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The origin of neuronal polarization: a model of axon

formation
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SUMMARY

During development, most neurons become polarized when one neurite, generally the longest, becomes
the axon and the other neurites become dendrites. The physical mechanism responsible for such length-
related differentiation has not been established. Here, we present a model of neuronal polarization based
upon the existence of a ‘determinant chemical’ whose concentration at the neurite tips influences the
growth rate of the neurite. Over an extended parameter range, the equations describing the formation,
transport, and consumption of this chemical and the resulting neurite growth undergo a winner-take-all
instability, yielding rapid growth of one neurite (the axon) and diminished growth of all others. The
behaviour of this model agrees well with the results of axotomy experiments and experiments in which
growth-modulating substances are applied to individual growth cones. Possible candidates for the
determinant chemical are discussed, and further experiments are proposed to test the model.

1. INTRODUCTION

Neural cells grown in culture commonly show a
simple and repeatable growth pattern leading to the
development of two different types of extensions: axons
and dendrites. Initially, the cell projects many broad,
short lamellepodia. This has been referred to by Dotti
etal. (1988) as stage 1 of outgrowth. These lamellepodia
subsequently condense into a number of small neurites,
of approximately equal lengths, which undergo a
period of growth and contraction (stage 2). Eventually
one of the neurites rapidly increases its growth rate and
acquires axonal characteristics (stage 3) while the
growth rates of the other neurites are profoundly
reduced. The onset of rapid growth in the presumptive
axon is the first known sign of neuronal polarization,
and is followed by the segregation of certain cell
constituents to the axonal or somatodendritic compart-
ments (Craig & Banker 1994). After several more days
of development, the remaining neurites begin to grow
again, and acquire dendritic characteristics (stage 4).

Axotomy experiments have shown that all neurites
have the potential to develop into the axon (Dotti &
Banker 1987; Goslin & Banker 1989). When the axon
is cut during developmental stage 3, the axotomized
neuron regenerates an axon, sometimes from the stump
of the original axon but more often from one of the
remaining minor neurites. The origin of the new axon
is seemingly determined primarily by the length of the
neurites, with the longest most often becoming the
axon (Goslin & Banker 1989). Apparently, identical
growth processes occur in every neurite, and an
instability occurs which accelerates the growth rate of
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a single neurite, favouring the longest and inhibiting
growth of all the others. How this occurs is not known.
Our aim in this study has been to identify and model
the mechanisms that may lead to this growth in-
stability, and thus to neuronal polarization.

2. THE MODEL

We consider the formation, motion and consumption
of a single chemical that determines the rate of growth
of the neurites. Of course many substances such as
cytoskeletal proteins, membrane proteins, cytoplasmic
enzymes and second messengers are required for
neurite growth (Matus 1988; Skene 1989; Craig &
Banker 1994; Schoenfeld & Obar 1994), so the
determinant chemical in this model should be inter-
preted as the rate-limiting substance among all of those
necessary for early neurite growth. The identity of this
determinant chemical is not known; we shall return to
this problem later.

Following the suggestion of Goslin & Banker (1989),
we hypothesize that the determinant chemical is
produced in the neuronal soma and transported to the
tips of the growing neurites, where it is consumed in the
growth process. Depending on the identity of the
determinant chemical, this consumption may be
viewed as the polymerization of cytoskeletal monomers,
the addition of microtubule-associated proteins (MaPps)
to microtubules, the consumption of energy or metabo-
lites in cytoskeleton assembly, or the addition of new
membrane. These processes are believed to occur
primarily at the distal ends of growing neurites
(Letourneau & Ressler 1984; Bramburg ef al. 1986;
Gordon-Weeks 1991 ; Mansfield ¢t al. 1991; Craig et al.
1995).
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Figure 1. A schematic diagram of the simulation for a neuron
with four neurites. The simulation variables are the de-
terminant chemical concentrations in the soma (C;) and in
the tips of each neurite (C,—C,) and the lengths of each
neurite (L,—1,).

