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Model of Growth Cone Membrane Polarization via Microtubule Length
Regulation

Bin Xu' and Paul C. Bressloff'"
"Mathematics, University of Utah, Salt Lake City, Utah

ABSTRACT We present a mathematical model of membrane polarization in growth cones. We proceed by coupling an active
transport model of cytosolic proteins along a two-dimensional microtubule (MT) network with a modified Dogterom-Leibler model
of MT growth. In particular, we consider a Rac1-stathmin-MT pathway in which the growth and catastrophe rates of MTs are
regulated by cytosolic stathmin, while the stathmin is regulated by Rac1 at the membrane. We use regular perturbation theory
and numerical simulations to determine the steady-state stathmin concentration, the mean MT length distribution, and the re-
sulting distribution of membrane-bound proteins. We thus show how a nonuniform Rac1 distribution on the membrane generates
a polarized distribution of membrane proteins. The mean MT length distribution and hence the degree of membrane polarization
are sensitive to the precise form of the Rac1 distribution and parameters such as the catastrophe-promoting constant and tubulin
association rate. This is a consequence of the fact that the lateral diffusion of stathmin tends to weaken the effects of Rac1 on the

distribution of mean MT lengths.

INTRODUCTION

During neural development, the growth cone of an axon has
to respond accurately to extracellular chemical gradients that
direct and steer its growth. Chemoattractants (chemorepel-
lents) are detected by receptors in the growth cone mem-
brane, which trigger signaling cascades that lead to the
restructuring of the cytoskeleton and growth toward (away
from) the stimulus. The growth cone cytoskeleton consists
of microtubules (MTs) within a central (C) domain and actin
filaments within the peripheral (P) domain (1) (Fig. 1). The
MTs provide the structural backbone of the axonal shaft
and a substrate for intracellular transport to the growth
cone. They polymerize with their growing ends pointed to-
ward the leading edge of the growth cone. Actin filaments
within the P-domain form the filopodia and lamellipodia
that shape and direct the motility of the growth cone. In
both structures, the actin filaments face with their barbed
(growing) ends toward the plasma membrane. Polymerization
of actin filaments toward the leading edge causes the exten-
sion and protrusion of the growth cone. This creates a force
that pushes the actin network and the tightly linked plasma
membrane backward (retrograde flow), and hinders the inva-
sion of the MTs into the P-domain. The retrograde flow is also
enhanced by the action of myosin molecular motors, which
drag the actin cytoskeleton back toward the C-domain where
actin filaments depolymerize at their pointed ends. If there is a
balance between actin polymerization in the P-domain and
retrograde flow, then there is no elongation. However, signals
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from surface adhesion receptors bound to a substrate can sup-
press the retrograde flow of actin filaments, shifting the bal-
ance toward polymerization-driven forward motion that
involves both actin filaments and microtubules.

It used to be thought that the actin cytoskeleton was the
main driver of changes in cell shape during neuronal morpho-
genesis, with MTs playing a secondary role. However, in
recent years it has become clear that MTs also actively partic-
ipate in the restructuring of cell shape (2-4). The latter occurs
via the regulation of MT lengths by a variety of signaling pro-
teins. Some of these proteins act directly on the MTs,
affecting their rates of growth, whereas others indirectly con-
trol MT lengths by sequestering tubulin. To understand the
potential targets of regulatory proteins, we briefly review
some properties of MTs. During assembly, heterodimers of
a-tubulin and (-tubulin bind head-to-tail to form polarized
protofilaments with different rates of polymerization at the
two ends: a faster growing plus-end capped by B-subunits
and a slower minus-end capped by «-subunits. It has been
observed experimentally that MTs undergo a process of dy-
namic instability, in which they randomly switch between
growing and shrinking phases (5). Such an instability can
be characterized in terms of the rate of polymerization and
depolymerization, and the frequencies of catastrophes (tran-
sitions from polymerization to depolymerization) and res-
cues (transitions from depolymerization to polymerization)
(6). All of these processes depend on tubulin-bound GTP hy-
drolysis that occurs during microtubule assembly and desta-
bilizes the growing filament after polymerization.

One important family of soluble phosphoproteins found
in growth cones that can regulate MT growth is stathmin
(7-9). It is known that stathmin can indirectly inhibit MT
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FIGURE 1 Sketch of the Racl-stathmin-MT pathway. Racl proteins
(circles) are located at the leading edge of the growth cone in active (solid
circles) or inactive form (open circles). The active region of Racl generates
a gradient in stathmin phosphorylation such that the concentration of active
stathmin increases with distance from the active Racl domain. Active stath-
min inhibits the growth of MTs. There is also a potential feedback pathway
involving the interaction between Racl and MT tips, which we neglect in
our model.

growth by sequestering tubulin, thus lowering the local
tubulin concentration, reducing the MT growth velocity,
and increasing the catastrophe rate (10,11). There is also
experimental evidence of an alternative mechanism for
reducing the MT growth rate, which occurs at high pH
values, in which stathmin increases the MT catastrophe
rate, but not the growth velocity, by direct interaction with
the MT filaments (12). Stathmin itself can be regulated
through a Racl-Pak pathway (11) (Fig. 1). The signaling
molecule Racl is a GTPase of the Rho family that is found
to be active (phosphorylated) when membrane-bound at the
leading edge of the growth cone (13). Active Racl can deac-
tivate stathmin via the intermediate protein Pak (14). More-
over, because the active form of Racl is located at the
leading edge of the growth cone, it can induce a spatial
gradient of stathmin phosphorylation and thus stathmin
MT/tubulin interactions (15). Finally, because the distribu-
tion of active Racl within the leading edge can be modified
by extracellular guidance cues (16), it follows that the Rac1-
stathmin-MT pathway provides one possible mechanism for
growth cone steering via MT polarization.

