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Although there has been significant progress in understanding the molecular signals that change
cell morphology, mechanisms that cells use to monitor their size and length to regulate their
morphology remain elusive. Previous studies suggest that polarizing cultured hippocampal
neurons can sense neurite length, identify the longest neurite, and induce its subsequent outgrowth
for axonogenesis. We observed that shootinl, a key regulator of axon outgrowth and neuronal
polarization, accumulates in neurite tips in a neurite length-dependent manner; here, the property
of cell length is translated into shootinl signals. Quantitative live cell imaging combined with
modeling analyses revealed that intraneuritic anterograde transport and retrograde diffusion of
shootinl account for its neurite length-dependent accumulation. Our quantitative model further
explains that the length-dependent shootinl accumulation, together with shootinl-dependent
neurite outgrowth, constitutes a positive feedback loop that amplifies stochastic fluctuations of
shootinl signals, thereby generating an asymmetric signal for axon specification and neuronal
symmetry breaking.
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Introduction

Cell morphology and size must be properly controlled to
ensure cellular function, and there has been significant
progress in understanding the molecular signals that change
cell morphology. However, the manner in which cells monitor
their size and length to regulate their morphology is poorly
understood (Dolznig et al, 2004; Marshall, 2004; Neumann
and Nurse, 2007). Rat hippocampal neurons polarize in
symmetrical in vitro environments (Craig and Banker, 1994;
Arimura and Kaibuchi, 2005). These neurons first form several
immature neurites (minor processes) that are similar in length,
and at this stage the neurons appear symmetric (stage 2).
Thereafter, one of these neurites outgrows its siblings to break
this neuronal symmetry (stage 3). The longest neurite acquires
axonal characteristics, whereas the others later become
dendrites, to establish neuronal polarity. Thus, this break in
symmetry is the initial step of neuronal polarization. The
symmetry-breaking step reproduces even when the axon is
transected at stage 3 (Goslin and Banker, 1989). After the
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transection, the longest neurite usually grows rapidly to
become an axon, regardless of whether it is an axonal stump
or an immature neurite. Elongation of an immature neurite of
stage-2 neurons by mechanical tension also leads to its axonal
specification (Lamoureux et al, 2002). These observations
suggest that cultured hippocampal neurons can sense neurite
length, identify the longest one, and induce its subsequent
elongation for axonogenesis (Goslin and Banker, 1989).
However, little is known about the mechanism for this process.

In relation to this question, intracellular signals that locally
accumulate in a single neurite are reported to specify axons
(Arimura and Kaibuchi, 2005; Jiang and Rao, 2005). Recent
studies using live cell imaging revealed the remarkable
dynamics of two such proteins, the kinesin-1 motor domain
(Kif5C>°%) and shootinl (Jacobson et al, 2006; Toriyama et al,
20006). During the symmetry-breaking step, these molecules
undergo a stochastic accumulation in multiple growth cones at
the neurite tips, and eventually accumulate predominantly in a
single neurite that subsequently grows to become an axon.
As the accumulation of shootinl in the growth cones
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promotes neurite outgrowth (Shimada et al, 2008) and its
RNAi-mediated knockdown inhibits neuronal polarization
(Toriyama et al, 2006), asymmetric accumulation of shootinl
in a single neurite probably has a key role in axon specification
and neuronal symmetry breaking. However, the manner in
which the asymmetric signals of shootinl and other polarity-
related proteins originate during polarization is unknown.

In this study, we addressed these two questions: the
mechanisms of neurite length sensing and the generation of
asymmetric signals for neuronal symmetry breaking. We first
demonstrated that shootinl accumulated in growth cones in a
neurite length-dependent manner. Thus, neurite length does
affect a molecular signal, namely, shootinl concentration.
Quantitative live cell imaging of shootinl dynamics combined
with mathematical analyses revealed that its active antero-
grade transport and retrograde diffusion account for the
neurite length-dependent accumulation of shootinl. We
further quantified shootinl upregulation and shootinl-in-
duced neurite outgrowth, and integrated these data together
with the quantitative dynamics of the neurite length-depen-
dent shootinl accumulation into a model neuron. The model
neuron accumulated shootinl predominantly in a single
neurite, leading to its spontaneous breaking of symmetry.
These data suggest that the present diffusion-based neurite
length-sensing system, together with shootinl upregulation
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and shootinl-induced neurite outgrowth, constitutes a core
mechanism for the induction of neuronal symmetry breaking.

Results

Shootin1 accumulates predominantly in a neurite
before neuronal symmetry breaking

We first examined the spatio-temporal dynamics of shootinl
accumulation during the symmetry-breaking step, by mon-
itoring the fluorescence images of EGFP-shootinl and the
volume marker monomeric red fluorescent protein (mRFP)
expressed in hippocampal neurons. Before symmetry break-
ing, the relative concentration of shootinl (EGFP-shootinl/
mRFP) underwent stochastic fluctuation in multiple growth
cones at neurite tips (Figure 1A), as reported previously
(Toriyama et al, 2006). Eventually, one of the neurites
predominantly accumulated shootinl and underwent a rapid
outgrowth to break the neuronal symmetry. In all cases
(n=10), neurons predominantly accumulated shootinl in the
nascent axon and in the established axon. A statistical analysis
revealed that shootinl concentration rose significantly in the
nascent axon 10min before its outgrowth spurt to break
symmetry (n=10; P<0.03; compared with minor processes;
arrows, Figure 1B).
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Asymmetric accumulation of shootin1 as an initial event in neuronal symmetry breaking. (A) A hippocampal neuron expressing EGFP-shootin1 (green) and

mRFP (red) was observed under a time-lapse fluorescence microscope every 10 min. Neurite length and the relative shootin1 concentration (EGFP-shootin1/mRFP) in
growth cones are plotted below the micrographs. (B) Statistical analysis of shootin1 accumulation during neuronal symmetry breaking. The top and bottom panels show
the time courses for mean neurite length and mean relative shootin1 concentration in growth cones, respectively. The shootin1 concentration is shown as the multiple of
the mean concentration in minor processes (means + s.e., =10, 0 min P<0.002, —10 min P<0.03; compared with minor processes, arrows). Red lines indicate the
neurite that became an axon, whereas black lines indicate the mean values for the other neurites. Numbers in pictures of (A) are min. Bar, 50 um. Source data is

