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ABSTRACT Whether the axonal framework is stationary or moves is a central debate in cell biology. To better understand this
problem, we developed a mathematical model that incorporates force generation at the growth cone, the viscoelastic properties
of the axon, and adhesions between the axon and substrate. Using force-calibrated needles to apply and measure forces at the
growth cone, we used docked mitochondria as markers to monitor movement of the axonal framework. We found coherent
axonal transport that decreased away from the growth cone. Based on the velocity profiles of movement and the force applied at
the growth cone, and by varying the attachment of the axonal shaft to the coverslip, we estimate values for the axial viscosity
of the axon (3 3 106 6 2.4 3 106 Pa�s) and the friction coefficient for laminin/polyornithine-based adhesions along the axon
(9.6 3 103 6 7.5 3 103 Pa�s). Our model suggests that whether axons elongate by tip growth or stretching depends on the
level of force generation at the growth cone, the viscosity of the axon, and the level of adhesions along the axon.

INTRODUCTION

Axonal elongation has been thought to occur through tip

growth, where new material is added at the growth cone and

the axonal framework is stationary (1–3). Although past

studies suggest that axonal branch points and marks made

along the axon remain stationary as the axon elongates (4–8),

recent work suggests that in some cases there is a gradient of

bulk transport of docked materials, with little or no transport

seen in the proximal axon and increasing anterograde trans-

port in the distal axon (9). This low-velocity transport (LVT)

has been observed in the absence of growth-cone advance,

which suggests that there is more to this than simple

stretching of the axon. In addition, whether axons lengthen

through tip growth or stretching in Xenopus neurons depends
on whether they are grown on highly adhesive (concanavalin

A) or permissive (laminin) substrates (10). These studies

raise the questions of what role growth-cone-generated ten-

sion plays in elongation, and whether the mode of axonal

elongation depends on the physical properties (adhesion to

the substrate and viscosity) of the axon.

Mechanical tension has long been known to be an effective

stimulus to axonal elongation/growth. Tension has been ex-

perimentally applied to lengthen existing neurites (11,12),

and axons that are detached from their substrate not only stop

elongating, but experience retraction (13). Mass addition to

the neurite is another important aspect of axonal elongation

that appears to be linked to tension. In one instance, elon-

gation rates of 8 mm/day were achieved via mechanically

applied tension (14). In that case, the neurons tended to in-

crease in diameter (14) and were functionally normal (15). In

another experiment, leg-lengthening procedures in adult rats

caused doubling of the internodal distances, with no axonal

thinning (16). These results indicate that the rate of mass

addition to the axon increases in response to tension-induced

lengthening. Further, the inability of microtubule-polymer-

izing drugs, such as taxol, to induce elongation (17) brings

into question whether mass addition independently drives

elongation. Mass addition is certainly an essential component

of healthy axonal elongation, but the evidence suggests that

tension at the growth cone is the factor that directly controls

the rate of lengthening. Thus, we suggest that tension is the

independent variable that determines the rate of axonal

lengthening.

En bloc movement of the axonal cytoskeleton long went

unnoticed as experimental observations focused on proximal

regions of axons. Only when measurements were made in

the distal axon was this phenomenon discovered. Photo-

bleaching (10,18), photoactivation (19,20), and the tracking

of docked mitochondria (9) have revealed that the cytoskel-

eton does move in an anterograde manner, but that this be-

havior diminishes with distance from the growth cone. That

growth cones generate pulling forces and neurons grown in

culture adhere to their substrates gives a possible insight to

this observation. Any deformation of the axon as a result of

growth-cone-generated tension will be most prominent in the

distal region, but as that force is dissipated through adhe-

sions, the effects will diminish. As the above experiments

have shown, tension at the growth cone not only leads to

lengthening, but may deform the distal region of the axon,

resulting in en bloc movement of the cytoskeleton.

Deformations of materials can be elastic, where materials

stretch like springs, or viscous, where materials flow as fluids

(21). In this article, axonal stretching refers to both elastic and

viscous deformation. It is important to note that whether

axons behave mechanically as solids or fluids depends on the

timescale of the observations. Rapid deformations over the
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course of seconds to minutes lead to springlike behaviors.

When axons are pulled slowly enough over the course of

hours to days they can elongate viscously by many milli-

meters without breaking or thinning (14,15,22). The obser-

vation that lengthening occurs without a great degree of

thinning suggests that mass addition to the axon is occurring.

It is possible that when axons are stretched slowly mass ad-

dition can accommodate lengthening and lead to a physio-

logical behavior that is primarily viscous.

Axonal elongation in response to force application at the

growth cone (towing) has been described as occurring in

three stages (22). After an initial elastic stretch, there is a

period of delayed stretching, followed by elongation at a

constant rate. This behavior has been modeled by Dennerll

et al. (22) using a three-element model in which the axon

behaved as a spring, a Voigt element, and a dashpot in series

(Fig. 1 A). The combination is also known as a Burgers el-

ement (23). This model well describes the effects of tensile

stress on the elongation of axons, but does not address de-

formation of the distal axon or the effects of adhesions along

the axon.