The above mechanism has been explored in a computa-
tional model of a two-dimensional (2D) growth cone by
Mahajan and Athale (17). These authors consider a reac-
tion-diffusion model of receptor-driven activation (dephos-
phorylation) and inactivation (phosphorylation) of stathmin,
and modulate the MT dynamics by increasing the local catas-
trophe rate according to the local stathmin concentration.
(They also take into account forces arising from the retro-
grade pushing of MTs by actin.) One major conclusion of
their study is that the stathmin-based regulation of MT dy-
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namics is sufficient to generate growth-cone turning, without
the need for amplification from positive feedback in which
MT tips promote the inactivation of stathmin. Indeed, their
modeling study suggests that the feedback from MTs can
amplify noise and generate spurious polarization in the
absence of external cues. Recently, Zeitz and Kierfeld (18)
have analyzed a more biophysically detailed model of MT
regulation based on the signaling proteins Rac1 and stathmin.
In contrast to the 2D growth cone model of Mahajan and
Athale (17), they consider a one-dimensional (1D) model
consisting of an ensemble of parallel MTs growing within a
1D concentration gradient of stathmin. The latter is generated
by the Racl-based dephosphorylation of stathmin at one end
of the domain. Zeitz and Kierfeld (18) consider both catastro-
phe-promoting and tubulin-sequestering mechanisms of
stathmin regulation, and find that the latter exhibits a stronger
dependence on the level of active Racl. Moreover, the inclu-
sion of feedback between MT tips and activation of Racl has a
much more significant effect on the tubulin-sequestering
mechanism, resulting in bistability between a state of high
Racl activation and a state of low Racl activation.

In this article, we consider a different aspect of growth
cone steering via MT polarization, namely, how a nonuni-
form distribution of MT lengths generated by the Rac1-stath-
min-MT pathway can support membrane polarization in the
leading edge of the growth cone. Under the assumption that
all MTs are nucleated from the same source, a variation in
MT length translates into a variation in the distance of MT
plus-ends from the trailing edge of the growth cone. The
latter causes a corresponding nonuniformity in the active
transport of signaling proteins (or lipids) along the MT fila-
ment tracks, resulting in a nonuniform distribution of mem-
brane-associated molecules. The latter result is of course not
surprising—the point of our modeling study is to determine
whether the mechanism of MT regulation considered by pre-
vious authors is sufficient to generate a significant variation
in the concentration of membrane-bound molecules. To
compare the tubulin-sequestering and catastrophe-promot-
ing mechanisms of stathmin-based MT regulation, we adopt
the model of Zeitz and Kierfeld (18). A major result of our
modeling study is to establish that only the tubulin-seques-
tering mechanism appears to support a significant variation
in membrane-bound proteins, and this is sensitive to the pre-
cise form of the Rac1 distribution and parameters such as the
tubulin association rate. This is partly due to the fact that the
lateral diffusion of stathmin within the growth cone reduces
the spatial variation of MT lengths compared to the results of
the 1D model considered by Zeitz and Kierfeld (18).

Note that our model differs from previous studies of the
role of active transport in cell polarization, which consider
spatial inhomogeneities in the density of MTs in axons
(19,20) or actin filaments in budding yeast (21-24). That
is, all filaments are assumed to reach the membrane surface.
In the case of budding yeast, the actin filaments actually
nucleate from the membrane, and the density of filaments
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is regulated by the active, membrane-bound form of the Rho
GTPase Cdc42. Because Cdc4?2 is itself actively transported
by myosin motors along the actin network, there is a positive
feedback loop that can reinforce spatial asymmetries, result-
ing in spontaneous cell polarization (21). However, the
mechanism in growth cones appears to be different, because
MTs nucleate in the cell body, and it is asymmetries in the
degree of penetration of MTs into the peripheral zone that
contributes to cell polarization.

MATERIALS AND METHODS

In this section, we present the various components of the model. Note that
the novel component, to our knowledge, is the active transport model,
which we then couple to a 2D version of the stathmin-MT model of Zeitz
and Kierfeld (18). A list of parameters and their values used in our numer-
ical results is provided in Table 1, where we also give references to the sup-
porting literature. The parameter values for the stathmin-MT components
are basically as in Zeitz and Kierfeld (18).

Active transport model

Our model treats the growth cone as a rectangular 2D domain {(x,2); 0 <
x < L,0 < z < R} with the leading edge of the growth cone at z = R and
the MTs parallel to the z axis (Fig. 2) Based on experimental measurements

TABLE 1 Parameter values used for simulations
Description Parameter Value (Reference)
Time step At 0.01s
Spatial step Ax 0.1 um
Growth cone
Width L 10 um
Depth R 10 um
Cell edge region 0 0.02 um
Active-transport model
Diffusion coefficient D 0.1 umzls (19)
Diffusion D,, 0.01 um?/s (19)
coefficient(membrane)
Advection coefficient Vo 1 pm/s
Detachment rate k_ 0.1/s (19)
Attachment rate ki 1 um/s (19)
Microtubule
Tubulin concentration [To] 19.4 uM
Effective dimer length d 0.6 nm
Tubulin associate rate Won = KonlTo] 143/s (25)
Dissociation velocity Koed 3.6 nm/s (26)
Growth velocity (S, = 0) vy 0.06 um/s (25-28)
Shrinkage velocity v_ 0.18 pum/s (25,27,28)
Rescue rate W, 0.18/s (25,29,30)
Catastrophe rate (S,, = 0) W, 0.0007/s
Catastrophe rate a 20 s
(we = (a + bvy)) b 1.38 x 10" s%m (31)
Stathmin
Activation rate kon 1/s (15)
Deactivation rate kotr 300/s
Diffusion coefficient Dy 15 um?/s (15)
Sequestering equilibrium Ko 25/uM? (10,15,32-34)
constant
Catastrophe promotion k. 0.005 s ! ;LM’l (35)
constant
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FIGURE 2 A simplified 2D model of a growth cone with a nonuniform
distribution of MT lengths as specified by the interface z = ¢(x). The
boundary z = R represents the membrane at the leading edge of the growth
cone. When a protein is bound to a MT via a molecular motor, it moves at
speed vy toward the leading edge. For simplicity, we do not explicitly model
the vesicular nature of active motor transport. A cytosolic protein diffuses
when unbound from a MT with diffusivity D, and can bind/unbind to the
leading edge at a rate k.. Membrane-bound protein undergoes lateral diffu-
sion with diffusivity D,,.