available for this figure at (www.nature.com/msb).
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Figure2  Accumulation of mRFP—shootin1 and Kif5C®**~EGFP during neuronal symmetry breaking. (A) A hippocampal neuron expressmgemRFP —-shootin1 (red) and Kif5C>%-
EGFP (green) was observed under a time-lapse fluorescence microscope. (B) Relative fluorescence intensities of mRFP-shootin1 and KifsC>**~EGFP in growth cones, € gressed
as the percentages of the maximal intensities observed in the nascent axon, and the neurite length of the neuron in (A) are plotted. The accumulations of shootin1 and Kif5C°>® were
compared at the time points when the relative intensities reached 25% (blue arrows), 50%, and 75% of their maximal values. Shootin1 accumulated significantly earlier than Kif5C®
at all time points. The time lags between the accumulations of the two molecules for these three relative values were 11.2 + 3.2 (25%, P<0.002, n=12), 8.2 + 1.6 (50%, P<0.001,
n=12), and 9.5 + 3.9 min (75%, P<0.03, n=12). Numbers in (A) are min. Bar, 50 um. Source data is available for this figure at (www.nature.com/msb).
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Recent time-lapse experiments reported that the predomi-
nant accumulation of Kif5C*? in a single neurite is one of the
earliest markers of axonal specification (Jacobson et al, 2006).
We therefore analyzed the accumulation of mRFP-shootinl
and Kif5SC*®°-EGFP in growth cones. Notably, these two
molecules had a highly correlated accumulation in growth
cones (Figure 2). In stage-2 neurons, mRFP-shootinl and
KifSC*®°-EGFP accumulated in the same neurite in many
cases. During stage 2/3 transition, both molecules predomi-
nantly accumulated in the nascent axon and in the established
axon. The accumulations of shootinl and KifSC*®° were
compared at the time points when the relative intensities
reached 25 (blue arrows), 50, and 75% of their maximal
intensities observed in the nascent axon. Shootinl accumu-
lated significantly earlier than Kif5C®*° at all time points.
The time lags between the accumulations of the two molecules
for these three relative values were 11.2+3.2min (25%,
P<0.002, n=12), 8.2+ 1.6min (50%, P<0.001, n=12), and
9.5+3.9min (75%, P<0.03, n=12). Taken together with our
previous data, which show that the accumulation of shootinl
induces neurite outgrowth (Shimada et al, 2008) and that
shootinl RNAi inhibits neuronal polarization (Toriyama et al,
2006), these results underscore that the asymmetric accumu-
lation of shootinl is one of the critical events for neuronal
symmetry breaking.

Shootin1 accumulates in growth cones in a neurite
length-dependent manner

We previously reported that shootinl is transported from the
cell body to growth cones as discrete boluses with ‘wave’
structures through an actin- and myosin-dependent mechan-
ism and diffuses back to the cell body (Toriyama et al, 2006).
Wave is an actin-rich growth cone-like structure transported
along the neurite shafts, and is thought to be involved in the
anterograde transport of actin and actin-associated proteins
(Ruthel and Banker, 1998, 1999; Flynn et al, 2009). It was
proposed that such an anterogradely transported diffusible
molecule might accumulate in growth cones in a neurite
length-dependent manner (Goslin and Banker, 1989; Toriyama
et al, 2006), because its retrograde diffusion possibly becomes
slower as the neurites extend. To test this hypothesis, we next
examined the relationship between the shootin1 concentration
in growth cones and neurite length. We quantified shootinl
immunoreactivity and staining of a blue volume marker,
CMAC (7-amino-4-chloromethylcoumarin), in growth cones of
neurites of stage-2 and -3 neurons (n=1743). The relative
concentration of shootinl (shootinl immunoreactivity/CMAC
staining) varied considerably in individual growth cones
(Figure 3A), influenced by the stochastic arrival of shootinl

boluses at the growth cones (see below, Figure 4). Never-
theless, a statistical analysis revealed a significant positive
correlation between the shootinl concentration in growth
cones and neurite length (Figure 3A, Supplementary Table I).

To directly confirm the effect of neurite length on shootin1
accumulation in growth cones, we transected the axons of
stage-3 neurons, in which shootinl is predominantly concen-
trated, and examined its reaccumulation in growth cones by
immunocytochemistry 6h after transection. Two types of
axonal transection were performed: (1) axonal stumps were
>20 um longer than the other neurites (long axonal stump,
Figure 3C) and (2) axonal stumps were not longer than the
other neurites (short axonal stump, Figure 3D; see Materials
and methods section for detail). A total of 45+4.4% (n=3, 93
neurons examined) of neurons with a long axonal stump
reaccumulated shootinl at the stump (Figure 3C and E).
A significantly smaller number (13 £4.0%; n=5, 107 neurons
examined) of neurons with short axonal stumps accumulated
shootinl at this site (Figure 3E). On the other hand, 17+£7.1%
of neurons with long axonal stumps accumulated shootinl in
the other neurites, whereas a significantly larger number
(59 £5.3%) of neurons with short axonal stumps accumulated
shootinl in the other neurites (Figure 3D and E). In neurons
with short axonal stumps, we occasionally observed cells
bearing a neurite >20pm longer than the axonal stump
(n=20; Figure 3F). The majority (65%) of such neurons
accumulated shootinl in the longest neurite, whereas 20 and
25% accumulated shootinl in the axonal stump and in other
neurites, respectively. These results indicate that shootinl
accumulates in growth cones in a neurite length-dependent
manner, regardless of whether the neurites are axonal stumps
Or minor processes.

Anterograde transport and length-dependent
retrograde diffusion account for neurite
length-dependent shootin1 accumulation

We next examined whether the neurite length dependency of
shootinl accumulation can be explained by its anterograde
transport and retrograde diffusion. Hodgkin and Huxley
(1952b) demonstrated quantitatively that the action potential
in a squid giant axon can be explained by the dynamics of
potassium conductance and sodium conductance. To do so,
they quantified the dynamics of potassium and sodium
conductances, and fitted them into mathematical models.
The parameters of the models were derived entirely
from quantitative experimental data, without any adjustment.
They then integrated both models, thereby showing good
agreement between the reconstructed action potential and the
experimentally observed action potential. Following this

Figure 3 Neurite length-dependent accumulation of shootin1. (A) Experimental data showing the relationship between neurite length and shootin1 accumulation in
growth cones. Hippocampal neurons were double stained with an anti-shootin1 antibody and the volume marker CMAC (left). The relative shootin1 concentration
(shootin1//CMAC) in growth cones is plotted against neurite length (n=1743, right). (B) Modeling data showing the relationship between neurite length and shootin1
accumulation in growth cones. Shootin1 accumulation was calculated by substituting the experimental data for neurite length in (A; n=1743) into Equation (3). The
shootin1 concentration was sampled at t=1000 min for each calculation. Data of black spots with bars in (A) and (B) are means + s.e. (C-F) Axons of stage-3
hippocampal neurons were transected (arrows, C, D, F). At 6 h after transection, neurons were fixed and stained with an anti-shootin1 antibody (right). Two types of
axonal transection were performed: long axonal stump (C) and short axonal stump (D, F). For details, see Results section. The data in (E) represent the percentages of
neurons that accumulated shootin1 in axonal stumps and in other neurites, and is shown as mean * s.e. values (**P<0.01; n=3; a total of 200 neurons were
examined). Bars: (A) 20 um; (C, D, F) 50 um. Source data is available for this figure at (www.nature.com/msb).
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Figure 4 Stochastic anterograde transport of shootin1. (A) Stage 2 hippocampal neurons expressing EGFP-shootin1 (green) and the volume marker mRFP (red)
were observed under a time-lapse fluorescence microscope every 2 min. Arrowheads indicate boluses of EGFP-shootin1 in waves, whereas asterisks denote a growth
cone. (B) The left micrograph shows the six growth cones of the neuron in (A). The right graph shows the timings of wave arrival at growth cones 1-6 and the relative
fluorescence intensities of EGFP-shootin1 in individual waves. (C) Timing of shootin1 arrival at six growth cones and the relative shootin1 content in individual waves
determined from gamma distributions in Supplementary Figure 1A. Bars, 20 um. Source data is available for this figure at (www.nature.com/msb).

strategy, we quantified the anterograde transport and retro-
grade movement of shootinl, fitted them to mathematical
equations, and integrated them into a model.