The variables we examine are the concentration C,
of the determinant chemical within the soma, the
concentrations C; to Cy at the N neurite tips, and the
neurite lengths L; to L. Figure 1 shows a schematic
of these variables and their relation to the neuron
morphology. The development of the concentration
in the soma is given by

N
dCo/dt = [S= X T,1/Vipmas (1)

i=1
where § is the rate of production of the determinant
chemical by the cell, the ¢ subscript labels each of the
N neurites, T, is the net transfer rate of the chemical
from the soma to the neurite tip, and V,,,, is the
volume of the soma. For these simulations we will
consider the production rate § to be constant. In
reality, the value of this parameter is likely to change
with time as the cell enters different stages of
development, and it may also be dependent on C, so
that the production decreases when the soma con-
centration becomes too high.

The net transfer of the determinant chemical will
result from two processes, diffusion and anterograde
transport (more precisely, the net result of combined
retrograde and anterograde transport). These two
processes will tend to counteract each other, because
anterograde transport acts to concentrate material at
the neurite tip whereas diffusion acts to equilibrate
concentrations at the tip and soma. If a unique axon is
to form, the net transfer rate must increase for the axon
—in order to supply adequate determinant chemical -
at the expense of the other neurites. Diffusion becomes
less effective with increased neurite length, but the
requisite instability only emerges if anterograde trans-
port increases with either the length or growth rate of
the neurite (see below). It is difficult to imagine how
neurite length per se could affect the transfer rate, but
an effect due to the growth rate is plausible. The
transfer rate is a product of two factors: the speed of
transport along the neurite and the rate at which
substances enter the transport process from the soma.
Then if, for example, neurite outgrowth results from
traction exerted by the growing tip (Lamoureux et al.
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1989), an increased growth rate would pull more
cytosol — and thus more of the determinant chemical —
into the neurite’s proximal end, with access to the
transport mechanism. With such a picture in mind, we
model the anterograde transport as proportional to the
growth rate of the neurite. The net transfer rate from
the soma to the neurite tip is then

T, = DA(Cy—C))/ L+ F(AL,/d0)Cy + I.C,, (2)

where D is the diffusion constant of the determinant
chemical, 4 is the cross-sectional area of the neurite, I
is a growth-dependent transport parameter and /; is a
transport parameter independent of growth (because
transport may also occur in the absence of growth, for
example in the mature cell; in the simulations
described below, this term is always set to 0).
Because all neurites have the potential to form the
axon (Dotti & Banker 1987), we model all the neurites
identically. The development of the chemical concen-
trations C; and the neurite lengths L, are given by

dC,/di = [T;=G(dL,/d0)]/ Vs, (3)

dL,/dt = aC,, (4)
where G and « are growth parameters and V,, is the
volume of the neurite tip where the growth processes
occur. The term G(dL,/d¢) represents the consumption
of the determinant chemical by the growth process at
a rate proportional to the growth rate. For simplicity,
the growth rate of the neurite is assumed to be
proportional to the local concentration of the de-
terminate chemical C;,. More complex models for this
growth rate could be used, as long as the growth rate
rises with increasing concentration over some con-
centration range. It should be noted that equation (4)
limits this model to positive velocities. Thus, the
oscillations between growth and retraction that are
observed in real neurites will not be seen in this model.

To reduce the number of parameters in equations
(1-4) we convert them to a non-dimensional form. To
do this we must choose scales for the concentration,
time, and length. We choose the scales

Cscale = S/OLG> (5 a)
tscule = Vsama/aGa (517)
Lscale = Vsoma S/an‘ <5C>

An extreme solution of equations (1-4) is when the
entire source is consumed by a single neurite, a
situation that closely resembles our expectations for the
growth of a single axon. In that case we have § = GaC,
(production equals consumption by neurite i) which
we may write as C; = §/aG. With this as the choice for
Cieare We can expect the non-dimensionalized concen-
tration in any axon to be near 1. The time scale was
chosen so that the non-dimensionalized source term of
equation (1) would be unity. The length scale was
chosen to simplify the rate of growth in equation (4).
The equations in non-dimensional form are

dC,/di = -3 (X:(Co—C)/Li+ xo(dZ,/AD)Cy]  (6a)

dCNi/df = X3[X1<C~0 —-C)/L, +Xz<dL~i/dZ)C~0 —(dL,/dD)]
(64)
drL,/di = C, (6¢)
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where a tilde marks a non-dimensionalized quantity the concentrations in the soma (dashed line) and all
and we define the parameters the neurites (solid lines) rise together. At this stage the
v, = DAG/SV.,,,, (7a) neurites are very short and diffusion is suiﬁci}ent to .kef:*p