of growth cones of cultured neurons, we take L = R = 10 um (36). We as-
sume that the MTs form a uniformly distributed bundle of filaments orthog-
onal to the leading edge. Let ¢(x) denote the mean distance of the plus-ends
of the local MT population at x from the leading edge—the corresponding
mean length is ¢(x). (The resulting interface z = ¢(x) need not be contin-
uous.) Suppose that a given configuration of MTs acts as a system of fila-
ment tracks for the active transport of some signaling protein that is
targeted for delivery to the leading edge of the growth cone. (In this article,
we leave the identity of the actively transported cytosolic molecules open,
but candidates are signaling proteins such as Cdc42 and Racl or membrane
lipids; see the Discussion.) Let c(x,zf) denote the concentration of the
signaling protein within the cytosol of the growth cone and u(x,t) denote
the concentration at the leading edge. The protein molecules in the cytosol
undergo alternating sequences of diffusion and active transport by molecu-
lar motors along microtubules while molecules at the membrane undergo
diffusion along the membrane. At the leading edge z = R, molecules can
attach and detach from the membrane with rates k, and k_, respectively.
The concentrations c(x,z,t) and u(x,f) evolve according to the advection-
diffusion equations (note that the use of advection-diffusion equations to
model active intracellular transport can be justified from first-principles un-
der certain assumptions regarding the rates of switching between different
motile states of a motor-cargo complex (37-40)):

de(x,z,t) dc(x, z, 1) 0%c(x,z,1)
o - VA D5
0%c(x,z,1)
JrDT, (1a)
du(x,t u(x, t
ME;; ) = Dm L;S; )+k+C(X7R,t)*k,M(X,f), (lb)
where
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if 0<z<g(x),

if p(x)<z<R. @

v(x,z) = {‘g”

Here the velocity v(x,z) has a jump discontinuity at the interface I' =
{(x,2), z = ¢(x)}. Equations la and 1b are supplemented by the reflecting
boundary conditions at x = 0, L and z = 0,

dc dc
5(0,272‘) = 5(1”271‘) = O,
du du )
JE— = — L =
dx (0.7) ax( 1) =0,
dc
DE()C,O, t) — voc(x,0,1) = 0, @
O<x<L,

and a flux conservation condition at z = R

de

-D
0z

(x,R,t) = kyc(x,R,t) — k_u(x,1), 5)

O<x<L.

At the interface I' = {(x,2), z = ¢(x)}, we impose continuity of c¢(x,z,f)
and the corresponding flux, which leads to the jump conditions

z=¢,(x)
c(x,z,t)‘ +() =0,
z=¢_(x
(6, 2)c(x,2,1) Dac(x,z,t)] 2=, (x) 0 ©
v(x,z)e(x,z,t) — =0,
0z z=¢_(x)

where ¢, = lim[¢*¢],e>0.

o

One simplification of the above model is that it ignores the vesicular na-
ture of active transport (see also Hawkins et al. (19), Bressloff and Xu (20),
and Marco et al. (22)). That is, we effectively model transport in terms of a
continuous flux of molecules. However, as highlighted by Layton et al. (23),
vesicular transport of signaling proteins makes cell polarization more diffi-
cult to sustain. To begin, it is clear that if the concentration of signaling mol-
ecules within a vesicle is the same as a local region of membrane, then
fusion of the vesicle releases both signaling molecules and additional lipid
membrane so the concentration does not change, in contrast to a continuous
flux of signaling molecules alone. This implies that exocytic vesicles need
to have higher concentrations of the signaling molecule than the polariza-
tion site to enhance the concentration. A dynamic equilibrium of recycling
can only be maintained if endocytic vesicles also have an enhanced concen-
tration of signaling molecules. There are various active mechanisms for
enhancing the concentration of proteins within vesicular membranes,
such as the interactions of soluble n-ethylmaleimide-sensitive factor attach-
ment protein receptors (41), and we will assume that this occurs in the
growth cone. (Although evidence for such processes within the context of
growth cone polarization is lacking as of this writing, it has recently been
observed that vesicles deliver Cdc42 to sites of polarized growth in yeast
(42).) Finally, note that this issue does not apply to the transport of plasma
membrane itself. Indeed, there is growing evidence that a shift in the bal-
ance between endocytosis and exocytosis for membrane trafficking contrib-
utes to growth cone steering, by increasing (decreasing) the local amount of
plasma membrane in the vicinity of a chemoattractant (chemorepellent)
(43). Such a process depends on an asymmetric elevation of cytosolic
Ca*" across the growth cone.
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Stathmin-regulated MT growth model

The main aim of our article is to calculate the steady-state concentration of
membrane-bound signaling proteins for an interface I" determined by a
stathmin-based model of MT polarization. We proceed by constructing a
2D version of the reaction-diffusion model of Zeitz and Kierfeld (18), in
which there is a fixed distribution of Rac1 in the leading edge of the growth
cone, and feedback interactions between Racl and MT tips that reach the
membrane are ignored. The basic assumptions of the stathmin-regulated
MT growth model are thus as follows (see Fig. 3):

1) The concentration of active Rac1 in the leading edge is given by the pre-
scribed function r,(x), 0 < X < L.