Aeschlimann was the first to extend a general type of

model to segments along the axon (24,25). In the Aes-

chlimann model, the axon is treated as a series of springs that

elastically stretch, with a growth dashpot at the end of the

axon where new mass is added. This accounted for the

springlike behaviors axons exhibit over short time spans and

the fluidlike behaviors associated with axonal lengthening. A

further insight was the incorporation of viscous drag that was

interpreted as being due to interactions between the axonal

shaft and substrate. Although the Aeschlimann model is so-

phisticated in its integration of both the tip growth model and

the biophysical properties of the axon, the following exper-

imental data suggest to us that the axon is more accurately

modeled as a series of dashpots that acts like a viscoelastic

fluid: 1), Though rapid deformations over the course of

seconds to minutes lead to springlike behaviors, when axons

are pulled slowly enough over the course of hours to days

they can elongate viscously by many millimeters without

breaking or thinning (14,15,22). 2), Growth cones sometimes

pause while the axon remains under tension. If axons be-

haved as viscoelastic solids, material along the axon would

stop moving during a pause. In contrast, a viscoelastic fluid

model predicts continued movement of the axonal frame-

work toward the site of tension generation. Experiments have

shown that bulk movement of material occurs during growth

cone pauses (9). Thus, we suggest that the simplest model for

the mechanical behavior of the axon is that of a viscoelastic

fluid.

Here, we extend the Dennerll model to the entire axon; that

is, we view each segment of the axon as consisting of a

Burgers element. This allows us to study how tensile forces

cause axonal stretching at each point along the length of the

neurite in addition to elongation. By including the effects of

extracellular adhesions along the length, we derive a model

that captures both the effects of tension generation at the

growth cone and dissipation along the length due to adhe-

sions to the extracellular matrix substrates (10). We report

that whether axons grow by stretching or by tip growth can be

explained by varying the parameters in a single model that

includes force, axonal mechanical behavior, and frictional

interactions with the substrate.

MATERIALS AND METHODS

Cell culture

Chick sensory neurons were isolated as described by Sinclair et al. (26) from

lumbosacral dorsal root ganglia of 11- to 12-day-old chicken embryos. Cells

were grown at 37�C in L-15 medium (Sigma Chemical, St. Louis, MO)

supplemented with 0.6% glucose, 300 mg/liter glutamine, 100 U/ml peni-

cillin, 136 mM/ml streptomycin sulfate, 10% fetal calf serum, 50 ng/ml 7S

nerve growth factor (Harlan Bioproducts, Indianapolis, IN), and N9 growth

supplement. The culture surface was first treated with 0.01% polyornithine

and rinsed. The surfaces were then treated with 20 ng/ml laminin.

Towing experiments

Mitochondria were labeled with 0.1 mM Mitotracker Red CMX-Ros

(Molecular Probes, Eugene, OR) in L-15 medium for 2 min and then allowed

FIGURE 1 Model of a towed neurite as a series of dashpots. (A) We

consider the axon as a series of Burgers elements. Each element consists of

two elastic elements and a free dashpot (with constant G), which simulates

towed growth. (B) Diagram of a neurite during towing. The distal region of

the neurite is free of the substrate, whereas numerous adhesions in the

proximal region cause the neurite to remain firmly fixed. (C) Under constant

tension (F0), the behavior of a Burgers element is dominated by its free

dashpot. We treat a neurite under constant tension as a series of dashpots.

Attachments to the substrate are represented as friction dashpots (constant

h). Tension is constant in the distal region but is dissipated by adhesions in

the proximal region.
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to recover for several hours in fresh media (9). Cultured cells were main-

tained at 38�C on the stage in a ringcubator (27). A reference needle and a

calibrated needle (calibration constant k, as in (13,22,28,29)) were held in a

double-needle holder in a Narishige hydraulic micromanipulator. The nee-

dles were brought into the culture dish’s microscopic viewing field of a Leica

DM IRB inverted microscope and observed with an N Plan L 403/0.55 corr

Ph2 with an adjustable collar infinity/0–2/c objective. Cells were illuminated

with a 100-W xenon lamp attenuated 98%with neutral density filters through

a Texas Red cube D560/403, 590DCLP, D630/60m (Chroma, Rockingham,

VT) for visualization of MitoTracker Red CMX-Ros.

The calibrated towing needle was previously coated in polylysine (1 mg/

ml) and concanavalin A (1 mg/ml). Both needles were brought to the neu-

rite’s growth cone and the growth cone was manipulated onto the calibrated

towing needle. The manipulator was used to move the needle and exert axial

tension on the growth cone (22). Each tow consisted of two phases and

within each phase the force was held constant. The resting distance, r, be-

tween the two needles was noted before cell attachment. Forcemeasurements

were acquired during phase imaging throughout the experiment by mea-

suring the distance, d, between the reference needle and the calibrated needle
under experimental tension. The screen-image calibration factor, a, was

determined by use of images of a stage micrometer. The applied force at the

growth cone (inmdynes) was calculated as F0 ¼ akðd � rÞ (22). Fluorescent
images were taken at 2-min intervals by an automated script of the Openlab

program (Improvision, Waltham, MA) using a Hamamatsu Orca-ER digital

camera CCD, model CA742-95. These images were then converted into

TIFFs and analyzed using ImageJ (National Institutes of Health). Images

were rotated using an ImageJ plug-in and the StackReg macro was used to

align each sequence of images. The images were then cropped, resliced, and

z-projected to produce a kymograph. Kymographs were enlarged 23 and

brightness and contrast were manipulated to enhance visualization of mito-

chondria.