Figure 4A shows the transport of EGFP-shootinl from the
cell body to a growth cone in a stage-2 neuron. Boluses
enriched with EGFP-shootinl (arrowheads) traveled along
neurite shafts at an average rate of 4.7 £ 0.2 um/min (n=24),
and their arrival at growth cones (asterisks) increased the local
concentrations of shootinl. The boluses contained variable
amounts of EGFP-shootinl, and appeared repeatedly but
irregularly in neurites at mean intervals of 17min (n=55;
Figure 4B). The coefficient of variation in the interval of their
appearance was 0.86 (n=55), suggesting that shootinl is
transported in a stochastic manner. Together with the
quantitative data of shootinl and morphometry data of
cultured neurons (Supplementary Figure 1), the active
transport (w(t)) was modeled as the sum of temporally
discrete events, each of which is modeled by the Gaussian
function g(t) (Supplementary Figure 1D),

w(t) = %wevg Z ag(t —t) (1)
]

where Vand V,, are volumes of the growth cone and wave, w,yg
the average shootinl concentration in the wave, and t the time.
The stochasticities of the amplitude (g;) and occurrence time
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(t;) of the transport (red bars, Supplementary Figure 1A) were
modeled by gamma distributions (blue curves). As shown in
Figure 4C, Equation (1) described the stochastic transport of
shootinl (Figure 4B) with fair accuracy.

To quantify the retrograde movement of shootinl, photo-
convertible Kaede-shootinl expressed in growth cones was
converted from green to red by UV light (arrows, Figure 5A),
and its movement was monitored. To avoid the influence of the
anterograde shootinl transport, we monitored the movement
only during the intermissions between apparent shootinl
transports. During these time-lapse observations, red
Kaede-shootinl in the growth cone gradually spread to the
neurite shaft, cell body, and to other neurites (Figure 5A). If we
assume that shootinl diffuses passively in the neurite shaft,
the differential equation of shootinl concentration (C) in the
growth cone can be expressed as

dc AD

a——ﬁ(c—co) (2)

where A is the cross-sectional area of the neurite, D the
diffusion coefficient, L the neurite length, and C, the shootin1
concentration in the cell body. Equation (2) follows the well-
established Fick’s law (van Ooyen et al, 2001 ; Keener, 2002; see
Materials and methods section and Supplementary informa-
tion for detail). The amount of red Kaede-shootinl in growth
cones decayed exponentially, concurrent with its increase in
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Figure5 Neurite length-dependent retrograde diffusion of shootin1. (A, B) Kaede-shootin1 expressed in hippocampal neurons was converted from green to red using
UV light at growth cones (A, arrows). The fluorescence of red Kaede-shootint in the growth cones and cell bodies was quantified under a time-lapse fluorescence
microscope every 5 min (B). The fluorescence intensity was normalized by setting the intensity in the growth cones at time 0-100. (C) The relationship between neurite
length and the decay-time constant (t) of red Kaede-shootin1 in growth cones was plotted (red). (D) Cultured hippocampal neurons were labeled for 1h with
[®S]methionine and [**S]cysteine. The cells were then lysed after the indicated time, and immunoprecipitation was performed with or without anti-shootin1 antibody.
Immunoprecipitated shootin1 resolved by SDS-PAGE was visualized by autoradiography. The graph shows percentage decrease in band intensity as mean + s.e.
(n=3). The pulse-chase analysis revealed that the turnover rate (t,2) of shootin1 in cultured hippocampal neurons was 17.8 h, which was much slower than the decay
rate of red Kaede-shootin1 in growth cones in (B). Therefore, protein degradation does not significantly contribute to the delay in shootin1. (E) A model for diffusion-
based neurite length-dependent shootin1 accumulation in growth cones. Bar, 50 um. Source data is available for this figure at (www.nature.com/msb).

the cell body (Figure 5B). This is consistent with the equation
VC=ae “*+b, which is derived from the simultaneous
differential equations for C and C, with constant parameters
a, b, and t (see Supplementary information). The decay rate
was slower in the growth cones of longer neurites than in those

© 2010 EMBO and Macmillan Publishers Limited

of shorter neurites (Figure 5B), consistent with Equation (2).
Furthermore, the decay time constant, t, showed a linear
relationship with neurite length L (n=10; Figure 5C), con-
sistent with the formula 1=(VV,L)/(AD(V + V,)), where V, is
the volume of the cell body (see Supplementary information
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for details). Thus, the dynamics of red Kaede-shootin1 follows
the equations describing one-dimensional passive diffusion;
we also confirmed that protein degradation and active retro-
grade transport does not significantly contribute to the
dynamics of shootinl in the growth cone (Figure 5D and
Supplementary Figure 2). Using the experimental data in
Figure 5B and C (n=10 neurites), parameters of Equation (2)
were estimated using a least-squares method (Supplementary
Table IID). As a result, Equation (2) (curves, Figure 5B)
described the retrograde movement of shootinl (dots,
Figure 5B) fairly well.

To determine whether the neurite length-dependent
shootinl accumulation in the growth cone can be explained
by the combination of anterograde transport (Equation (1))
and retrograde diffusion (Equation (2)), we combined
Equations (1) and (2) as

o 20— c)+ul 6
As shown in Figure 3B and Supplementary Table I, the
shootinl accumulation in a growth cone, calculated using
Equation (3), was neurite length dependent and showed
excellent agreement with the experimental data (Figure 3A).
Notably, the model also simulated the considerable variation
among individual data. These results suggest that the neurite
length-dependent accumulation of shootinl is quantitatively
explained by its anterograde transport and length-dependent
passive diffusion, thereby providing a mechanistic basis for
the length dependency of shootinl accumulation (Figure SE).

Integration of shootin1 upregulation,
shootin1-induced neurite outgrowth, and neurite
length-dependent shootin1 accumulation results
in spontaneous neuronal symmetry breaking

The present length-dependent shootinl accumulation in
growth cones constitutes a local positive feedback interaction
with the previously reported shootinl-induced neurite out-
growth (Shimada et al, 2008), and might contribute to
neuronal symmetry breaking (Figure 6A). To test this
hypothesis, we again adopted the strategy of Hodgkin and
Huxley (1952b). We performed quantitative modeling of the
shootinl-induced neurite outgrowth (Shimada et al, 2008) and
shootinl upregulation (Toriyama et al, 2006), and then
integrated these models together with that of shootinl
accumulation in growth cones (Equation (3)) into a model
neuron.