2) Stathmins in both the active (dephosphorylated) and inactive (phosphor-
ylated) states diffuse in the cytosol with the same diffusion coefficient D.
Activation of stathmin takes place in the cytosol with a constant rate &,
while deactivation only occurs at the leading edge under the regulation
of the active Racl at a rate k.

3) MTs stochastically switch between a growth state and a shrinkage state
at a catastrophe rate . and a rescue rate w,. MTs polymerize in the pos-
itive z direction at an average velocity v, in the growth state and depo-
lymerize at an average velocity —v_ in the shrinkage state with v, > 0.

4) The growth of MTs is regulated by the local stathmin concentration
either by directly increasing the catastrophe rate or by sequestering
tubulin (see below).

MT catastrophe model

Let p + (x,z,f) denote the density of MTs at lateral position x at time ¢ with
length z and in the growth (+) or shrinkage (—) phase. Here length is deter-
mined by the vertical distance z of an MT’s plus-end from the trailing edge
of the growth cone at z = 0. The densities p. evolve according to the
extended Dogterom-Leibler model (6),

ap. o ve(x,z, )pe(x, 2, 1)]
W (.Xf, Z, t) - 9z
—w.(x,z,)p(x,z, 1) + w,p_(x,2,1), (Ta)
ap_ ~dp_(x,z,0)
7()(, 7,1) = | T— + w.(x,z,t)ps(x,z,1)
—wrp,(X,z,l‘), (7b)

@ active stathmin & inactive stathmin
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FIGURE 3 2D stathmin-regulated MT growth model. Active Racl in the
leading edge (z = R) generates a gradient of phosphorylated stathmin. As z
decreases, the concentration of active (dephosphorylated) stathmin becomes
larger, thus increasing the likelihood that an MT undergoes catastrophe.
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where the space-time dependence of the catastrophe rate w,. and growth ve-
locity v, arises from their dependence on the stathmin concentration, see
below. We impose reflecting boundary conditions at x = 0, L,

= (x,2,1) =0, 8)

O0x x=0L
and at z = O,R,

vy (x,0)p4 (x,0,¢) —v_p_(x,0,1)
=v.(x,R)p.(x,R,t) —v_p_(x,R;t) = 0. (9

Stathmin model

Let Syn(x,z,1) and Sy¢(x,z,1) denote the concentration of active and inactive
stathmin, respectively, at position (x,z) at time #. The stathmin concentra-
tions are taken to satisfy the reaction-diffusion equations

a8,
6tff (X7Z7 t) = stzSoff(xa Z, t) - konsoff(x7 Z, [)7 (1021)
aSoff o Ds aSoff
6t (X,RJ‘) - _? aZ Z:R_konsott(xath)
+ ron(x)koffson(xyRyt)a (1Ob)
and
0Son 2
ot (X, Z, t) = D,V Son(xazyt) +konSoff(xazyt)7 (11a)
0Son Dy 3Son
W(XaRJ‘) = _F 02 }Z:R+k0nS0ff(X7R7t)
— Fon(X)kogeSon (x, R, 7). (11b)

(Note that models for a spatially separated kinase/phosphatase cycle similar to
the stathmin model have been developed by a number of authors; see, for
example, Brown and Kholodenko (44) and Lipkow and Odde (45).) Following
Zeitz and Kierfeld (18), we are assuming that there exists a boundary layer of
width ¢ at the leading edge z = R, within which stathmin molecules deactivate
(phosphorylate) at a rate r,,(x)kog and activate (dephosphorylate) at a rate k.
Outside this boundary layer, only dephosphorylation occurs. Egs. 10 and 11
are supplemented by the following boundary conditions atx =0, L and z = 0:

aSoff,nn _
d0x lx=oL ’ (12)
aSoff,on ‘ -0
dz =0 '

The stathmin model is coupled to the MT growth model by taking the ca-
tastrophe rate, and possibly, the growth velocity, to depend on the local con-
centration of active stathmin. We consider two forms of coupling (18):

1) One suggested pathway for stathmin to suppress MT growth is by direct
interaction with an MT filament, resulting in an increase in the catastro-
phe rate. Experimental data suggests a linear increase of the catastrophe
rate with the concentration of active stathmin, so we take

we(x,2,1) = @) + kSon(x, 2,1), (13)

with k, = 0.005s™' uM ' and 0 % =7 x 107*s7! (35).
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2) Another possible pathway is via sequestering of tubulin. It turns out that
a single active stathmin protein sequesters two tubulin proteins (35),

2T 4+ S=S8T,.

If this is combined with the kinetics of activation/deactivation of stath-
min, then at chemical equilibrium, the normalized concentration of free
tubulin # = [T])/[Ty], where [Ty] is the total tubulin concentration, can be
expressed as a nonlinear function of the normalized active stathmin concen-
tration s, = Son/[To] (18),

1 — 280,)° —
1 — 2500 + —k( SO") 3

1 + afs)
3 ka(son) Hon) 15

1(son) =

with k = Ko[T,]% where K, is the equilibrium constant for the stathmin
activation reaction,

1/3

ats) = |(1=29° + (149805

and

B(s) = 3\/% [14+K2(1 —25)° + k(2 + 10s — 82)].

Because the MT growth velocity v, depends on the local tubulin concen-
tration, it follows that a spatial variation in active stathmin concentration
leads to a spatial variation in the growth velocity. That is, [T](x,z) = [To]
1(Son(x,2)) and

vi(x,z) = (Kon[T](x,2) — Kot )d, (14)

where d = 0.6 nm is the effective tubulin dimer size and Ky, Ko are bind-
ing and unbinding rates, respectively. Following Zeitz and Kierfeld (18), we
take won = Kon[To] = 143 s, kogd = 3.6 nm s~'. Note that the growth
velocity is effectively a function of the stathmin concentration under the
assumption that the tubulin-stathmin reactions are fast relative to other rele-
vant processes. Experimentally one finds that the average time spent in the
growing state, (7, ) = 1/w,, is a linear function of the growth velocity so that
the catastrophe rate also becomes space-dependent,

1

we(x,z) = m7

s5)

for constant coefficients ¢ = 20 s and b = 1.38 x 10'° s> m~! (31).