. the concentrations equal. As the concentrations within
Xo = LS/al (74) the neurites increase, the soma concentration begins to
Xs = Vioma! Veip- (7¢)  fall owing to the increase in the transfer term (equation
(2)) from soma to neurites. During this stage the
concentrations within the neurites diverge, as one by
one the neurite concentrations begin to fall. Eventually,
only a single neurite is left with a high concentration.
The concentration of this neurite then increases very
rapidly and levels out at a value slightly less than one,
while the concentrations of the other neurites decrease
and level out at a very low value. This progression is
stereotypical of axon development in these simulations
and corresponds to neuronal developmental stages 2

The nine parameters of equations (1-4) are now
reduced to four (¥, Xa> X3, &V). The parameters y, and
N are simple geometric parameters. All of the
important biological parameters have been subsumed
into y; and y,. The values of y; and y, for a real neuron
cannot be determined until the identity of the
determinant chemical is known. Nevertheless, we have
observed that much of the behaviour of the solutions to
equations (6) is not strongly dependent on the exact

values of y; and y, as long as the parameters are not ¢ .
near their critical values for axon development. and 3 as defined by Dotti et al. (1988). It is helpful to

Equations (6) are solved by a Runge-Kutta— convert the non-dimensional times and lengths of
Fehlberg method (Cheney & Kincaid 198(5). Typical figure 2a into real units to check the plausibility of the
initial conditions are that the initial concentrations are ~ results. With typical values for the time of axon
set to zero and the initial neurite lengths are set to small formauog (20h) and average axon growth rate
random values (£, (i=0) < 107%), where ‘small’ is (5 gm h™) taken from Dotti ef al. (1988), the resulting

defined relative to the typical length attained by the ~ length scale for figure 24 is 100 gm. This is only an
neurites that do not form the axon. approximate value, but it is in reasonable agreement

with observations.

The simulation presented in figure 2 began with all
concentrations equal to zero and a range of random

Within a certain parameter range, the numerical neurite lengths (L, = 0.0070, L,=0.0035, L,=
solutions of equations (6) show an instability leading to ~ 0.0019, and L, =0.0085). The length ranking of the
the formation of N— 1 very slowly growing neuritesand ~ neurites was preserved during development, with the
a single quickly growing neurite which we identify as ~ longest (neurite 4) becoming the axon. Note that
the axon. Figure 2 shows the development of the  neurite 1 had an initial length only slightly less than
determinant chemical concentrations and neurite neurite 4, and it was also the neurite in figure 2 ()
lengths for a typical simulation. In figure 2 (a) we can ~ whose concentration continued to increase for the
see the rapid and continuous growth of the axon while ~ longest time before dropping to the final low level.
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the other neurites remain short (L ~ 0.3). The con- Because this simulation began with equal concen-
centration development (figure 25) shows more detail. trations and random initial lengths, the possibility has
Our model (equation 6¢) specifies that each neurite’s to be considered that these initial conditions favour the
growth rate is proportional to the determinant chemi-  determination of the axon based on length differences
cal concentration at its tip; thus this plot also describes ~ and thus obscure a possible determining role of
the development of the neurite growth rates. Initially, concentration differences. To test this, we ran a series

@ C@ 120w
[ 1=
2 B C
= > 2 5 08|
olm = g r
50 —
dm g | §0.6_
= - | g :
EU 1 S 04
= w - 02F
B T T N _||1|‘ ——teepg Lo ||
0 1 2 3 4 5 0 1 2 3 4 5
time time

