cone, and KN to be 3 per growth cone.
We explored the model behaviour with ultrasensitivity in the positive feedback loop by
fixing Hill coefficients h1 and h2 to be 3 and without ultrasensitivity by fixing h1 and h2 to be 1.
Although there is currently no quantitative data available to estimate the Hill coefficients in this
system, several mechanisms could generate ultrasensitivity in the multistep Rac1-mediated PC
assembly and PC-dependent Rac1 activation [5-7]. One possible source of ultrsensitivity is
through additional positive feedback loops in this multistep process [6]. PXN in PCs recruits PIX
to activate Rac1. Phosphorylation of PXN at serine 273 enhances PIX recruitment. Active Rac1
mediates phosphorylation of PAK, which in turn phosphorylates of PXN at serine 273. Thus, PCmediated Rac1 activation consist of a positive feedback loop. The clustering of integrin receptors,
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which is required for growth cone PC formation [8], has been suggested to be regulated by
positive feedback mechanisms [9, 10]. Another possibility is that cooperativity in the multistep
processes involved in PC adhesion dynamics could contribute to ultrasensitivity. The membrane
recruitment process of many proteins, such as N-WASP and PAK1, clustering of focal adhesion
proteins, such as FAK, and recruitment of PXN to focal adhesions appear to display cooperativity
in other biological systems [11-14]. It is thus conceivable that cooperativity in the molecular
steps involved in the growth cone PC adhesion dynamics could generate ultrasensitive responses.
S1.2. Deterministic model solution
We solved the model using the fsolve routine in MATLAB to determine the null clines in
figure 1. We also obtained the steady state values of the model using the NSolve routine in
Mathematica.
S1.3. Stochastic simulations
We performed stochastic simulations of the model using Gillespie’s direct method
implemented in MATLAB. We obtained the steady state distribution from a 106 min simulation
trace, with samples taken over a constant time interval of 0.05 min [15]. When the deterministic
model exhibited bistability, the first passage time was computed by initialising the model
variables (R1 and N) with values corresponding to one of the steady states and by estimating the
time required for the model variables to reach the values of the other steady state for the first
time. When the deterministic model admitted only one stable steady state and the model growth
cone displayed switching behaviour, the first passage time was computed by estimating the time
required for the system to switch from the monostable steady state values to basal levels of active
Rac1 and zero point contacts for the first time, and vice versa.
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Section S2: Supplementary Figures

Figure S1. Dependence of steady states of the system on the total Rac1 molecules in a
growth cone. Steady state values of the number of point contacts as a function of the total
number of Rac1 molecules in a growth cone, R1T, with (A) a fixed value of activation coefficient
KR1 = 400 molecules per growth cone and (B) varying values of activation coefficient KR1 = 0.4
R1T. G is the growth stable steady state, P is the paused stable steady state and U is the unstable
steady state. The other model parameter values are the same as in the Table S1.
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Figure S2. Influence of extracellular signals. (A) Steady state values of the number of point
contacts, N, for different values of PC assembly rate constant, a, with h1 = h 2 = 3. G is the growth
stable steady state, P is the paused stable steady state and U is the unstable steady state. (B)
Steady state distributions of N for different values of a with h 1 = h 2 = 3. (C) Steady state values
of N for different values of a with h1 = h2 = 1. (D) Steady state distributions of N for different
values of a with h1 = h2 = 1. (E) The number of point contacts, (F) the levels of active Rac1 and
(G) PC assembly rate averaged across 1,000 growth cones for different baseline values of a. In E
and F, the parameter set for each growth cone was generated by randomly varying parameter
values up to ± 25% from the baseline values. The other model parameter values are the same as
in the Table S1.
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Figure S3. Parameter sensitivity. Steady state values of the levels of active Rac1 for different
values of (A) activation coefficient, KN, and (B) Rac1 deactivation rate constant, kdr. The MFPTs
for different values of (A) KN and (B) kdr. tG and tP are the MFPTs for the growth and paused
states, respectively. In A-D, h 1 = h 2 = 3. The other model parameter values are the same as in the
Table S1.
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Section S3: Supplementary Tables
Table S1. Baseline values of model parameters
Parameter
a
x
d
KR1
b0
kar
kdr

Description

Baseline
Value

Unit

Source

Point contact assembly rate
constant
Factor determining the
dependence of PC assembly
rate on the active Rac1 levels
Point contact disassembly
rate constant

3

min-1

[1]

0.05

-

Assumed

0.4

min-1

[1]

Activation coefficient

400

Molecules per
growth cone

Assumed

0.1

min-1

Assumed

9

min-1

[2]

3

min-1

[2, 4]

Basal Rac1 activation rate
constant
Point contact-dependent
Rac1 activation constant
Rac1 deactivation rate
constant

KN

Activation coefficient

3

R1T

Total number of Rac1

1000

h1, h2

Hill coefficients

1 or 3

Numbers per
growth cone
Molecules per
growth cone
-

Assumed
[3]
Assumed
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Table S2. Summary of published experimental measurements of time spent by
the growth cones in growth and paused states
Experimental
system

Growth cone state

Duration

Superior cervical ganglion neurons
(cell culture)

Growth

20 to 90 min

Paused

10 to 20 min

Cortical neurons (cell culture)

Paused

1 to 30 h

Retinal ganglion neurons
(chick embryo retina)

Growth

6 to 8 min

Paused

4 to 6 min

Retinal ganglion neurons
(mouse brain)

Growth

20 to 90 min

Paused

15 to 60 min

Paused

2 to 38 min

[20]

Paused

15 to 300 min

[21]

Paused

5 to 50 min

[22]

Callosal neurons
(hamster brain slice)
Retinal axons (mouse brain)
Thalamocortical neurons
(internal capsule of rat brain slice)

Source
[16]
[17]
[18]
[19]
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