Coupling between active transport and MT growth
models

The last component of our model is specifying how we couple the stathmin-
regulated MT growth model with the active transport model. Suppose that
the MT length distributions p . have reached a steady state before the active
transport of membrane-bound signaling molecules. We will assume that the
total number N of MTs is fixed and that they are uniformly distributed in the
interval x € [0,L]. Setting p(x,z) = p. (x,2) + p_ (x,2), we have

R
N
| pteaz = 3, (16)

and the average MT length at x is

Biophysical Journal 109(10) 2203-2214
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R
Z(x) = —/ zp(x, z)dz. 17
0

We then make the identification ¢(x) =Z(x) forall 0 < x < L.
Finally, there are a few assumptions of the Zeitz-Kierfeld model (18) that
need to be highlighted with regard to its incorporation into our active trans-

port model. These authors consider a 1D model consisting of an ensemble of

parallel MTs aligned along the z axis, and determine the distribution of MT
lengths in response to a Racl-induced stathmin concentration gradient S(z).
In our continuum 2D model, we are assuming that at each point x there is an
ensemble of MTs along the lines of Zeitz and Kierfeld (18), which sample the
local concentration gradient S(x,z) for the given x. We consider a continuum
model, because we can then use analytical and numerical methods from the
theory of partial differential equations. However, the validity of a continuum
model is based on the assumption that the number of MTs is sufficiently
large. In the case of relatively few MTs one would need to consider a stochas-
tic model, in which one keeps track of the growth and shrinkage of individual
MTs (see also Mahajan and Athale (17)). One would also have to consider a
stochastic version of the active transport model. Another assumption of the
Zeitz-Kierfeld model is that the tubulin concentration is either uniform or
is regulated by the stathmin concentration via fast tubulin-sequestering.
Thus it ignores possible changes in the tubulin concentration due to the
polymerization/depolymerization of the MTs; the latter would introduce
an effective interaction between the MTs (6). For simplicity, we assume
that tubulin-sequestering is the dominant process. A third major assumption
is that both the stathmin concentration and MT length distribution have suf-
ficient time to reach steady state before significant turning of the growth cone
and consequent changes in the Rac1 distribution along the leading edge. This
is reasonable given the fast diffusivity of stathmin (15) and the experimental
observation that MT dynamical instabilities are at least an order-of-magni-
tude faster than translocation speeds of a growth cone (46).

RESULTS

We use a combination of steady-state analysis, perturbation
methods (see the Supporting Material), and numerical sim-
ulations of the model outlined in Materials and Methods to
investigate whether the stathmin-based regulation of MT
growth provides a plausible mechanism for establishing a
nonuniform concentration of membrane-bound signaling
proteins via active transport along the MTs. See the Sup-
porting Material for details of our numerical schemes. Re-
sults are based on parameter values listed in Table I
unless specified otherwise.

Active transport along a polarized MT network
generates a polarized concentration of membrane
signaling molecules

Suppose that the MTs have the same length £ so that ¢(x) =
& > 0. The corresponding velocity function is then v(x,z) =
voH(§ — z), where H is the Heaviside function. The steady-
state solutions c(x,z) and u(x) satisfy Eqgs. 1la and 1b with
all time derivatives set to zero, and the jump conditions
reduce to

c(x, & _),

ac (18)

(x,8%) =
% %8,

D—(x, Ef)

3 — voc(x, 57)
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where £ =lim[£ +¢],e>0. After imposing the various
e—0

boundary conditions, we obtain the x-independent solutions

coe? ® D if0<z<E,
e(z) = e (19)
coe® B9 iff<z<R
and
k k .
u = ic(R) = coie R, (20)

The coefficient ¢y is determined by the conservation

equation
L R L
/ u(x)dx+/ / c(x,z)dxdz = M, (21)
0 o Jo

where M is the total number of proteins. Hence,
M/L
R=/D(k, [k +R—E+D/vy) —

Co = .
’ (D/vo)e BF

Let us now consider steady-state solutions of the active
transport model given by Eqgs. 1a and 1b with a nonuniform
distribution of MT lengths as specified by an interface func-
tion of the form

¢(x) = zo[1 4 acos(mx/L)]. (22)

When o is small, we can use regular perturbation theory
to obtain an approximate solution of the steady-state mem-
brane concentration (see the Supporting Material),

k+C0 Y.,

ube) =5

where zz = R — 2o,

D% + guy cos(mx/L) + O(c),  (23)

D 2R

(1 + C )k+c()e_‘0.

= k,—i—D,,ﬂrZ/L2
and
4, = Yo% !
D 1+ VA /peVt+Ci(1 = Vi /p)e Vi
k+DmA1
DA — ——
C \/_1 k_ +Dmkl
! k.Dyh
D\/—+ * D‘A
1
Here

2
w3,

L
—vo + /v + 4D271'2/L2

2D

P =
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In Fig. 4, we compare the approximate perturbative solu-
tion with a numerical solution of the full equations for ¢ =
0.1, 0.05. It can be seen that there is good agreement, but the
amplitude of the inhomogeneity is small. However, the same
type of behavior is obtained as the amplitude ¢ of the inho-
mogeneity is increased. This is illustrated in Fig. 5.

