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Axonal Transport: How High Microtubule Density Can Compensate
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ABSTRACT Long-distance intracellular axonal transport is predominantly microtubule-based, and its impairment is linked
to neurodegeneration. In this study, we present theoretical arguments that suggest that near the axon boundaries (walls), the
effective viscosity can become large enough to impede cargo transport in small (but not large) caliber axons. Our theoretical
analysis suggests that this opposition to motion increases rapidly as the cargo approaches the wall. We find that having parallel
microtubules close enough together to enable a cargo to simultaneously engage motors on more than one microtubule dramat-
ically enhances motor activity, and thus minimizes the effects of any opposition to transport. Even if microtubules are randomly
placed in axons, we find that the higher density of microtubules found in small-caliber axons increases the probability of having
parallel microtubules close enough that they can be used simultaneously by motors on a cargo. The boundary effect is not a

factor in transport in large-caliber axons where the microtubule density is lower.

INTRODUCTION

Long-distance vesicular transport is critical for axonal func-
tion, and its failure may induce neurodegeneration (1,2).
However, exactly what factors contribute to its robustness
or failure is still not well understood. Much of the transport
occurs along microtubules (MTs). Electron micrographs
indicate that the packing density of MTs in axons increases
as the axon caliber decreases, ranging from ~ 150 MTs/um?
of cross-sectional area of axoplasm for small unmyelinated
axons (which are less than 1 pm in diameter), to less than
15 MTs/um? in the axoplasm of large myelinated fibers
of ~ 10 um in diameter (3-6). In this study, we propose
that the higher density of MTs found in small-caliber axons
can compensate for confinement effects that can impede
axonal transport in axons with a narrow diameter.

To date, it has been implicitly assumed that transport in
axons is essentially the same as transport in the neuronal
cell body. However, the previously unexplored effect of
boundary conditions may make transport in these two
areas quite different. In this paper, we propose that the
long cylindrical geometry of the axon—with the close
presence of the axonal membrane—Ileads to two classes of
effects, both of which impair transport. These are 1), a
wall effect (reflecting a “no-slip” boundary condition) in
small-caliber axons and 2), an enhancement of macromolec-
ular crowding.
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The wall effect results from simple hydrodynamics: as a
cargo moves along an MT in a small-caliber axon as shown
in Fig. 1 A, it experiences a larger viscous drag than it would
if it were moving in the cell body far from the cell walls. This
is because of the no-slip or low-slip boundary condition of the
cytosol at the axonal wall and also at the surface of the cargo,
so that the closer the cargo is to the wall, the more shear
there is, the larger the effective viscosity is, and the larger
the opposition to motion. (The no-slip boundary condition
refers to the fact that the fluid next to a surface cannot
move or flow.) The second effect is an enhancement of the
opposition to motion because of crowding, and conceptually
results from an inability of large molecules to move out of
the way of the cargo as it moves down the axon; as large
molecules try to move away from the oncoming cargo,
their motion is impeded by the presence of the nearby walls
or boundaries. To illustrate these effects, we have used a sim-
ple model. We find that by walking along parallel MTs (see
Fig. 1 A), multiple motors can be employed to dramatically
improve transport by overcoming such opposition to motion.

Using a three-dimensional (3D) Monte Carlo simulation
to model vesicular transport in an axon, we find that the sin-
gle motor run length is significantly reduced because of the
boundary or wall effect. This dramatic effect on axonal
transport has not been considered before. We propose that
axonal transport uses multiple motors moving along more
than one MT to overcome this impediment (see bottom of
Fig. 1 A). In particular, we suggest that the high density of
MTs in small-caliber axons ensures that there will be a
high probability of closely spaced parallel MTs that can
promote multiple-motor-based transport along more than
one MT, dramatically improving transport of cargos with
multiple motors.
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FIGURE 1 (A) Cargos being hauled by motors along MTs inside an axon. The spherical cargo has a radius a in a cylindrical axon of radius R. The center of
the cargo is displaced a distance b from the axon’s axis. The distance h is the closest approach of the cargo to the axon wall. Two scenarios are shown. The top
shows a single motor hauling a cargo along an MT. The key point of this paper is that the enhanced viscosity encountered by the cargo near the wall of the
axon can be overcome by having multiple motors hauling the cargo along closely spaced parallel microtubules as shown at the bottom. (B) Correction factor
K from Eq. 2 for a sphere of radius 250 nm for two axon diameters (k = 0.1 and £ = 0.5) as a function of the cargo-wall distance /. As a comparison, we have
also shown the correction factor obtained from the Faxén formula (blue dotted line) for the same parameters. Far away from the wall in a large axon (magenta
dashed curve) our theory agrees well with Faxén’s law. Note that for a relatively large cargo (250 nm radius) in a relatively small axon (k = 0.5, corresponding
to a 1 pm diameter axon, solid line), the “edge” effect, represented by the correction factor, extends over the width of the axon, even when the cargo is far
away from the wall. (C) Comparison of the theoretical correction factor K given by Eq. 2 to experimental data (82) for a sphere moving through a fluid-filled
cylinder for various values of kK = a/R. To see this figure in color, go online.