To model shootinl-induced neurite outgrowth, we intro-
duced a simplified mathematical equation based on available
mechanistic information. As shootinl accumulation in growth
cones produces a traction force (f;(C)) for neurite outgrowth
by interacting with actin filaments and L1-CAM (Shimada et al,
2008) and neurite length-dependent neurite tension (fi(L);
Lamoureux et al, 1989) retract neurites, we assumed that
shootinl-induced neurite outgrowth is regulated primarily by
the balance between the two mechanical forces f;(C) and fi(L)
(Figure 6B). In addition, we also considered that an increase in
neurite length consumes intracellular material molecules
required for the construction of the neurite shaft (Figure 6B).
For simplicity of the model, we used tubulin, the most
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abundant protein in the neurite shaft (Van de Water and
Olmsted, 1980; Gauss et al, 1999), as a representative of the
material molecules that comprise the neurite shaft. The
velocity of neurite outgrowth (dL/dt) was modeled with
fs(C), fi(L), and the intracellular concentration of tubulin (M),
by adopting the previously described force-velocity relation-
ship derived from thermodynamics (Hill, 1987; Dogterom and
Yurke, 1997) as follows,

% = O8konM — SKofs €xp|—xfs(C) + kfi(L)] 4)
with a thermodynamic parameter k. The constants J, Kon,
and kg are the size of the material molecule, the rate constant
of its insertion into the neurite shaft, and the rate constant of its
deletion, respectively (Figure 6B). A detailed explanation of
Equation (4) is described in Materials and methods section.

To determine the parameters of Equation (4), three stage-2
neurons expressing EGFP-shootinl and mRFP were observed
under a time-lapse microscope (Figure 4A), and the relative
shootinl concentration in the growth cones (EGFP-shootinl/
mRFP) and neurite outgrowth velocity were quantified. We
observed a strong positive correlation between the shootinl
concentration in the growth cone and the velocity of neurite
outgrowth (Figure 6C and D). Using these data, parameters of
Equation (4) were estimated for each of the three neurons 1-3
using a least-squares method. The obtained parameter sets
were similar among the three neurons (Supplementary Table
IIE). Despite the simplicity of the formulation, introduction of
the parameter set derived from neuron 1 into Equation (4)
described the quantitative correlation between shootinl
concentration in the growth cone and neurite outgrowth
velocity with reasonable accuracy (Figure 6D). Similar data
were obtained when the parameter set derived from neuron 2
or 3 was introduced into Equation (4) (data not shown).
Although other types of equations might describe shootin1-
induced neurite outgrowth equally well, we consider that
Equation (4) provides an appropriate model for our purpose.

Shootinl upregulation in cultured hippocampal neurons
was quantified by immunoblot analysis (Figure 6E). The
experimental data (red dots, Figure 6F) were fitted to a Hill-
type formula,

0 {1925 + 0.07} (5)
1+ (t/3199)
to quantitatively model shootinl upregulation (red curve,
Figure 6F). We also quantified the a-tubulin expression and
fitted the data to a Hill-type formula (Figure 6E and F).
Integration of Equation (3-5) into the model neuron
(Figure 7A, see Materials and methods section for detail)
induced a stochastic accumulation of shootinl in multiple
growth cones (Figure 7B), as observed in cultured neurons
(Figure 1A). One of the neurites then showed predominant
shootinl accumulation and rapid outgrowth, thereby breaking
the neuronal symmetry. Symmetry breaking occurred in model
neurons bearing different numbers of neurites, ranging from
three to six (Figure 7B and Supplementary Figure 3). In
addition, any parameter set derived from the three cultured
neurons (Supplementary Table IIE) broke symmetry of the
model neuron (data not shown), illustrating the robustness of
symmetry breaking by our model. Statistical analyses showed
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Figure 6 Modeling of shootin1-induced neurite outgrowth and shootin1 upregulation. (A) A model showing that a local positive feedback loop between the length-
dependent shootin1 accumulation and shootin1-induced neurite outgrowth contributes to neuronal symmetry breaking. (B) We assumed that shootin1-induced neurite
outgrowth is regulated primarily by the balance between the shootin1-induced traction force (f(C)) and neurite length-dependent neurite tension (f(L)), and secondarily
by the intracellular concentration (M) of free material molecules required for the construction of the neurite shaft. (C) The relative shootin1 concentration in a growth cone
(EGFP-shootin1/mRFP) and the corresponding neurite outgrowth velocity of a neurite in Figure 4B. (D) Phase plot of the relative shootin1 concentration in the growth
cone and the corresponding neurite outgrowth velocity. Red points were plotted from the experimental data in (C), whereas the velocities represented by blue points were
calculated by substituting the values for shootin1 concentration and neurite length in (C) into Equation (4). (E, F) Proteins from 1.7 x 10° neurons and 1.7 x 10* neurons
were analyzed with anti-shootin1 and anti-a-tubulin antibodies, respectively (E). The band densities of shootin1 and o-tubulin were measured using a densitometer (F).
The relative levels of shootin1 and o-tubulin were rescaled by normalizing the values at 120 h in culture to 100 (mean * s.e., n=3). The curves were fitted to the
experimental values using a Hill-type formula. Source data is available for this figure at (www.nature.com/msb).

that the time courses of shootinl accumulation and symmetry In addition to these typical symmetry-breaking processes,
breaking are similar between the model and cultured neurons previous studies have reported atypical behaviors of cultured
(Figures 1B and 7C). The shootinl concentration in the neurons. During polarization, some hippocampal neurons
model rose significantly in the nascent axon 10 min before replace the axon-like outgrowth of one neurite with another,
its outgrowth spurt to break symmetry (arrows, n=100, which subsequently becomes an axon (Dotti et al, 1988). This
P<0.001; compared with minor processes), as was observed atypical symmetry breaking was also observed in the model

in cultured neurons. Interestingly, the generation of contin- (Supplementary Figure 4A). A minor population of cultured
uous anterograde transport of shootinl in our model neuron neurons (2.5-5%) forms multiple axons (Jiang et al, 2005;
impaired the symmetry-breaking process (Figure 7D). Toriyama et al, 2006; Mori et al, 2007). We also noted the
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Figure 7 Symmetry breaking of the model neuron. (A) The model neuron, composed of a cell body and neurites with growth cones. (B) Symmetry breaking observed
in the model neuron (A) with four neurites using Equations (3)-(5). The parameter set of neuron 1 (Supplementary Table IIE) was used. (C) Statistical analysis of
shootin1 accumulation during neuronal symmetry breaking. The top and bottom panels show the time courses for mean neurite length and mean relative shootin1
concentration in growth cones, respectively. The shootin1 concentration is shown as the multiple of the mean concentration in minor processes (means = s.e., =100,
0min P<0.001, —10 min P<0.001; compared with minor processes). Red lines indicate the neurite that became an axon, whereas black lines indicate the mean values
for the other neurites. (D) Impairment of symmetry breaking of the model neuron by continuous active transport of shootin1. Time courses of neurite lengths, each of
which develops from randomly selected initial lengths (inset figure). The active transport was computed as 20% of shootin1 at cell body for each time. For good legibility,
all lines are arranged at intervals of 1.5 um (left) and 0.05 (right). Source data is available for this figure at (www.nature.com/msb).

atypical formation of multiple axons in 5% of our model
neurons (n=100; Supplementary Figure 4B). Thus, this model
reproduces not only typical symmetry-breaking processes
involving shootinl but also atypical behaviors of cultured
neurons.