Derivation of model

As axons are thought to be viscoelastic structures, we hypothesize that forces

generated at the growth cone can stretch the axon and give rise to LVT.

Whether this LVT occurs will depend on the relationship between the

magnitude of the force generated at the growth cone and the viscoelastic

properties of the axon. Even though axons can behave like fluids, if they are

exceptionally stiff or if the forces generated at the growth cone are too weak,

axonal stretching may not occur and elongation will occur through tip

growth.

We consider an axon that experiences a constant force averaged over

hours at the growth cone (this tension may be internally or externally gen-

erated). For the purpose of a continuous model, we treat the axon as a series

of infinitesimally small Burgers elements. If tension is applied for a signif-

icant amount of time (.10min) the axon exhibits a constant growth rate (22).

Under these conditions the elastic elements of the cell are at steady state and

elongation behaves as force acting on a free dashpot (a dashpot obeys the

relationship force ¼ constant 3 velocity). To analyze bulk transport along

the length, we simplify the model and treat the axon, in this state, as a series

of dashpots (Fig. 1 C). A series of dashpots under constant tension, without

dissipation at each element, has a linear velocity profile which, when addi-

tional dashpots are added in series (through elongation), leads to exponential

elongation.

As axons stretch, so must the axonal framework. Using the reported value

of the Young’s modulus of a microtubule of 100 MPa (30), a force of 100

mdynes applied to an individual microtubule will cause;2% strain. Since a

growth-cone-generated force of this magnitude is spread over the cross-

sectional area of the axon, the strain on axonal microtubules will be much

less. As the stretching of individual polymers is extremely small, significant

stretching of the axon most likely occurs by the sliding of cross-linked

polymers. The two factors playing the largest role in the velocity profile of an

axon under tension are the axon’s axial viscosity, g, and the constant of

friction, h, which quantifies the interactions between the axon and the sub-

strate. Both of these parameters characterize resistance to flow and have

dimensions of viscosity. The axial viscosity is the amount of force needed to

distend a unit amount of axon at unit velocity and is determined by the cell’s

physiological properties. Though the axoplasm is highly heterogeneous, it is

the composition of the cytoskeleton that will dictate the axon’s response to

axial forces. If there is a large number of microtubules, or a high level of

cross-linkage between them, then the axon will be resistant to stretching and

g will be large (21). Axonal diameter will also affect an axon’s ability to be

stretched. Intercalated mass addition (axonal thickening) has the effect of

adding dashpots, in parallel, to the system (or, equivalently, increasing the

dashpot constant). Applied forces are spread over a wider area and effective

tension along the length decreases. We define the growth dashpot parameter,

G, as quantifying an axon’s response to distally applied forces. This pa-

rameter is the product of g and the cross-sectional area of the axon, A. If an

axon alters its diameter (either thinning due to stretching or thickening by

mass addition along the length) but maintains its physiological properties,

thenG is affected, whereas g is unchanged. Physiological changes alter g and

thus G. The coefficient of friction, h, is characterized by the strength and

number of adhesions between axon and substrate. These adhesions have been

shown to havemajor effects on both LVT and growth-cone advance (10).h is

assumed to be zero where the axon is unattached to the substrate, and in-

creases as adhesions form and strengthen.

Towed axons were observed to be unattached distally and firmly attached

to the substrate in the proximal regions (Fig. 1 B). The behavior of the axon in

the unattached region can be well described by the three-element model. Our

model aims to incorporate the dissipation of forces and describe the velocity

profile of docked materials when adhesions are present. We assume that 1),

there is uniform dissipation along the length, characterized by the constant

h; and 2), during elongation due to towing, the growth dashpot constant

G remains fixed on average over a period of days, so that constant applied

force implies constant tension. Note that our condition on G is not incon-

sistent with an axon that changes its diameter; physiological changes can be

assumed to balance changes in cell morphology. The phenomenon of strain

hardening due to deformation has indeed been observed in various cell types

(21). If axons do not exhibit thinning, then we assume that mass addition

along the length of the axon, or intercalated mass addition, is responsible for

restoring the diameter of axons, which grow by stretching. These assump-

tions allow for a simple and useful analytic description of the effects of

cellular composition and external adhesions on axonal elongation and

transport.

Governing equations

The force and velocity profiles of the axons, f and v, are functions of the

distance from the cell body, x, and the length of the axon, L(t). A force F0

applied at the growth cone causes distension at each point along the length.

The velocity of material at a position x is given by summing the elongation

that is occurring proximal to that point. Viewing the axon as a series of

dashpots we find that the change in velocity of elongation, vx, at each point is

given by vxðx;LðtÞÞ ¼ f ðx;LðtÞÞ=G. The true velocity of material (with re-

spect to the extracellular matrix) at position x is given by integrating vx from
the cell body to x:

v½x; LðtÞ� ¼
Z x

0

vy½y; LðtÞ�dy ¼
Z x

0

f ½y; LðtÞ�
G

dy:

In the discrete case, friction is modeled by dashpots with constant h (Fig.

1 C). The continuous equivalent is the frictional relationship where the

change in dissipation at each point is given by fhx
ðx; LðtÞÞ ¼ �hvðx; LðtÞÞ.