Figure 2. Typical simulation results for a cell with four neurites. Length of the neurites (a) and concentration of
determinant chemical at their tips and in the soma (dashed line) (b) are plotted against time. (The heavy lowest line
in (a) shows the growth of the two smallest neurites superimposed.) All values are dimensionless. The simulation
parameters are y; = 1, x, = 100, x, = 10, and N = 4.
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Figure 3. Correlation of the probability of axon formation with the initial conditions of the simulation. (a) Neurites
ordered by initial length from shortest to longest. (6) Neurites ordered by initial concentration from lowest to highest.

of 1000 simulation runs, all with identical parameters
(x1=1, yo=100, ;=10 and N =4), but with
random initial conditions. The initial lengths were
chosen in the range 0 < Z,,,,,,; < 0.01 and the initial
concentrations were in the range 0 < C,,,,,,,, < 0.1. The
neurites in each run were ranked from 1 to 4 in order
of increasing initial length, and also ranked in order of
increasing initial concentration. The identity of the
neurite that developed into the axon was recorded for
each run and these data were analysed for correlations
between the probability of axon formation and the
initial concentration and length rankings of the neurites
(see figure 3). The correlation is striking. In 994 out of
1000 runs the initially longest neurite developed into
the axon. In the remaining 6 runs the initially next-to-
longest neurite became the axon. In contrast, when
ranked by initial concentration the probabilities of
axon formation were all within 29, of 259, the value
expected for no correlation. Clearly it is length
perturbations that strongly influence the instability to
axon formation in these equations, in agreement with
the observations of Goslin & Banker (1989).

For simplicity, we have confined the perturbations
in our simulations to the initial conditions. In reality,
perturbations continue throughout the development of
the cell. That should not change our assertion that the
choice of axon is primarily dependent upon length
perturbations: in tests where length and concentration
perturbations were made during axon formation (at
times less than 7= 0.5 in figure 2) we found that
concentration perturbations damped out quickly
whereas length perturbations affected the choice of
axon. This was surprising, considering that concen-
tration seemed to be the critical variable in the
equations. Both concentration and length, however,
appear in the transport term 7, which forms the
feedback loop of the equations, and the specific
contributions of these variables to the instability
remains to be determined.

This model predicts that even small differences in
initial neurite lengths will almost invariably lead to the
longer neurite forming the axon. The model, however,
does not include the quasi-random growth spurts and

Phil. Trans. R. Soc. Lond. B (1996)

retractions observed during the growth of neurites in
culture (Dotti et al. 1988) ; furthermore, factors that we
have taken to be constant or smoothly varying, such as
the determinant chemical production § and the net
transport rate 7}, are likely in reality to be noisy. Such
randomness would be expected to make axonal
specification far less deterministic than it is in the
present model.

4. INSTABILITY LEADING TO AXON
FORMATION

Not all values of the parameters lead to the axon
formation described above. A stability map for equa-
tions (6) may be constructed as a function of the four
parameters Y, Xs» X3 and N. To construct a useful
two-dimensional map we held the geometric para-
meters constant at reasonable values (y; = 10 and N =
4) and concentrated on the stability as a function of the
biological parameters jy; and y,. The resulting stability
map is given in figure 4. We have also found that the
position of the instability line varies slightly with the

50
40
- axon formation
30
X, [
20 -
10 :— no axon
0— lllllllll 1 IIIHIJJ 1 IIHIUJ 1 IIIIHII 1 Illllll‘
0.01 0.1 1 10 100 1000

X

Figure 4. Stability map for the growth of axons. The map
shown is for the values N = 4, y, = 10, and an initial length
difference of 1072. The position of the curve depends on these
parameters, but the shape of the curve does not.
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magnitude of the initial length variation. In the
stability map shown here we have used an initial length
variation of 87, = 1072, Larger variations in the initial
lengths increase the size of the axon-formation region. The underlying assumptions of our simulation, that
Although the exact position of this instability line does  all neurites are initially equally competent and that a
depend on the values of y; and N, the overall shape  length-related instability determines the identity of the
does not. In the region labelled ‘no axon’ in figure 4, axon, are derived from the axotomy experiments of
the steady-state solution of equations (6) is that the  Dotti & Banker (1987) and Goslin & Banker (1989).
concentrations (and therefore the growth rates) all ~ For this model to be considered successful we should be
have equal values of C,=1/N. In this region all  able to reproduce the qualitative behaviour seen in
neurites continue to grow at equal rates with approxi- these experiments.