The model neuron simulates a broad range
of neuronal behaviors

To validate this model neuron, we finally compared the
behaviors of the model with cultured neurons under modified
conditions. Elongation of one neurite of stage-2 model neurons
by applying mechanical tension led to its axonal specification
(Supplementary Figure 4C), as was observed in cultured
neurons (Lamoureux et al, 2002). Overexpression of shootinl
in the model neuron induced the formation of multiple axons
(Supplementary Figure 5A and B), whereas repression of
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shootinl inhibited polarization (Supplementary Figure 5D), as
observed in cultured neurons (Toriyama et al, 2006; Mori et al,
2007). In these cases, effects were stronger in the model
neuron than in cultured neurons: an eightfold excess level of
shootinl induced the formation of multiple axons in 50% of
neurons in the model (Supplementary Figure 5B), whereas a
63-fold excess level (Supplementary Figure 5C) induced
multiple axons in 47 % of culture neurons (Toriyama et al,
2006); a reduction in shootinl levels to 10% led to the
complete inhibition of polarization in the model (Supplemen-
tary Figure 5D), whereas an RNAi-mediated reduction in
shootinl levels to 11% (Shimada et al, 2008) inhibited the
polarization of 52% of neurons at 48 h in culture (Toriyama
et al, 2006). Treating cultured neurons with cytochalasin D or
blebbistatin inhibited the asymmetric accumulation of shoo-
tinl and neuronal polarization (Bradke and Dotti, 1999;
Toriyama et al, 2006). These drugs inhibit the anterograde
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transport of shootinl (Toriyama et al, 2006), and disturb the
retrograde flow of actin filaments in the growth cone
(Medeiros et al, 2006; Shimada et al, 2008), which is required
to generate traction force for shootinl-induced neurite out-
growth (Shimada et al, 2008). The effects of these drugs were
also reproduced in the model (Supplementary Figure SE).

In addition, our model neuron simulated the neurite length-
dependent accumulation of shootinl and axonal regeneration
after axonal transection (Figure 8A), which were observed in
cultured neurons (Figure 3C-F and Supplementary Figure 6A
and B). Interestingly, when axonal transection was performed
to leave a short axonal stump, the model neuron showed a
stochastic accumulation of shootinl in multiple growth cones
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(Figure 8B), as was observed in stage-2 neurons (Figure 1A). In
all cases (100%, n=50 neurons), axons regenerated from the
neurite that predominantly accumulated shootinl (arrow-
heads). We validated this prediction of the model by
transecting axons of stage-3 neurons expressing EGFP-shoo-
tinl and mRFP (Figure 8C). As predicted, cultured neurons
always exhibited axonal regeneration (100%, n=22 neurons)
from the neurite that predominantly accumulated shootinl
(arrowheads). We also compared the distributions of the
kinesin-1 motor domain and shootin1 after axonal transection
(Supplementary Figure 7, arrows). As in the case of shootinl,
Kif5C®® accumulated in the regenerating axon. Consistent
with the data obtained for stage 2/3 transition (Figure 2),
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Figure 8 Effects of axonal transection of the model and cultured neurons. (A) Shootin1 accumulation and axon regeneration in model neurons after axonal transection.
Axonal transections were performed to leave a short or long axonal stump (see Materials and methods section). Data represent the percentages of neurons that accumulated
shootin1 in axonal stumps and other neurites (left), and those of neurons that regenerated axons from axonal stumps and other neurites (right). (B, C) Axonal regeneration
from the neurite that predominantly accumulated shootin1. Axonal transections of the model and cultured neurons were performed to leave a short axonal stump (arrows).
(B) The neurite length and relative shootin1 concentration in growth cones of a model neuron. (C) A hippocampal neuron expressing EGFP—shootin1 (green) and mRFP (red)
was observed under a time-lapse fluorescence microscope. Bar, 50 um. Source data is available for this figure at (www.nature.com/msb).
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Table I Agreements between the behaviors of model and cultured hippocampal neurons

Behaviors Model data Experimental data
Under normal conditions
(1) Stochastic shootinl accumulation in multiple growth cones before Figure 7B Figure 1A; Ref. (1)?
symmetry breaking
(2) Fluctuation of length of multiple neurites before symmetry breaking Figure 7B Figure 1A; Ref. (1, 2)
(3) Shootinl accumulation before spurt outgrowth of the nascent axon Figure 7C Figure 1B

4)

Predominant accumulation of shootinl in the nascent axon and

Figure 7B and C

Figure 1A and B; Ref. (1)

established axon

(5) Polarization of the majority of neurons with different numbers of

neurites

(6) Replacement of axon-like outgrowth of one neurite by another

(atypical behavior)
(7) Formation of multiple axons from a minority of neurons
(atypical behavior)

Under modified conditions
(8) Axonal specification by applying mechanical tension
(9) Formation of multiple axons by shootinl overexpression
(10) Inhibition of polarization by decreasing shootin1 level

(11) Inhibition of asymmetric accumulation of shootinl by cytochalasin

D or blebbistatin
(12) Disturbance of polarization by cytochalasin D or blebbistatin

(13) Accumulation of shootinl in the longest neurite after axonal transaction Figure 8A
(14) Axonal regeneration from the longest neurite after axonal transaction

(15) Axonal regeneration from the neurite that predominantly
accumulates shootin1

Figure 7B and Ref. (1, 3)
Supplementary Figure S3

Supplementary Figure S4A Ref. (3)
Supplementary Figure S4B Ref. (1, 4, 5)
Supplementary Figure S4C Ref. (6)

Supplementary Figure S5A and B Ref. (1, 5)

Supplementary Figure S5D Ref. (1)
Supplementary Figure SSE Ref. (1)
Supplementary Figure SSE Ref. (1, 7)
Figure 3C-F
Figure 8A Ref. (2);
Supplementary Figure S6B
Figure 8B Figure 8C

“References.

(1) Toriyama et al (2006); (2) Goslin and Banker (1989); (3) Dotti et al (1988); (4) Jiang et al (2005); (5) Mori et al (2007); (6) Lamoureux et al (2002); (7) Bradke and

Dotti (1999).

shootinl accumulated in the regenerating axon earlier than
Kif5C*®° (arrowheads; n=4). These data further confirm that
shootinl is one of the earliest markers of neuronal symmetry
breaking. Overall, the model neuron reproduced a total of 15
neuronal morphological changes and shootinl dynamics
observed under normal and modified conditions (Table I).