A nonuniform distribution of active Rac1
generates a nonuniform distribution of MT
lengths

Next we turn to steady-state solutions of the 2D MT/stath-
min model given by Eqgs. 7, 10, and 11. We first consider
the case of a uniform Racl distribution, r,,(x) = ry, for
which we can directly apply the steady-state analysis of
Zeitz and Kierfeld (18). Setting w, = w.(z) and v, =
v, (z), adding Eqgs. 7a and 7b, and setting time-derivatives
to zero yields the x-independent steady-state equation 0z
[vi(@p, (@) — v_p_(2)] = 0. This implies that

v @pi () = vop ()=,

The boundary condition at z = 0, R requires that J = 0. It
follows that

p0) = 5 0. 4)

Substituting Eq. 24 into Eq. 7a gives

e [t one o

Hence

@ (2) = v O Oexp| [ 3G |

where
(O welZ
Az) = —~— (2), (25)
vo vi(2)
a 75 b
% L\\ == Numerical solution 87,6 == Numerical solution
G 74 N\ Asymptotic solution 3 Asymptotic solution
c N S N
8 N 574 \
o 7.3 N © W
c A [0} W
g N % 7.2 N
272 W, 5 W,
5 6=0.05 ! §7 0.1 N
=(. -y c=0.
E 74l = E | vyi
0 2 4 6 8 10 0 2 4 6 8 10
location x location x

FIGURE 4 Numerical solutions of Egs. 1a and 1b versus perturbative so-
lutions for (a) ¢ = 0.05 and (b) ¢ = 0.1. Other model parameters are as fol-
lows: R=10 um, L = 10 um, D = 0.1 ;Lmz s’l, D,, = 0.01 umz s’l, k_ =
0.1s7h, ky =1um s vo=1ums™ ", and zy = R/2.
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FIGURE 5 Numerical solutions of Egs. 1a and 1b. (a) Interface function
¢(x) = 5(1 + o cos(mx/L)) for various a. (b) Corresponding steady-state
membrane concentration u(x). (¢ and d) Surface plots of cytosolic concen-
tration c(x,z) for ¢ = 0.0 and ¢ = 0.1, respectively. Other parameters as in
Fig. 4.

It follows that the total density of MTs with length z is

par=pr-e = (147 9)p.00)

= N(l +%(_Z))exp /OZA(Z')dz'

The normalization factor N is determined by Eq. 16,
which gives

(26)

-1

Nz%\] /Ok(l—kvr(z))exp /OZA(Z’)dZ’ dz

@7

It remains for us to determine the z dependence of the
functions v, (z) and w.(z) by finding the steady-state solution
of the expressions in Eqs.10a and 10b for stathmin. In the
case of a uniform Rac1 concentration, there exists an x inde-
pendent steady-state solution for S of the form

Soff(Z) = j&()COSh(V()Z)7
eon (28)
Vo = D—Y

The coefficient Ay depends on the steady-state boundary
condition at the leading edge (z = R), where deactivation of
stathmin takes place:

Dy 3Sos
0 0z

R - offronSon(R) - konSoff(R)~ (29)

z=
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Let S(z) = Son(2) + Sof(z) be the total stathmin concentra-
tion at z. Because S(z) evolves according to the 1D steady-
state diffusion equation with reflecting boundaries, it
follows that S(z) = S, = constant. Hence

Son(z) = Siot — Soir(2) = Siot — Ao cosh(vpz). (30)

Substituting Eq. 30 into the boundary condition Eq. 29
gives

StotkofiTo

(Ds/é)l/o Sinh(VoR) + (r()koff + k(,n)COSh(I/()R)

Ay = . 3D

Finally, one can determine the average MT length by
substituting for S, into either model of stathmin-MT
coupling: Eq. 13 (direct interactions) or Eqgs. 14 and 15 (in-
direct interactions via tubulin-sequestering). For example,
in the former case, we have

w.(z) = w? + ke[Sior — Aocosh(vpz)]. (32)

Substituting Eq. 32 into the steady-state density of MT

lengths, Eq. 26, and using Eq. 25, gives

p(z) = N(l +:—+)exp [vz—kﬁ ﬂsinh(voz) , (33)
0

vy v

where
. 0+ k.S
y = & w, + KeStor (34)
V_ Vi
and
-1
N| [F k. A
N<1+V+> = — / exp|:'yz+osinh(l/02) dz
V_ L 0 Vi Vo

We conclude that for a uniform distribution of active
Racl within the membrane, the profile of MT lengths in
Fig. 3 is ¢(x) =z with

L [k
zZ = N/o zp(z)dz.

In Fig. 6 we plot the mean MT length distributionz = £ as
a function of Sy, for both forms of MT-stathmin interac-
tions, recovering previous results in Zeitz and Kierfeld
(18). Note that we use very similar parameter values to those
of Zeitz and Kierfeld (18) (see Table 1). Fig. 6 suggests that
in the full 2D model, a spatial variation in active Racl con-
centration, 7(x), will result in a spatial variation in the mean
length Z=Z(x) and, hence a spatially varying interface
function ¢(x) = Z(x) for the active transport model.
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FIGURE 6 Steady-state solutions for the average MT length Z as a func-
tion of the normalized stathmin concentration s = S,/[To], where [T}] is the
total tubulin concentration, and the active Racl concentration for fixed s.
(a and c¢) Tubulin-sequestering stathmin. (b and d) Catastrophe-promoting
stathmin. For sufficiently large s, the model acts like a switch, jumping
from a small Z in the absence of active Racl (rq = 0) to a large Z for consti-
tutively active Racl (ro = 1). In our 2D model, we expect a spatial variation
in active Racl concentration, r(x) to result in a spatial variation in the mean
length Z=7z(x) and, hence, a spatially varying interface function
¢(x) = z(x). Parameters values are taken from Zeitz and Kierfeld (18),
where one can find a table listing the various parameters and references
to the supporting experimental literature: v, = 0.06 um s ', v_ =
0.18 ums !, w, = 0.18 s, k. = 0.005 s~ ! uM s~ !, D, = 15 um? s,
kon=15"", kot = 300 s™", and 6 = 0.02 um.