mately equal lengths. In the ‘axon formation’ region a We simulate axotomy by reducing the length of the
single neurite develops a concentration near 1 whereas ~ axon at an arbitrary time (f = 2) after the identity of
all other neurites have small concentrations. The  the axon has been established (see figure 2). Because C,
position of the instability curve was defined to be where ~ represents the concentration at the tip of the neurite
the largest concentration reaches a value halfway (where growth is occurring) we must also alter that
between C; = 1/N and C, = 1. The exact value defined value to simulate an axotomy. As a simplification we
for the transition is relatively unimportant because the =~ assume that the concentration profile of the available

5. AXOTOMY EXPERIMENTS AND
SIMULATIONS

THE ROYAL
SOCIETY

transition between the two regions is rapid. determinant chemical is linear from the soma to the

The shape of the instability curve contains in-  neurite tip; we calculate the new concentration from
formation about the instability. There is a broad this profile and the new length of the cut neurite. Other
minimum extending across three orders of magnitude = models for the concentration profile may be used, but
in y;; thus, aside from extreme low and high values, we have seen that the development of the simulation

the instability is rather insensitive to the value of y;. In  after an axotomy is only dependent on the chosen
contrast, the dependence of the stability curve on y, is  concentration profile if the axotomy leaves the original
quite sharp, with a transition to axon formation at  axon at a length close to that of the longest of the other
approximately y, = 10 to 20. Remembering the defini- neurites.
tions y, = DAG/SV,,,.. and x, = FS/aG? it is evident Figure 5(a,b) shows two examples of axotomy
that because ¥, = 0 is always in the stable (no axon) simulations. In figure 5 (a) the axon is cut to a length
region then diffusion must be present for instability to that is still longer than (though comparable to) the
occur. Similarly, because y, = 0 is also always in the  length of the longest of the other neurites. The original
stable region anterograde transport must also be  axon quickly regains its rapid rate of growth and
present (£ > 0) for the instability to arise. reforms the axon. In figure 5 (b) the original axon is cut
We have modelled the source term § as a constant, to a length shorter than the other three neurites. In this
but it is reasonable that in a real neuron this parameter  case the longest neurite begins to grow rapidly and
could change as cell development progresses. From the forms a new axon, while the original axon regrows only
instability curve we can understand how changesin §  slightly to a length comparable to that of the other
will affect the development of the instability. If §  short neurites. Immediately after the axotomy, all the
decreases then y, increases and y, decreases. These neurites experience a spurt of growth before a new
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changes in parameters could shift an axon-bearing cell axon emerges, in agreement with experiments (Goslin

across the instability line into the region of stability, & Banker 1989) in which the axon was cut to a length

perhaps corresponding to developmental stage 4, comparable to that of the other neurites.

dendritic differentiation and growth. The differences in neurite length seem to play a
Because we cannot calculate the values of y;, and y, more important role in these axotomy simulations than

for a real neuron without knowing the identity of the  do the differences in determinant chemical concen-
determinant chemical, we used the shape of the tration. In the simulation shown in figure 5(4), the
instability curve to choose values of these parameters  concentration at the new tip of the cut axon was still
for our simulations. We chose y, = 1 so that we would the largest by a factor of four. This concentration
be within that broad minimum of the instability curve  rapidly dropped, however, and it was the longest of the
and y, = 100 so that we would be within the axon- remaining neurites that became the new axon. This
formation region and well away from the instability =~ dominance of length difference in the axotomy simu-
curve. The simulations presented in this paper were all ~ lations is consistent with the previously discussed