Discussion

A novel type of intracellular diffusion system
for neurite length sensing

In this study, we demonstrated that shootinl accumulates in
growth cones in a neurite length-dependent manner. Here, the
morphological information, neurite length, is translated into a
molecular signal, that is, shootinl concentration in growth
cones. We show that the length dependency of shootinl
accumulation is based on its intracellular diffusion
(Figure SE). Although the biological significance of intracel-
lular diffusion is largely unknown, the transcription factor
Bicoid is a well-characterized example (Driever and Nusslein-
Volhard, 1988; Gregor et al, 2007). It forms an anterior-pos-
terior gradient in the syncytium of the Drosophila embryo,
thereby specifying different regions. The Bicoid gradient is
thought to be established by local translation, intracellular
diffusion, and subsequent degradation (Gregor et al, 2007).
In the present system, local protein synthesis and subsequent
degradation contribute little, whereas active transport has a
critical role. Thus, it represents a distinct type of intracellular
diffusion system that translates a morphological property into
a molecular signal.
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Owing to the simplicity of this mechanism, we consider that
the present diffusion system may be extended to include
additional molecules. Many diffusible molecules are antero-
gradely transported in neurites by microtubule-based motor
proteins (Hirokawa and Takemura, 2005; Horiguchi et al, 2006;
Jacobson et al, 2006) and by ‘wave’ structures (Ruthel and
Banker, 1998; Zhu et al, 2006; Flynn et al, 2009). If these
molecules have limited expression, turn over slowly, and
diffuse back to the cell body, the accumulation of such
molecules in growth cones might increase with neurite length
as shown here. Furthermore, the spatial dynamics of such
molecules might contribute to the early and late steps of
neuronal polarization, although this hypothesis requires
further analysis.

A core mechanism for neuronal symmetry breaking

The present neurite length-sensing system, together with
shootinl-induced neurite outgrowth, constitutes a positive
feedback loop (Figure 6A). To analyze the functional role of
this feedback loop, we quantitatively modeled length-depen-
dent shootinl accumulation, shootinl-dependent neurite out-
growth, and shootinl upregulation. The parameters of these
three components were chosen to give the best fit to the
quantitative experimental data without any adjustment. The
combination of quantitative experimentation and mathema-
tical modeling is regarded as a powerful strategy for attaining a
profound understanding of biological systems (Hodgkin and
Huxley, 1952b; Lewis, 2008; Meinhardt, 2008; Ferrell, 2009).
Without such quantitative modeling based on experimental
data, it is difficult to predict the integrated results, even if all
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the individual components are known (Hodgkin and Huxley,
1952a; Meinhardt, 2008). In addition, careful comparison
between the model predictions and experimental observations
would be the only way to test any model: a large number of
agreements support the validity of the model. Integrating the
three components into a model neuron resulted in sponta-
neous symmetry breaking. In addition, a model prediction
(Figure 8B) was experimentally validated (Figure 8C). Further-
more, there are a total of 15 agreements between the model
predictions and the experimental data (Table I). These results
suggest that the system described in our model is sufficient to
induce neuronal symmetry breaking.

Bolus-like transport of shootinl by ‘waves’ caused large
stochastic fluctuations in shootinl concentration in growth
cones (Figure 4A). This type of transport seems to be distinct
from more gradual delivery through a microtubule-based
transport system. Interestingly, the generation of continuous
shootinl transport in our model neuron impaired the
symmetry-breaking process (Figure 7D). This is consistent
with theoretical models in which feedback amplification of
fluctuations in signaling can give rise to robust patterns
(Turing, 1952; Meinhardt and Gierer, 2000; Kondo, 2002), and
underscores the importance of the stochastic fluctuating
signals in spontaneous neuronal symmetry breaking.

Other possible mechanisms and molecules for
neuronal symmetry breaking

Recently, Fivaz et al (2008) reported a positive feedback
interaction between HRas and PI3K in neurite tips, on the basis
of which they constructed a mathematical model of neuronal
symmetry breaking. Their model, as well as the present
one, can be regarded as ‘one-takes-all’ models, as each growth
cone competes for a limited amount of anterogradely
transported HRas and shootinl, respectively. However, me-
chanisms for the competition are distinct between the two
models. In the HRas model, the feedback loop between HRas
and PI3K enhances HRas transport, for the competitive
activation of HRas during symmetry breaking. On the other
hand, in the present model, the diffusion-based neurite length-
dependent shootinl accumulation has a key role in the
competition (Figure 6A).

As Fivaz et al (2008) described, the HRas model involves
two assumptions that were not experimentally demonstrated.
One is the abovementioned enhancement of HRas transport by
the feedback loop. In addition, noise was introduced into the
initial conditions of their model for consistent formation of a
single axon. Therefore, experimental demonstration of the
enhanced transport and noise will be important to confirm that
the feedback between HRas and PI3K does mediate a robust
symmetry breaking. Our model neuron broke symmetry
without enhanced transport, suggesting that the present
system represents a minimum mechanism that is sufficient
to induce spontaneous neuronal symmetry breaking. Never-
theless, the length-dependent mechanism and polarized
transport are compatible with each other. In this regard,
Bradke and Dotti (1997) reported that an increased cytoplas-
mic flow into the future axon precedes axon extension. Thus, it
is an interesting possibility that they cooperate to ensure
robustness in the symmetry-breaking step.

© 2010 EMBO and Macmillan Publishers Limited
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We reported recently that shootinl interacts with actin
filaments in growth cones (Shimada et al, 2008). This
interaction may retain shootinl in growth cones, and thereby
have a role in the competitive accumulation. If this interaction
is modified in a neurite length-dependent manner or by
external signals, the symmetry-breaking step could be further
enhanced. We did not incorporate this factor into the present
model, for simplicity. This mechanism also remains an issue
for future studies.

By focusing on a simple system involving one of the earliest
markers of neuronal polarization, shootinl, we could evaluate
a core mechanism for neuronal symmetry breaking on the
basis of quantitative experimental data. However, it should be
noted that agreements between the behaviors of cultured and
model neurons are qualitative; there are quantitative differ-
ences (also see Supplementary information). For example,
shootinl overexpression and RNAi induced stronger effects in
the model neuron than in cultured neurons. This is probably
because the model does not involve molecules, such as
singarl, which suppress the formation of surplus axons
induced by shootinl overexpression (Mori et al, 2007). There
are also likely to be additional molecules that cooperate with
shootinl to break neuronal symmetry, as mentioned above.
Indeed, a number of molecules are thought to be involved in
neuronal polarization (Oliva et al, 2006; Arimura and
Kaibuchi, 2007; Dajas-Bailador et al, 2008; Witte and Bradke,
2008; Barnes and Polleux, 2009). In addition, in vivo neuronal
polarization is more complicated, involving a number of
external factors, including signaling molecules, cell adhesions,
and mechanical tensions (Esch et al, 2000; Shelly et al, 2007).
We consider that the present model will provide one of the core
mechanisms into which other processes and molecules can be
integrated to improve the model’s accuracy in future studies.

Materials and methods

Cultures and transfection

Hippocampal neurons prepared from E18 rat embryos were cultured
on polylysine- and laminin-coated coverslips as described previously
(Mori et al, 2007). They were transfected with vectors using
Nucleofector (Amaxa) before plating.