The sign is negative, as themost force has been dissipated at the cell body and

none has been dissipated at the growth cone. The total amount of force

fhðx;LðtÞÞ that has been dissipated from F0 at a point x is found by summing

the force dissipation that occurs between x and the growth cone:
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fhðx; LðtÞÞ ¼
Z x

LðtÞ
fhyðy;LðtÞÞdy ¼

Z LðtÞ

x

hvðy; LðtÞÞdy

¼ h

G

Z LðtÞ

x

Z y

0

f ðz; LðtÞÞdzdy:

The effective force f at a point x is thus the difference between the applied

force, F0, and the dissipation, fh:

f ðx; LðtÞÞ ¼ F0 � h

G

Z LðtÞ

x

Z y

0

f ðz;LðtÞÞdzdy: (1)

This integral equation is equivalent to the differential equation and boundary

conditions

fxxðx; LðtÞÞ � h

G
f ðx; LðtÞÞ ¼ 0

f ðLðtÞ; LðtÞÞ ¼ F0 fxð0; LðtÞÞ ¼ 0
:

(
(2)

Note that Eq. 2 is in terms of the unknown L(t). The rate of elongation, dL/dt,

is assumed to be the velocity of material at the growth cone vðLðtÞ;LðtÞÞ.
Differentiating Eq. 1 with respect to x, we find fxðx;LðtÞÞ ¼
h=G

R x

0
f ðz;LðtÞÞdz ¼ hvðx; LðtÞÞ: Nowwe can express the change in length

of the axon in terms of the force by

dL

dt
¼ vðLðtÞ; LðtÞÞ ¼ 1

h
fxðLðtÞ; LðtÞÞ

Lð0Þ ¼ L0

:

8<
: (3)

Force, velocity, and length

Equation 2 is solved first, and the solution for f is then inserted into Eq. 3.

f ðx; LðtÞÞ ¼ F0coshðxðh=GÞ1=2Þ
coshðLðtÞðh=GÞ1=2Þ (4)

and

LðtÞ ¼ ðG=hÞ1=2sinh�1
bexp

F0t

G

� �� �
; (5)

where b ¼ sinhðL0ðh=GÞ1=2Þ. Velocity is determined from the force, as

before (v ¼ fx=h):

vðx; LðtÞÞ ¼ F0 sinhðxðh=GÞ1=2Þ
ðhGÞ1=2coshðLðtÞðh=GÞ1=2Þ: (6)

Nondimensionalization has been performed on the above system. For this

discussion, the analysis is clear enough that we retain the dimensional

equations.

Data analysis

We tested the predictions of this model by examining the movement of ax-

oplasm in response to tension, as described in Materials and Methods. To

fully analyze bulk transport of docked materials, the fluorescent images of

each trial were converted into kymographs (9). These useful images were

created for each experiment, giving the total profile of movements within

each axon over the course of the tow (Fig. 2). Tracing individual mito-

chondria, average velocities of docked material were calculated over 30-min

intervals (Fig. 3). For each tow, there was an observed region where the axon

was free of the substrate (distal) and a region where the axon was firmly

attached (proximal). The distal region, being free of dissipative forces of

substrate interaction, was analyzed to extract values of G for the axon. Lines

were fitted to this data to calculate the rate of change of the velocity of the

mitochondria (Fig. 4 A). Using force measurements from the calibrated

needles, a value of G was found by dividing the average force over this

interval by the slope of the fitted line.

Once values of G were determined (one value of G/30-min interval) the

Origin software package (OriginLab, Northampton, MA) was used with Eq.

6 to fit the best value of h to the data (Fig. 4 B). For this calculation, the

velocities of mitochondria proximal to the point of adhesion were used.

Empirical values of F0, L, and G were fixed and a Levenberg-Marquardt al-

gorithmwas implemented in the Origin package to find the optimal value of h.

The relationshipG¼ gAwas used to calculate the intrinsic axial viscosity

for each axon. Phase images of each trial were analyzed using ImageJ to

FIGURE 2 Application of force at the growth cone leads to anterograde

translocation of docked mitochondria. (A) Axonal morphology at the light

level before a tow. The growth cone is toward the righthand side. (B)
Mitochondrial distribution before the tow. (C) Axonal morphology at the

light level after the tow. The arrow points to the end of the needle at the

growth cone. (D) Mitochondrial distribution after the tow. (E) Kymograph

illustrating mitochondrial movement during a tow. (F) The graph shows that
the velocity of docked mitochondria increases nonlinearly along the axon.
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determine the axonal diameter at various times (Fig. 5). For each phase

image, the diameter was measured at 25-mm intervals until the growth cone

was reached. A line tool was traced orthogonally across the neurite and a plot

profile graphed the pixel intensity of the image at each point on the line. It

was determined that the best measure of the diameter was the distance be-

tween the two steepest points on the intensity curve.

Numerical simulation

To address the issue of thinning along the length of the axon, we ran a

MATLAB (TheMathWorks, Natick, MA) simulation of an axon growing by

stretching, where zero mass addition was assumed and axonal diameter was

allowed to vary. The details of the simulation are as follows. The axon

is divided into a fixed number of compartments whose length and cross-

sectional area are allowed to vary. At each time step, the force is calculated at

the distal end of each compartment. This force causes deformation of each

compartment and, thus, lengthening. New values for compartment length,

area, and growth dashpot parameter, G, are then calculated for the next time

step. Though h is constant, we account for the adhesive effect of increased

compartment length. Using parameter values for g and h determined as

above, axons were allowed to grow until the cross-sectional area at any point

along the length decreased below 0.05 mm2 (or, equivalently, until the di-

ameter at any point decreased below 0.25 mm). This basic simulation does

not take into account protein degradation or axonal transport of existing

materials that may occur to maintain a uniform diameter. The code is

available online as Supplementary Material.