Now suppose we have a nonuniform Racl concentration
given by
Fon(x) = ro+ ry cos(mx/L).

When r is small, we can again use perturbation theory to
obtain an approximate solution of the steady-state stathmin
concentration in the cytosol (see the Supporting Material),

Son(%,2) = Sior — Ao cosh(vpz) — €Ay cos(u,x)cosh(v;z),

with Ao given by Eq. 31, 1, = \/kn/D; + (n/L)’, and

[Stot - Soff (0>] koff

A = .
' (D,/6)v; sinh(rR) + [kon =+ rokot] cosh(vR)

For catastrophe-promoting stathmin, the numerical solu-
tion of the mean length of MTs agrees well with the asymp-
totic expansion solution we have derived in the Supporting
Material (and see Fig. 7). Because of the strongly nonlinear
dependence of the MT growth velocity on the active stath-
min, it is difficult to find an asymptotic expansion solution
of the mean MT length for tubulin-sequestering stathmin.

The numerical solutions of the mean MT length for both
tubulin-sequestering stathmin and catastrophe-promoting
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FIGURE 7 Numerical and asymptotic solution of average MT length
with catastrophe-promoting stathmin. (a) Concentration of active Racl
Fon(x) = 1 + rq cos(mx/L) for r; = 0, 0.2. (b) Corresponding steady-state
distribution of average MT lengths as a function of membrane coordinate
x using numerical simulation (solid lines) and perturbation theory
(markers). The normalized stathmin concentration is s = Sy /[To] = 0.71.
Other parameters are as in Fig. 6.

stathmin are plotted in Fig. 8 for a wider range of r; values.
In the case of the sinusoidal Rac1 distribution ry,(x) = rg +
ry cos(mx/L), the corresponding MT length distribution ex-
hibits only a weak spatial variation even for large-amplitude
Racl inhomogeneities. This holds for both tubulin-seques-
tering stathmin and catastrophe-promoting stathmin, and is
mainly due to the lateral diffusion of the stathmin in the
2D growth cone. A more significant spatial variation in
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FIGURE 8 Average MT lengths for sinusoidal and piecewise Racl con-
centration profiles. (a) Plot of Racl distribution r,,(x) = 0.5 + ry cos(mx/L)
for different values of r;. (b and c¢) Corresponding MT length distributions
for tubulin-sequestering and catastrophe-promoting stathmin, respectively.
(d). Plot of piecewise Racl distribution. (e and f) Corresponding MT length
distributions for tubulin-sequestering and catastrophe-promoting stathmin,
respectively. The normalized stathmin concentration s = Sy, /[ To] = 0.46 for
tubulin-sequestering stathmin and s = 0.71 for catastrophe-promoting stath-
min. Other parameters are as in Fig. 5.
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MT lengths is obtained using a piecewise Racl distribution,
ron(x) = H(3 — x), where H is the Heaviside function. More-
over, the mean MT length changes more dramatically when
it is regulated by the tubulin-sequestering mechanism rather
than the catastrophe-promoting mechanism. This is consis-
tent with the results of the 1D model in Zeitz and Kierfeld
(18); see also Fig. 6. However, due to the diffusion of stath-
min in the 2D growth cone, the regulation of MT length by
Racl is weakened compared to the 1D model. As the active
Racl concentration r,, decreases from 1 to 0, the mean MT
length decreases with an upper bound smaller than the MT
mean length with r,, = 1 and a lower bound larger than the
MT mean length with r,, = 0.

A nonuniform distribution of active Rac1
generates a polarized concentration of membrane
signaling molecules

Recall that the main goal of our modeling study is to inves-
tigate to what extent stathmin-regulated MT polarization
provides a possible substrate for membrane polarization
via the active transport of signaling molecules along the
polarized MT network. This can now be investigated by
coupling the Rac1-stathmin model of MT length regulation
given by Egs. 7, 10, and 11 with the active transport model
of Eqgs. la and b, and 2-6. This is achieved by setting the
interface function ¢(z) = z(x) with Z(x) defined according
to Eq. 17. For the sake of illustration, we consider the
piecewise Racl distribution. The numerical solution of
the resulting steady-state mean MT length distribution is
shown in Fig. 9 a and the corresponding membrane con-
centration u(x) is shown in Fig. 9 b for tubulin-sequestering
stathmin (solid curves) and catastrophe-promoting stathmin
(shaded curves). In both cases, there exists a stable inho-
mogeneous distribution of the membrane concentration
u(x). However, tubulin-sequestering stathmin generates a
significantly larger spatial variation in the membrane con-
centration u(x).

D

Average MT length
NN WA 0o N

N

2 4 6 8 10 0 2 4 6 8 10
X X

o

FIGURE 9 Numerical plots of (a) mean MT length and (b) steady-state
membrane concentration u(x) for piecewise active Racl distribution. (Solid
curves) Membrane polarization for MTs regulated by tubulin-sequestering
stathmin. The normalized stathmin concentration is s = Si/[To] = 0.46.
(Shaded curves) Membrane polarization for MTs regulated by catastro-
phe-promoting stathmin. The normalized stathmin concentration is s =
Sio/[To] = 0.71. Other parameters are as in Figs. 5 and 6.
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In Fig. 10, we show plots of u(x) with different parameters
for tubulin-sequestering stathmin and catastrophe-promot-
ing stathmin, respectively. For tubulin-sequestering stath-
min, increasing the shrinkage velocity v_ or reducing the
rescue rate w, reduces the membrane concentration as
well as its spatial variation. We explore how the membrane
concentration changes with respect to the growth velocity
v, by changing the tubulin association rate w., = Kon[7ol;
see Eq. 14. As the tubulin association rate increases, the
growth velocity of MTs increases and thus the average
MT length also increases, resulting in an increase in mem-
brane concentration. For the catastrophe-promoting stath-
min, the membrane concentration is sensitive to the choice
of shrinkage velocity, rescue rate w,, and catastrophe-pro-
moting constant k.. It is less sensitive to the catastrophe
rate wco = Son = 0. Unlike the tubulin-sequestering stathmin
mechanism, the degree of spatial variation of u(x) is rela-
tively insensitive to the choice of parameters.