THE ROYAL
SOCIETY

done with the parameters y; = 1, x, = 100, y, = 10, dominance of length difference during initial axon
and N = 4. None of the results that we present are  formation.

dependent on these exact values: the results are Goslin & Banker (1989) observed that the latency
qualitatively unchanged as long as the parameters do  for resumption of growth of an axon after axotomy was
not approach the instability curve. a function of the length difference between the two

longest neurites, with a smaller length difference
requiring a longer latency. The latency in our
simulations shows the same qualitative behaviour
(figure 6). At 7 = 2, when the simulation variables were
close to a steady-state solution, we cut the axon to a
random length and measured the time from axotomy
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Figure 5. Axotomy of the growing axon. The dashed line represents the original axon. (a) The axon is cut to a length
of 0.3, still longer than all the other neurites. The original axon reforms. (6) The axon is cut to a length of 0.1, shorter
than the other neurites. The longest remaining neurite forms a new axon.
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Figure 6. Latency of axon regeneration after axotomy plotted against the length difference between the two longest
remaining neurites. (¢) Data from the simulation. (§) Latency data from the axotomy experiments of Goslin & Banker
(1989). Note that because the cells were not observed continuously the minimum latency time measurable in those

experiments was 2 h.

to the beginning of rapid growth of a new axon, where
rapid growth was arbitrarily defined as a growth rate
halfway between the equal growth rate of 1/ N and the
maximum sustainable growth rate of 1.

6. RESPONSE TO SPATIAL VARIATIONS

Our model implicitly assumes that the outgrowth
occurs in an isotropic and homogeneous environment.
Although this may be attainable iz vitro it is seldom the
case for growth in vivo. We can remove the assumption
of isotropic and homogeneous growth by allowing

" parameters to vary among the neurites.

The most straightforward parameter to vary is the
growth parameter oo. Changes in a for a given neurite
directly change the growth rate of that neurite (see
equation (4)). This may correspond to the effect of

Phil. Trans. R. Soc. Lond. B (1996)

different growth substrates, or of a growth-stimulating
chemical signal, such as nerve growth factor (Letour-
neau 1975; Gunderson & Barret 1980) or cyclic AMP
(Zheng et al. 1994). We modelled this by varying o on
neurite 1 while keeping « constant for all other
neurites, for a series of 1000 simulations. The prob-
ability that neurite 1 formed the axon is plotted as a
function of its change in « in figure 7. At 4a = 0 all of
the neurites had an equal probability of forming the
axon (259, for 4 neurites). As o was increased the
probability of axon formation by that neurite also
increased and this probability reached 100 9, for Ao =
+89,. Conversely, a negative da rapidly suppresses
axon formation by that neurite.

This is a very sensitive dependence of axon formation
on a small (109%,) variation in oc. One must remember
that in these calculations the perturbation in a was
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120 hypothesized that a phosphatase-mediated cooper-
ative dephosphorylation of microtubule-associated pro-
100 teins such as 7, acting stochastically within each neurite

to increase microtubule stability and consequent
elongation, could account for the emergence of a
fastest-growing neurite as the axon; evidence for a
distally increasing gradient in the ratio of de-
phosphorylated to phosphorylated 7 has recently been
obtained (Rebhan e al. 1995). Such a mechanism may
indeed participate in axon differentiation, but cannot,
by itself, account for the inhibition of other neurites’
growth. Kosik & Caceres thus found it necessary to
o Lb-b-6-6-b-e=t | posit the existence of ‘some feedback inactivation from
~10 -5 0 5 10 the elongating neurite, perhaps the putative phos-
phatase’ itself.