RESULTS

Consistency

We verify that the model equations are consistent with the

physical nature of the problem. Letting the parameters vary,

we examine the effects on Eq. 6. The following calculations

are limit computations using L’Hôpital’s rule. It is important

to remember, here, that h characterizes adhesions along the

length of the axon and not at the growth cone. As adhesions at

the growth cone are necessary for tension generation, our

model would predict that those adhesions increase rates of

elongation.

The removal of adhesive connections along the length

corresponds to h going to zero. In this case, forces generated

at the growth cone are not dissipated through the substrate

and we should expect a linear velocity profile, as that is the

behavior of a series of dashpots under tension. Indeed, it can

be shown as h/0 that vðx; LðtÞ;hÞ/F0x=G; which is the

solution of the dissipation-free problem.

In the presence of strong adhesions, forces are dissipated

quickly and transport is hindered. Large values of h describe

this phenomenon. For a fixed force, if h is too large, then the

effective tension along the length of the axon is too low to

facilitate transport. As the strength of the adhesions increases,

h/N and vðx; LðtÞ;hÞ/0 for all x.
If G is relatively large, then the axon will be resistant to

stretching at normal forces. This will occur when an axon has

a large diameter or if there is a great deal of microtubule

cross-linkage. A direct calculation shows vðx; LðtÞ;GÞ/0

for all x, as G/N.

Last, we consider the case where G/0. If G is very small

at a point x, then either the diameter of the axon is close to

zero at that point (A� 0) or there is little cellular structure at x
holding the axon together (g � 0). In either case, the applied

tension causes rapid deformation at x, but forces are quickly
absorbed into the substrate and are not proximally propa-

gated. The tension gradient causes a sharp jump in the

velocity of materials at x, making the axon prone to ‘‘rup-

turing’’. This behavior is captured by Eq. 6 as

lim
G/0

vðx; LðtÞ;GÞ ¼ 0 0# x , LðtÞ
N x ¼ LðtÞ :

�

FIGURE 3 Illustration of how veloc-

ity data were acquired. Docked mito-

chondria are observed to translocate

anterogradely during a tow. Velocities

(in mm/h) of the mitochondria were cal-

culated as the slope of each traced line.

Mitochondria near the growth conemove

forward at high velocities. whereas mito-

chondria near the cell bodymove slowly.

FIGURE 4 Determination of axonal viscosity (G) and

adhesiveness (h). During towing, the distal axon was lifted

free from attachments to the substrate. (A) Velocities were

measured (one measurement/mitochondria/30 min) for mi-

tochondria distal to the terminal point of adhesion between

axon and substrate (for this axon, at 150 mm). The slope,m,

of the line of best fit and the force,F0, are related toG byG¼
F0/m. (B) Velocity profile of mitochondria proximal to the

terminal point of adhesion (at 80 mm for this trial). Force

dissipation leads to a nonlinear velocity profile. The data

was fitted to Eq. 6with an optimal value ofh found using the

Origin software package.
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Parameter values

Average values for G, g, and h were found as described in

Materials and Methods. The average value ofGwas found to

be �G ¼ 3:93 107 6 3:03 107 g mm h�1 (mean 6 SD, n ¼
31). The intrinsic value g for each axon at each 30-min period

was found by dividing G by the average cross-sectional area

of the axon distal to the initial point of adhesion. We found

this value to have an average of �g ¼ 1:33 107 6 8:53 106

g mm�1 h�1 (mean 6 SD, n ¼ 31), which is equivalent to

3:63 106 6 2:43 106 Pa�s (1 Pa�s ¼ 3.6 g mm�1 h�1). The

averageh valuewas �h ¼ 9:63 103 6 7:53 103 Pa�s (mean6
SD, n ¼ 28). In three cases, there was an insufficient number

of mitochondria proximal to the initial point of adhesion to be

able to fit a significant value of h.

Model predictions

As a test of the model, we plotted Eq. 6 with the calculated

average parameters and a force of 200 mdynes against data
from neurons growing naturally on laminin/polyornithine

substrates. Using velocity measurements from 13 arbors of

six growing axons (N ¼ 563), we observed significant LVT

of the distal axon and found a strong correlation between our

model and the actual level of stretching (Fig. 6 A). An in-

teresting observation in this process was that the majority of

docked mitochondria in the proximal regions, where growth

FIGURE 6 Whether axonal stretching occurs along the length or only at

the tip depends on the values of G and h (A). Comparison of the base model

with data from axons growing naturally on laminin/polyornithine substrates.

Velocities of docked mitochondria from arbors of six different neurons were

recorded (N ¼ 563). Average velocities were then calculated at the growth

cone and for each 25-mm segment proximal. Comparison of the average

velocities with the base model yielded an R2 value of 0.81. (B and C) Model

sensitivity to parameters. (B) For large values of h (strong adhesions), forces

are dissipated quickly and very little bulk transport is observed. When

adhesions are absent (h ¼ 0), the force is not dissipated and the velocity

profile is linear (like a series of dashpots). L ¼ 200 mm, F0¼ 200 mdynes,

G ¼ �G. (C) Large G values cause low effective friction (h/G) and result in

low velocity at the growth cone with little force dissipation along the length.