DNA constructs

Preparation of the vectors used to express EGFP-shootinl, Kaede-
shootinl, and myc-shootinl has been described earlier (Toriyama
et al, 2006). mRFP was provided by Dr R. Tsien (University of
California, San Diego, CA). The cDNA for kinesin-1 motor domain,
Kif5C®® (encoding a.a. 1-560 of KifSC; Jacobson et al, 2006), was
amplified by PCR from a rat brain cDNA library (Clontech) with
primers 5'-GAGAATTCATGGCGGATCCAGCCGAATG-3’ and 5-GAGA
ATTCTATCTCGCCCAGATCCTTGAG-3/, and then subcloned into
PEGFP-N2 vector (Clontech). pCAGGS-myc was used to overexpress
proteins under the B-actin promoter.

Immunocytochemistry and immunoblot

Immunocytochemistry and immunoblot were performed as described
previously (Inagaki et al, 2001; Toriyama et al, 2006). For CMFDA or
CMAC staining, cells were incubated with 5 pM reagent for 2 h before
fixation.
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Microscopy

Fluorescence and phase-contrast images of fixed neurons were
acquired using a fluorescence microscope (Axioplan2; Carl Zeiss)
equipped with a charge-coupled device (CCD) camera (AxioCam
MRm; Carl Zeiss), and imaging software (Axiovision 3; Carl Zeiss).
Time-lapse microscopy was performed at 37°C using a fluorescence
microscope (Axio Observer Z1; Carl Zeiss) equipped with a CCD
camera (AxioCam MR3; Carl Zeiss), or a fluorescence microscope
(IX81N-ZDC; Olympus) equipped with a CCD camera (C4742-80-
12AG; Hamamatsu). Fluorescence in the original images was quanti-
fied using Multi Gauge software (Fujifilm). Line-scan analysis was
performed using MetaMorph software (MDS Analytical Technologies).

Pulse-chase labeling

Day in vitro (DIV)-2 hippocampal neurons plated on polylysine- and
laminin-coated plastic dishes were starved in methionine/cysteine-
free neurobasal medium (Gibco) plus 1 mM glutamine and 0.2% B-27
supplement for 1h. They were then pulsed for 1h with 50 uCi/ml
[*°s]Met/[**S]Cys (EXPRE?**S*"S Protein Labeling Mix, PerkinElmer),
rinsed, and chased with neurobasal medium plus 1 mM glutamine and
0.2% B-27 supplement, together with 2mM methionine and 2 mM
cysteine. The cells were lysed in RIPA buffer (50 mM Tris-HCI (pH 8.0),
1 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.1% sodium
deoxycholate, 2mM phenylmethylsulfonyl fluoride, and 5 pg/ml
leupeptin). Immunoprecipitation was performed with an anti-shootin1
antibody as described previously (Shimada et al, 2008). Immunopre-
cipitated shootinl was resolved by SDS-PAGE, and the radioactivity
associated with shootinl was visualized by autoradiography and
quantified by Multi Gauge.

Axonal transection

The axonal transection experiments in Figure 3C-F were performed to
confirm neurite length-dependent shootinl accumulation. Axons of
cultured neurons were mechanically transected using a glass capillary
(Sterile Femtotips II, Eppendorf) equipped with a Micromanipulator 5171
(Eppendorf). It has been reported that many hippocampal neurons
regenerate axons within 24 h after axonal transection (Goslin and Banker,
1989). We often observed neurons with regenerated axons, even as early
as 6h after transection (Supplementary Figure 6A). Consistent with the
previous report (Goslin and Banker, 1989), this axonal regeneration most
frequently occurred from the longest neurites (Supplementary Figure 6A
and B). In this case, it is difficult to interpret confidently whether the
shootinl accumulation in the regenerated axons is the result of neurite
length-dependent shootinl accumulation or shootinl accumulation-
induced neurite outgrowth, or both. For example, shootinl may
accumulate in the short axonal stump, thereby subsequently inducing
neurite outgrowth (Supplementary Figure 6C). Another possibility is that
shootinl may accumulate in the axon regenerated by shootinl or by some
other mechanism (Supplementary Figure 6D). The former case is
shootinl reaccumulation in the short neurite, whereas the latter case is
shootinl reaccumulation in the long neurite. To strictly examine shootinl
reaccumulation by excluding the influence of morphological alteration,
we omitted the data for those neurons that regenerated axons. We only
analyzed shootinl reaccumulation in neurons that did not have
remarkable morphological changes (Figure 3C, D and F).

We also performed axonal transection of the model neuron. Unlike
cultured neurons, the axonal stump of the model neuron retracted
rapidly after transection, probably because the model does not have a
mechanism to stabilize axonal shafts, for example, by stabilizing
axonal microtubules (White et al, 1987). Therefore, we held the
neurite length of the model constant for 6 h after the transection.

Materials

Preparation of anti-shootinl antibody has been described previously
(Toriyama et al, 2006). Antibodies against a-tubulin (DM1A), GFP, and
myc were obtained from Sigma-Aldrich, MBL and MBL, respectively.
Blebbistatin was obtained from BIOMOL Research Laboratories.
CMFDA and CMAC were from Invitrogen.
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Statistics and data processing

Statistical significance was determined by the unpaired Student’s
t-test. To reduce noise of the experimental data, the time courses of
shootinl concentration and neurite length were smoothed by

x(t) =1 %, x(t + k), whereas those of neurite outgrowth velocity
were smoothed by i(t) = XH2-x2)

Modeling of shootin1 diffusion between
the growth cone and cell body

If we assume that the shaft is a one-dimensional tube and that shootin1
diffuses passively in the neurite shaft, the rate of shootinl diffusion
from the growth cone to the cell body is proportional to the difference
between shootinl concentrations in the growth cone (C) and the cell
body (Cy). When C—C, is constant, the shootinl concentration
gradient in the neurite shaft is inversely proportional to the neurite
length (L), and the retrograde diffusion of shootin1 in the neurite shaft
is faster in a shorter neurite than in a longer one (Figure SE). Thus, the
differential equation of shootinl concentration in the growth cone can
be expressed as

-7 (C=G) (2)

where A is the cross-sectional area of the neurite, D the diffusion
coefficient, and V the volume of the growth cone. See Supplementary
information for detail. Equation (2) follows the well-established Fick’s
law (van Ooyen et al, 2001; Keener, 2002).

Modeling of shootin1-induced neurite outgrowth

We assumed that shootinl-induced neurite outgrowth is regulated
primarily by the balance between two mechanical forces, shootinl-
induced traction force (fs(C); Shimada et al, 2008) and neurite length-
dependent neurite tension (fi(L); Lamoureux et al, 1989), and
secondarily by the intracellular concentration (M) of free material
molecules required for the construction of the neurite shaft
(Figure 6B). As mentioned in Results section, we used tubulin as a
representative to approximately describe M in the present analysis. As
fs(C) is dependent on shootinl concentration (C) in the growth cone
and generated by the interaction of shootinl with other molecules
(Shimada et al, 2008), we adopted a Hill-type equation to describe it as
fs(C) th—hch where K and h are constants. Assuming that fi(L) is
mainly génerated by a large strain on the neurite shaft, we introduced a
true stress—true strain relationship, used in the field of materials

science (Boyer, 1987), to approximate it as the logarithm Hill-type

function, fi(L) m where K; and L, are constants, and

In(L/Lo) is the true strain (Boyer, 1987) with variable neurite length
L. This formula fitted well with the relationship between neurite
elongation and neurite tension quantified previously (Lamoureux
et al, 1989; Supplementary Figure 8).