The model presented here does not require such
Figure 7. Dependence of axon-formation probability on a  specific inactivating factors. Instead, our model pro-
Chinge in t}:e fgrOWti}h factor O‘t.‘)flone ne‘}:it_e only. rl;lﬁe poses that polarization results from competition for a
enhancement or grow 1n a particular neurite 1mcreases € . : 3 :
probability ofax§nformationpby that neurite. See the text for S;Ifglrlr?;?i;:: ?:(;eroirz.ldeiltransportaﬁle determlngnt
a detailed discussion. ,P .uce In the soma, whose concent'rat.lon

at the neurite tip affects the rate of outgrowth. Similar
competition among neurites for some material has

e
(e}
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S
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:fl% made from the very beginning of the simulation. In  often been invoked to explain synapse elimination and

J o reality perturbations in « are likely to occur later in  other ‘pruning’ effects on axonal arborization (Devor

T = neurite development, and it is reasonable that corre- & Schneider 1975; Van Essen 1982; Smalheiser &

85 o spondingly larger perturbations would then be necess- Crain 1984). If, however, the rate of anterograde

m; o ary to alter axon formation significantly. The con- transport increases with rate of outgrowth, this

92 clusion that should be drawn from this calculation is  competition for an endogenous determinant chemical

Eé that although the choice of the neurite that forms the  will lead to a positive-feedback, winner-take-all in-

A= axon is random under homogeneous environmental  stability in which a single neurite — the axon — grows
conditions this choice may easily become deterministicin ~ rapidly and all other neurites slow.

an inhomogeneous environment. Axon formation by Diffusion of transported determinant chemical back

neurites in different locations may be inhibited or  from the neurite tips opposes the positive feedback and

encouraged by their environment. is responsible for the slowing of growth in ‘losing’

neurites as their tips come to equilibrium with the

7. DISCUSSION: MEGHANISMS, OTHER soma. The rate of anterograde transport coulq be

TESTS AND PREDICTIONS coupled to growth rate by at least two mechanisms.

The growing tip exerts tension on the neurite (Lamour-
Several mechanisms have previously been suggested eux et al. 1989), and increased growth may lead
to account for axon differentiation. One general  hydrostatically to increased flow of cytosol into the

possibility is that pre-existing internal cellular asym-  proximal neurite. If the anterograde transport mech-
metries bias one neurite to become the axon. Dotti & anism is not saturated, then this increased proximal
Banker (1991), however, found no evidence of cor- inflow will allow increased loading, and thus transport,
o relations between site of axon initiation and asymmetry of the determinant chemical. Alternatively, capacity or
@ or position of the nucleus, Golgi complex or micro-  velocity of the transport mechanism could be increased
tubule-organizing centre. Certain molecules, such as by the growth-associated increase in neurite tension if

the membrane-associated phosphoprotein GAP-43 the increased strain energy leads to conformational
(also known as B-50, F1 or P-57) (Meiri e/ al. 1988; changes (Heidemann & Buxbaum 1994) in transport
Goslin ¢t al. 1988) and the microtubule-associated 7 proteins.

phosphoproteins (Binder et al. 1984 ; Tytell ef al. 1984), If our model is to be more than a heuristic device,
are segregated to the axon soon after the axon can first it must be amenable to experimental test. Possible
be identified on morphological grounds; it has been  tests of the model are suggested by inspection of
suggested on this basis that these molecules could equations (1-4): manipulation of the terms in those
determine the axon. Although such segregated mole- equations should in principle yield experimentally
cules may participate in the formation, stabilization or  testable predictions. It is difficult to imagine methods
specialized function of the axon, the mechanism  for the selective modification of D, 4, V,,,., or V,,, that
responsible for their segregation —and thus for the would not introduce complicating extraneous effects,
uniqueness of the axon — remains unknown. Thus such but some of the other terms should be more tractable.
‘prepattern’ hypotheses do not provide a full account  Because the net transfer rate 77 is central to our model,

THE ROYAL
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of neuronal polarization. Moreover, prepattern mech- analysis and manipulation of terms in equation (2)
anisms are inconsistent with the observed outcome of  should be particularly revealing. The model was based
axotomy experiments, as described above. largely upon the axotomy observations of Dotti &