Small G values lead to high velocities near the source of tension. Because

effective friction is high, forces are quickly dissipated and velocity of

materials goes to zero a short distance away from the growth cone. This

behavior leads to rapid elongation, but possible rupturing of the axon. L ¼
200 mm, F0 ¼ 200 mdynes, h ¼ �h.

FIGURE 5 Illustration of the measurement of axonal diameter. For each

phase image (A and D), the diameters of the axons were measured using

ImageJ (one measurement/25 mm). A line orthogonal to the axon was drawn

(B and E) and a plot profile gives the pixel intensity at each point along the

line (C and F). Arrowheads in C and F denote the two steepest points on the

relevant portion of the curve. Visible differences in axonal diameter (A and

D) are reflected in C and F.
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cone generated forces have little effect, moved in the retro-

grade direction.

Having analyzed the behavior of the velocity profile for

extreme values of G and h, we focus on how the velocity

profile changes with the parameters. Plots of Eq. 6 for varying

magnitudes of h and G are displayed in Fig. 6, B and C. As
the effect of the neurite/substrate interactions (h) increases,
less of the neurite experiences bulk transport, with the most

transport occurring near the growth cone. If adhesive forces

are not present, then transport behaves as a system of dash-

pots, with the velocity of docked material increasing linearly.

Variations in the growth dashpot parameter, G, cause dif-

ferent types of changes. If G is relatively large, the neurite is

too stiff, and realistic forces are insufficient to produce sig-

nificant bulk transport or elongation (Fig. 6 C, dashed line).
As the neurite becomes more fluid (G decreases) both bulk

transport and elongation are observed. Notice that, in the

presence of adhesions, transport is still minimal in the

proximal axon. DecreasingG further, transport occurs only in

the distal axon with a steep gradient (Fig. 6 C, solid line). An
extremely small value ofG represents an axon that is too fluid

to withstand tension. This neurite will see a sharp change

from zero velocity of materials in the majority of the axon to

extreme stretching near the growth cone. The neurite offers

little resistance to tension, but the tension dissipates imme-

diately, possibly leading to rupture at the point where the

tension is applied. An observed axonal rupture is explained

by this model asG being locally too small to handle the forces

in that region.

In the towed growth experiments, where the velocity of

axonal elongation exceeds the normal rate of elongation,

axons thinned. In contrast, in the naturally growing axons,

dramatic thinning was not observed. This suggests that there

is some rate of mass addition that occurs along the length of

the axon that normally prevents axonal thinning, but that

when the normal growth rate is exceeded there is initially a

thinning of the axon. Our simulation of a growing axon

without mass addition is consistent with this observation

(Fig. 7). The force generated at the growth cone (200mdynes)
causes lengthening of the axon and thinning. Force dissipa-

tion due to adhesions restricts thinning to the distal region,

and, in a short amount of time, the diameter becomes ex-

tremely small at the growth cone. Comparison of our simu-

lation with the profiles of naturally growing axons implies

that mass addition counteracts stretch-induced thinning.

The model predicts that for a given set of parameters (F0,

G, and h. 0) a growing axon achieves a maximum velocity

of axonal elongation (Fig. 8). Further, it shows that there is a

characteristic velocity profile that advances with the growth

cone and is nonzero for some fixed length from the growth

cone �L. For very short axons, forces generated at the growth

cone are not fully dispersed along the length, and the velocity

profile is nearly linear. As the axon elongates, the actual

velocity of the materials near the growth cone increases to its

maximum value vmax ¼ F0=ðGhÞ1=2 and the velocity profile

attains its exponential shape. Once the axon is long enough

(L$ �L) that force dissipation causes the velocity to reach zero
before the growth cone, the velocity curve behaves, over

time, as if it were shifting to the right.

DISCUSSION

How axons elongate has been a central debate in neurobi-

ology for decades. Tip growth is generally accepted as the

method (1,31), but stretching has been observed along the

axons of Xenopus neurons and in the distal axon of chicken

sensory neurons (9,19,20). It is well agreed that growth cones

generate tension (32) and cells are viscoelastic materials (21)

that adhere to substrates (10). Thus, it seems reasonable to

conclude that axons stretch in response to forces. To test this,

we use direct observation of the movements of docked mi-

tochondria and physical manipulation of the neurons via

axonal towing to test whether axons stretch in response to

force application at the growth cone and to determine the

normal parameters for the viscosity of the axon and the level

of adhesion to the substrate. We then mathematically model

FIGURE 7 Without mass addition, axons thin when stretched. To exam-

ine the necessity of intercalated mass addition, Euler’s implementation was

employed in which cross-sectional area was allowed to vary while the axon

lengthened. The growth dashpot parameter, G, and the constant of friction,

h, were initially set at physiological levels (g ¼ �g; A ¼ p mm2, h ¼ �h).
During lengthening, G varied with the cross-sectional area while h was held

constant. Here, we simulated an axon that was initially 200 mm long, with a

uniform axonal diameter of 2 mm, and a constant force of 200 mdynes

applied at the growth cone. The simulations ran until the cross-sectional area

became smaller than 0.05 mm2 at any point. (A) The profile of the cross-

sectional area over the first 1.5 h of growth demonstrates that the force

gradient due to cell-substrate adhesions leads to nonuniform thinning in the

distal region. (B) A scale representation of the axon over the first 1.5 h of

growth strongly suggests that intercalated mass addition occurs to prevent

thinning.
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the axon as a viscoelastic fluid, based on the work of Dennerll

et al., which suggests that tip growth occurs when the forces

generated at the growth cone are weak, the adhesions along

the axon are strong, or the viscosity of the axon is high.