DISCUSSION

In this article, we studied an advection-diffusion model for
the active transport of cytosolic signaling proteins along a
2D MT network in a growth cone. The model was coupled
to a modified Dogterom-Leibler model of MT growth, with
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FIGURE 10 Parameter dependence of steady-state membrane concentra-
tion u(x). (a—c) Tubulin-sequestering stathmin: (a) shrinkage velocity v_,
(b) rescue rate w,, and (c¢) tubulin association rate w,, = Kon[To]. (d—f)
Catastrophe-promoting stathmin: (d) shrinkage velocity v_, (e) rescue
rate w,, and (f) catastrophe promotion constant k.. The Racl distribution
is ron = H(3 — x). Other parameters are as in Fig. 5.
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the growth rate and catastrophe rate regulated by stathmin
and Racl as proposed in Zeitz and Kierfeld (18). The active
Racl located in the membrane inhibits active stathmin near
the membrane, while stathmin in the active state inhibits
the growth of MTs via two possible pathways, tubulin-
sequestering and catastrophe-promoting. Our model differs
from previous studies of the role of active transport in cell
polarization, which consider spatial inhomogeneities in the
density of MTs in axons (19,20) or actin filaments in
budding yeast (21-24). The mechanism in growth cones ap-
pears to be different, because MTs nucleate in the cell
body, and it is asymmetries in the degree of penetration
of MTs into the peripheral zone that contribute to cell
polarization.

We first showed that a nonuniform MT network results
in a spatially varying concentration of signaling molecules
on the membrane. We then explored the MT length distri-
bution under the regulation of stathmin for different
choices of the Racl distribution on the membrane. For a
nonuniform Racl distribution, we showed that the MTs
grow toward the location with a higher Racl concentration
for both tubulin-sequestering and catastrophe-promoting
stathmin, thus resulting in a polarized distribution of mem-
brane proteins. The spatial variation of the distribution of
membrane-bound proteins in the leading edge of the
growth cone (degree of membrane polarization) depends
on the precise form of the Rac1 distribution and parameters
such as the catastrophe-promoting constant and the tubulin
association rate. For a piecewise constant Racl distribu-
tion, tubulin-sequestering stathmin generates more signifi-
cant membrane polarization than catastrophe-promoting
stathmin. However, due to the lateral diffusion of the stath-
min in the 2D domain, the spatial variation is smaller than
would be expected from the MT length distributions of the
1D model considered by Zeitz and Kierfeld (18). Which of
the two stathmin-based regulatory mechanism dominates
appears to depend on the pH level, suggesting that perhaps
there is some form of pH regulation of stathmin in the
growth cone.

One possible extension of our work would be to consider
the closed feedback loop of Racl-Stathmin-MT as proposed
in Zeitz and Kierfeld (18), whereby MTs that reach the
membrane surface activate Racl—in particular, to deter-
mine whether or not such a feedback mechanism can
enhance the inhomogeneity of MT growth, and thus the de-
gree of membrane polarization by counteracting the effects
of the lateral diffusion of stathmin. Preliminary simulations
(not shown) suggest that this form of feedback does not
significantly amplify cell polarization. Another possibility
is that the actively transported membrane protein itself pro-
vides a source of positive feedback along analogous lines to
Cdc42 in budding yeast (21,22). Indeed, Cdc42 could be a
candidate signaling molecule.

As highlighted at the end of Methods and Materials, we
have assumed that the number of MTs is sufficiently large
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so that one can use a deterministic continuum model. In
future work we will explore to what extent our results persist
when the number of MTs is small. We will then have to
consider a stochastic model that keeps track of the growth
and shrinkage of individual MTs, as well as the resulting
stochastic transport of signaling proteins along the MTs.
One possible effect of the noise is that it could counteract
the smoothing effects of lateral diffusion, thus allowing
more significant membrane polarization.

It would also be interesting to explore how the role of
Racl in microtubule growth relates to another well-known
signaling pathway for growth-cone steering, namely Ca®"
(47-49). It is known that extracellular guidance cues cause
an asymmetric elevation of Ca>" across the growth cone,
which then mediates an imbalance in exocytosis-endocy-
tosis. This in turn redirects lipids, adhesion molecules, and
cytoskeletal elements asymmetrically across the growth
cone resulting in growth-cone steering. In the case of an
attractive (repulsive) cue, Ca®" enhances exocytosis (endo-
cytosis) at the leading edge of the growth cone, resulting in
turning the growth cone toward (away from) the extracel-
lular signal. The downstream effects of Ca?" appear to
depend on the amplitude of the Ca*" signal. There is also
experimental evidence that Racl modulates the stimulus-
evoked release of Ca*" in growth cones. This occurs via
two parallel mechanisms (50): 1) enhancing MT assembly
along the lines outlined in our article, which subsequently
promotes the spread of the endoplasmic reticulum-based
Ca’" release machinery into the growth cone; and 2)
increasing so-called reactive oxygen species production,
which facilitates inositol 1,4,5-triphosphate (IP5)-dependent
Ca®" release.

Finally, our coupling of protein concentration gradients
and MT polarization with active transport could have appli-
cations to other related problems in cell biology. In partic-
ular, within the context of cell mitosis, spindle MTs are
regulated by a concentration gradient of Ran GTPase
emanating from the chromosomes (51). This is hypothe-
sized to provide a mechanism for accelerating the search-
and-capture of chromosomes by kinetochores.

SUPPORTING MATERIAL

Supporting Materials and Methods and one figure are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(15)00965-0.
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