To avoid these difficulties, Kosik & Caceres (1991) Banker (1987) and Goslin & Banker (1989); axotomy
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Figure 8. (a) Effect of increased growth rate on axon differentiation. The growth rate of the shortest neurite was
increased by 209, at I = 0.4. This neurite now forms the axon; the other neurites, including the previously fastest
growing (denoted by the dashed line), are inhibited. This result corresponds to the experimentally observed
behaviour in cells where outgrowth of a single neurite is enhanced by focal application of cAMP (Zheng et al. 1994).
() Effect of decreasing one neurite’s growth rate while increasing its rate of anterograde transport. The growth of
all the neurites is inhibited. This result corresponds to the experimentally observed behaviour in cells where a single
neurite is perfused with cAMP and colchicine (Zheng et al. 1994).

in our model is represented by reductions in L, and C,
— both of which contribute to T} — and, as noted above,
the outcome of such simulated axotomy is in qualitative
agreement with the experimental observations.

More recently, Zheng et al. (1994) conducted a series
of experiments studying the effects of focal perfusion of
individual growth cones on the rates of outgrowth of
the perfused and non-perfused neurites. Perfusion with
8-br-cAMP increased the growth rate of the perfused
neurite and inhibited the growth of the remaining
neurites; expressing the growth-enhancing effect of
cAMP as an increase in « for the perfused neurite, and
thus in (dZ,/d?) (equation (4)), our model yields
similar results (figure 8a). More difficult to interpret
are the results of combined perfusion with 8-br-cAMP
and colchicine. Perfusion with colchicine alone caused
the perfused neurite to retract, with no significant
effect on the other neurites; this is predicted by our
model if the other neurites were growing, i.e. if the
perfused neurite was not the axon. However, combined
application of 8-br-cAMP and colchicine lowered the
growth rate not only of the perfused neurite but of the
non-perfused neurites as well. From this observation,
Zheng et al. concluded that increased growth of the
perfused neurite could not be the cause of slowing in
the other neurites; they suggested that the slowing
could be due to a cAMP-mediated increase in transport
within the perfused neurite (Azhderian et al. 1994). In
our model, inhibition of growth in the ‘losing’ neurites
results not from increased axonal growth per se but from
increased net transfer — which may be due to increased
growth or to effects of modulating factors —of the
determinant chemical from the soma to the growing
axon, leaving less for the growth of the other neurites.
Thus, in our model, increasing anterograde transport
while reducing growth in a single neurite (by increasing
F, or alternatively /;, and decreasing o in that neurite)

Phil. Trans. R. Soc. Lond. B (1996)

inhibits outgrowth in all other neurites (figure 84), in
qualitative agreement with the observations of Zheng
et al.

Other tests involving 7 can be proposed. The rate
of neurite outgrowth, dL,/d¢, can be reduced by
culture in medium with a low calcium concentration
(Campenot & Draker 1989). Under such conditions,
growth of a single neurite might be increased by focal
perfusion with medium of normal calcium concen-
tration, without cAMP’s complicating effects on
anterograde transport. Our model predicts that such a
neurite, even if initially not the longest, will become the
axon, but that (assuming calcium has no effect on net
transfer) combined perfusion with normal calcium and
colchicine will not inhibit growth of the other neurites.
The rate of neurite outgrowth can also be increased
mechanically, by experimentally applied mechanical
tension (Bray 1984; Heidemann & Buxbaum 1994);
our model predicts that by such ‘towing’ an initially
short and slow-growing neurite could be made to
become the axon.

Our model assumes that 7, increases with neurite
growth rate; a crucial test would therefore be the direct
measurement of 7, in growing neurites. This, and tests
involving § or C,, is not possible without knowing the
identity of the determinant chemical. As previously
mentioned, there are indications that 7, or particularly
dephospho-7, may be the determinant chemical: by
stabilizing microtubule polymerization in the presence
of excess tubulin, 7 could exert the requisite concen-
tration-dependent control of growth rate at the neurite
tip. Suppression of neuronal 7 production by means of
antisense oligonucleotides can prevent axon formation
without inhibiting neurite production (Caceres &
Kosik 1990; Caceres ¢t al. 1991); and baculovirus-
mediated expression of high concentrations of 7 in
normally round non-neuronal cells can induce the
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