Although it is well accepted that force application at the

growth cone leads to axonal elongation (11,13), whether it

leads to stretching of the axon has not been addressed. An-

terograde LVT of the distal cytoskeleton, as previously

documented (9,10,18–20), was present in our control ex-

periments (Fig. 6 A). To test the effects of external force

application, we monitored the movement of docked mito-

chondria along the axon while towing. We observed that

mitochondria along the axon translocated in an anterograde

manner (Fig. 2 E) and with a velocity profile that was strongly
nonlinear (Fig. 2 F). The velocity of movement of the docked

mitochondria was directly linked to the rate of towing. When

axons were towed at a rate of 50 mm h�1 the velocity of

mitochondrial movement next to the growth cone was ;40

mm h�1 (Fig. 2 F), and when towing occurred at 100mm h�1,

the velocity of movement next to the growth cone was ;90

mm h�1. Together, these data provide the first direct evidence

that the external application of forces to the growth cone

leads to stretching of the axon.

The key test for our model was to examine the velocity

profile in regions of the axon that were unattached (Fig. 4 A)
and attached (Fig. 4 B) to the substrate. If our model is cor-

rect, then the velocity profile would be linear in the unat-

tached regions and nonlinear in the attached regions. We

found that the data support a model where adhesions along

the axon dissipate forces exerted at the growth cone. By es-

timating the cross-sectional area of the axon (Fig. 5), we

calculated the true viscosity (g) to be 3:63 106 6 2:43 106

Pa�s on average. This measurement is comparable to obser-

vations made in fibroblasts, which suggest that the cyto-

plasmic viscosity is between 102 and 106 Pa�s (33). The

elevated value reported here is not surprising, given that the

axial viscosity of a neurite is a function of deformation-re-

sistant features such as cross-linked cytoskeletal elements

within the axon (21,34,35). An important control was to

compare the velocity profile of docked mitochondria along

the axon during normal axonal elongation with the velocity

profile prediction based on our direct estimates of G, h, and
the magnitude of force at the growth cone. That our model fits

well with the data (Fig. 6 A) illustrates its relevance and

predictive power.

The strength of cellular adhesions has previously been

measured by means of centrifugation (36) and fluid flow (37)

or by the amount of force required to pry a cell from the

substrate (28). Although those techniques are useful for de-

termining relative adhesiveness, the results are difficult to

apply to other systems, because they are in indirect units (e.g.,

the fraction of adherent cells after centrifugation and the

duration of blasting through a pipette required to detach a

cell) or are a complex function of the applied force, visco-

elastic properties of the cell, and adhesion. Our description is

unique in that it is the first direct estimation of the level of

adhesion of an axon to a substrate. Based on our estimation

of the level of cellular adhesion to the substrate (h ¼
9:63 103 6 7:53 103 Pa�s), we can predict the traction force
an axon exerts on the substrate versus the distance from the

growth cone. For example, given an endogenous force of

2 nN in chicken dorsal root ganglion growth cones, and an

apparent axonal viscosity of 1:13 107 Pa�s, we predict that a
1-mm region of axon 10 mm from the growth cone will exert

26 pN of traction force. In situations where axons are elon-

gating by tip growth, we predict that traction force due to

adhesions will drop off very rapidly away from the growth

cone and will be zero along the axon. In contrast, traction

forces will decline gradually toward the cell body in cases

where axons are elongating by stretching (i.e., in dorsal root

ganglion neurons grown on laminin/polyornithine). Further

experiments monitoring axonal elongation using plastic pads

mounted on cantilevers (38) or micropatterned elastomer

substrates (39) will allow our model and predictions to be

tested directly.

A key finding of Chang et al. (10) was that the substrate on

which a neuron was grown determined whether the axons

grew by stretching or by tip growth. Furthermore, axons that

stretched grew more quickly than axons that were attached to

the substrate. Our model behaves in a similar fashion (Fig.

6, B and C). A possible insight into the problem of axonal

elongation suggested by our model is that axons typically

extend by stretching of the distal axon, but when the adhe-

sions along the axon are strong, stretching only occurs at the

tip. Although tip growth and axonal stretching appear to be

qualitatively different, our model suggests that tip growth

may just be a special case where stretching is restricted to the

growth cone.

FIGURE 8 Nascent axons elongate slowly. A simulation of an initially

short axon (L0 ¼ 10 mm) under tension shows the velocity profile of an

elongating axon. Transport is present along the length when the axon is short

and the elongation rate is low. As the axon grows, the velocity of elongation

increases until the length of the region where transport is observed reaches a

maximum (here, ;100 mm). The velocity profile then translocates, with an

increasing lagging zone in the proximal axon where no transport is observed.

F0 ¼ 200 mdynes, G ¼ �G; h ¼ �h.
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The tip growth model predicts that axonal elongation oc-

curs by the addition of new mass at the growth cone. De-

pending on the school of thought, this occurs either through

microtubule polymerization at the growth cone (1,31) or the

addition of new microtubules by stop-and-go transport (40).