The velocity of increase in neurite length (L) can be determined as
dL/dt=38(konM—kogs), Where & is the size of the monomer molecule
such as tubulin, and k,,, and k¢ are the rates of polymerization and
depolymerization, respectively (Figure 6B). As cellular cytoskeletal
molecules polymerize between a cellular surface and the end of a
cytoskeletal filament, the polymerization/depolymerization rates are
thought to be affected by tension at the cell surface (f=f(L)—f(C);
Figure 6B; Hill, 1987; Mogilner and Oster, 1996). According to
thermodynamic arguments (Hill, 1987), f changes the ratio of the
polymerization/depolymerization rates and satisfies the following

relationship, %:%exp[é—ﬂ, where kg is the Boltzmann

constant and T is absolute temperature. Therefore, the velocity of
elongation and retraction of neurite shaft with cellular tension f can be
formulated with the free parameter g as

S = Skon expl-axIM — Skogexp[-(1 —a)f]  (6)

where k=06/kgT. This is called the force-velocity relationship (Hill,
1987). The special case (g=1) of this formula can be derived from the
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concept of the ratchet mechanism (Peskin et al, 1993; Mogilner and
Oster, 1996). As f=fi(L)—fs(C) in our model, Equation (6) can be
described as

dr =08kon exp[pAs(C) — qAI(L)IM

dt (7)
— 8kt exp[—(1 — P)As(C) + (1 — @)Ai(L)]

h
where A;(C) = kf(C) = 5% AIL) = KA(L) = mriteny and

p is another free parameter.

As the free parameters p and g of Equation (7) may take any value
between 0 and 1 inclusive (Hill, 1987; Dogterom and Yurke, 1997), we
screened the four representative alternatives of (p,q), (0,0), (1,0),
(0,1), and (1,1), to find a suitable formula. Using the experimental data
obtained as Figure 6C (n=14 neurites), the set of parameters or their
products (as, Ks, b, ay, K, Lo, 8koyp, and 8k.g) were estimated by fixing M
as 15 (we chose 15, as the concentration of free af-tubulin dimer in
neurons was reported to be about 15uM (Morris and Lasek, 1984;
Mitchison and Kirschner, 1987)), using a least-squares method. Of the
four alternatives, the condition of p=g=0 gave the best fit to the
experimental data (Supplementary Table III); we therefore chose the
equation

dL
s = 0konM — Okt exp[fAS(C) + A](L)] (4)
to describe the velocity of neurite outgrowth. However, the model
neuron successfully polarized in the following analysis, using any of
the alternative parameters (p, q)=(0,0), (1,0), (0,1) or (1,1).

Integration of shootin1 upregulation,
shootin1-induced neurite outgrowth,
and neurite length-dependent shootini
accumulation in a model neuron

We combined Equations (3)-(5) into a model neuron composed of a
cell body and neurites with growth cones (Figure 7A), where C; is the
shootinl concentration in the i-th growth cone, L; the length of the i-th
neurite, and N the number of neurites. Previous studies reported model
neurons with similar variables (Samuels et al, 1996; Fivaz et al, 2008);
for simplicity of the mathematical formulation, our model also does
not incorporate the volume of neurite shafts. As the total amount of
shootinl in a neuron S is equal to the sum of the shootin1 levels in the
cell body (V,Co) and growth cones (VC;, i=1, ..., N), Equation (5) (S)
and Equation (3) (dC/dt) can be integrated into the model with the
formula S = VyCy + VZ?L 1 Ci. As the total concentration of tubulin
(T) in a neuron is equal to the sum of free tubulin (M) and the tubulin
incorporated in the neurite shafts (p ZlN: 1 Li), Equation (4) (dL/dt) can
be integrated into the model using the formula T =M + pi’z 1 Li,
where p is a parameter to convert the length of neurite outgrowth (um)
to the consumption of free tubulin concentration for the construction
of the elongated neurite shaft. Parameter p was estimated from the
experimental data obtained in this study and in previous reports (see
below). To describe T, we also quantified the o-tubulin expression
levels during polarization. The experimental data (blue dots,
Figure 6F) were fitted to a Hill-type formula to describe the curve

of a-tubulin upregulation (T), T = W +1.1 (blue curve,
Figure 6F). All formulae, variables, and parameters used in the model

are summarized in Supplementary Table II.

Estimation of the parameter, p, which converts the
length of neurite outgrowth to the consumption of
free tubulin concentration for the construction of
the elongated neurite shaft

We used tubulin (Dogterom and Yurke, 1997) to describe M, the
concentration of free material molecules for the construction of
the neurite shaft, in the present analysis as described in Results
section. If we define 6 (nm) as the size of a single af-tubulin dimer
(Figure 6B) and n, as the average number of protofilaments per single
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neurite, the number of tubulin dimers necessary for a 1-um elongation
is expressed as 10007,/6(molecules). Thus, the cellular concentration
of tubulin dimer required to elon§ate neurite by 1 pum is 10007,/ V0
(molecules/ ums), where V,, (um?) is the total cell volume. As 1 uM is
about 600 molecules per pm® and & is 8 nm (Krebs et al, 2005), 1000n,/
Vot becomes n,/4.8V,,, (UM). As a single microtubule contains 13
protofilaments and a neurite of stage-2 hippocampal neurons contains
about 35 (=704/20.5) microtubules (Yu and Baas, 1994), n, can be
estimated as 455. Thus, the tubulin dimer concentration necessary for
a 1-um neurite elongation is expressed as 95/ Vo tM.

To estimate Vy,, we used the data from CMAC staining of cultured
hippocampal neurons (Supplementary Figure 1B). As the average
radius of neurite shafts was 0.82 ym (n=15), the volume of an L-um
neurite shaft can be approximated as 2 L um?®. As the line-scan data
showed that the average volume of a growth cone (V) was
approximately equal to that of a 52-um neurite shaft (n=9), we
estimated V and the average volume of the cell body (V,) as 104 um?
and 1040 pum?, respectively (note that V/V=10, Supplementary Figure
1B). Thus, Vi, of neurons with four neurites can be expressed
as 1456 + 2 Ly, where Ly, is the total neurite length. If we approximate
Vior @s 2000 pm®, from this calculation, the concentration necessary
for a 1-um neurite elongation is calculated as 0.048 uM. Previous
study reported that the concentration of free af-tubulin dimer in
neurons was about 15uM (Morris and Lasek, 1984; Mitchison
and Kirschner, 1987), a 310-fold higher concentration for a 1-um
neurite. Thus, in our model, we estimated p that converts neurite
length L to M, as 1/300.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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