In both cases, increasing the amount of microtubule polymer

has the predicted effect of increasing the rate of axonal

elongation. For values of G and h that are reasonably greater

than zero, our model predicts that the elongation rate of an

axon attached to the substrate is proportional to F0=ðGhÞ1=2.
Thus, an increase in G due to polymerization leads to a de-

cline in the velocity of elongation. In other words, the rate of

axonal elongation is sensitive to the viscosity of the axon: the

higher the viscosity, the slower the rate of axonal elongation.

This suggests an explanation to the counterintuitive obser-

vation that an increase in microtubule polymerization

through the application of the drug taxol slows the rate of

axonal elongation (17,41). Our model predicts that an in-

crease in microtubule mass along the length will slow the rate

of axonal elongation by increasing the viscosity of the axon

(Fig. 6 C). In the case of taxol application, it suggests that the
axons elongate more slowly because tubulin is converted to

microtubules along the length and the viscosity (G) of the
axon increases.

A related issue is the question of why axons are thin during

elongation and then increase in diameter after synapse for-

mation (42). Our model suggests that the apparent viscosity

(G) of the axon is a function of axonal diameter, and that thin

axons will thus grow more quickly given a level of tension at

the growth cone. The relationship between axonal diameter

and rate of growth may also explain why thin neurites of

Aplysia neurons (2–6 mm in diameter), but not the main

axonal trunk (20–50 mm) advance in tissue culture (43). How

axonal elongation varies with axonal viscosity and diameter

has not been systematically addressed experimentally and

will be an interesting avenue for future research.

The observation that rapidly advancing growth cones are

small and growth cones that pause enlarge (44) further sug-

gests that mass addition does not control the rate of axonal

lengthening. In the context of our model, for a given rate of

mass addition there exists a critical level of stretching that

would result in no change in diameter. The aforementioned

observations could be interpreted such that rapidly advancing

growth cones are small because they undergo a supercritical

degree of stretching, and paused and slowly advancing

growth cones enlarge because the level of stretching is sub-

critical. In this context, our assumption that G is constant

during elongation is equivalent to saying that the rate of mass

addition increases with the rate of lengthening.

Where mass addition occurs during axonal elongation is a

long-standing problem (4). A simulation of an axon growing

by stretching revealed that, without mass addition, thinning

of the distal region to a very small diameter (,250 nm)

occurs in a matter of hours (Fig. 7). Because axons grown

naturally on laminin are not observed to thin significantly,

this suggests that mass addition is occurring along the distal

axon.

Any model of axonal elongation must account for the

observation that axons tend to lengthen at some average rate

that does not seem to significantly vary with the length of the

axon (45). The inclusion of adhesions along the axon in our

model produces this behavior, preventing unbounded elon-

gation rates (Fig. 8). Presuming that growth cones generate

similar amounts of force in short and long axons, the region

of axonal stretching and force dissipation is similar regardless

of the length of the axon and advances with the growth cone.

This creates a region of axonal stretching in the distal axon,

yet a stationary cytoskeletal framework in the proximal axon.

There are several potential shortcomings of our model. The

first is that we place mass addition as a dependent variable

instead of an independent variable that controls the rate of

axonal lengthening. Although we based this on our inter-

pretation of the available experimental data, as outlined in the

Introduction, further studies are required to definitively

demonstrate the site of mass addition along the axon. The

second limitation is that our model is one-dimensional and

does not address the two- or three-dimensional problem of

axonal guidance. We think this is an exciting question (25),

but deeper knowledge of the interactions between the axonal

shaft and substrate will be required, in particular, to deter-

mine whether adhesions are discrete or continuous. The third

potential limitation is that we treat the axon as a stiff visco-

elastic fluid and ignore elastic behaviors. We agree that an

understanding of those processes is important, especially in

the context of the problem of axonal guidance in short

timescales up to several hours. The final limitation is that we

do not consider the dynamic aspects of axonal elongation.

For example, it is well accepted that sensory neurons do not

thin over extended periods of time during elongation on glass

coverslips coated with laminin (5), in vivo during lengthen-

ing forced by bone elongation (16), or in vitro during towed

growth at rates as high as 8 mm/day (14). Thus, in our model,

we hold axonal diameter, G, and h to be constant for the

steady-state solution. Yet, as is seen in Fig. 5, A andD, which
is a representative example, axonal diameter appears to de-

crease during lengthening caused by towing. We believe that

this thinning might occur because the rate of mass addition

does not rapidly adjust to changes in the rate of axonal

lengthening (14). These results suggest that future models

that incorporate dynamic aspects (such as changes in the

velocity of elongation) may also need to include changes in

axonal diameter, g, and in mass addition as functions of the

rate of axonal lengthening.

CONCLUSION

As axons are viscoelastic, forces may play a role in elonga-

tion and bulk transport of materials. We have proposed a

model that suggests that the extent of neuronal lengthening is

dictated by tension, the physical viscoelastic properties of the
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axon, and the axon’s surrounding environment. The model

suggests that tip growth may be a special case where axonal

stretching is restricted to the growth cone because the level of

adhesions along the axon are very high, the viscosity or

thickness of the axon is large, or force generation in the

growth cone is weak.
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