Our paper is organized as follows. We begin by showing
that a sphere (cargo) moving through a fluid filled cylinder
(axon) can experience significant drag if it is close to the
wall of the cylinder. After describing our simulation proce-
dure, we show that this viscous drag can reduce the run
length of a cargo being hauled by a single motor along an
MT in a cylinder, and describe how this effective viscosity
in the fluid-filled cylinder can be further enhanced by mac-
romolecules. We then show that a way to overcome this
opposition to cargo transport is to use multiple motors to
haul the cargo along two parallel MTs (see bottom of
Fig. 1 A); if the MTs are close enough, because each motor’s
“on” rate is effectively doubled, the presence of the second
MT dramatically enhances the number of engaged motors.
Thus, the high density of MTs found in small-caliber axons
can help to compensate for the confinement effects of
viscous drag on axonal transport. Interestingly, boundary
effects should not impede cargo transport in large-caliber
axons where there is a much lower MT density.

Heuristic approach: Wall correction increases as
the cargo approaches the wall

Generally, the viscosity of axoplasm or cytosol depends
on the length scale at which it is measured. For example,
substances squeezed from nerves and assumed to be
axoplasm were reported to have a viscosity 10° times greater
than that of water (7), though this can be attributable to the
cross-linking and frictional interactions between neurofila-
ments and MTs in the axoplasm (8). On the other hand,
electron spin resonance measurements of the microviscosity
of mammalian nerve axoplasm found a value ~ 5 times
larger than the viscosity of water (9). This viscosity is not
enough to seriously oppose motion, at least not in Drosophila
embryos (10).
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We considered the possibility that in the axon, the effec-
tive viscosity might be enhanced by the presence of the
wall, attributable to both a direct effect of no-slip boundary
conditions as well as the effect of the wall on the mobility of
large macromolecules in the axoplasm. We first investigated
the potential importance of a no-slip boundary condition.
We considered a spherical cargo of radius ¢ moving in a
cylindrical axon of radius R (Fig. I A), with 1, the viscosity
of the axoplasm in an unbounded medium. The Stokes force
experienced by the cargo moving with velocity v in the lab-
oratory frame of reference can be expressed as (11) follows:

F = 6m,avK, (D

where K (>1) is the correction factor because of the wall
effect. We assume a cargo velocity parallel to the axon
axis; K depends on the position (relative to the axon wall)
and radius of the cargo, as well as the axon diameter (2R).

The exact solution for K for a sphere moving on the axis
of a cylinder filled with viscous fluid has been obtained
numerically by solving a set of linear equations (11,12).
Further, some special solutions can be found perturbatively
when the sphere is near the axis of the cylinder (13-15).
However, there is no general solution that applies over the
entire range of positions and sizes of the sphere. Here, by
exploiting the approximate behavior of the solutions near
the axis and near the wall, we can write an approximate
overall solution as a superposition of these solutions
(Eq. 2), which is valid over a suitable range of the parame-
ters (see the Supporting Material):

K = exp(-ke) Ko+ k*e* f(e)(R/h) )

This approximate solution is written in terms of the eccen-
tricity parameter € = b/R and the dimensionless radius of
the sphere k = a/R, where b is the distance of the center
of the sphere from the axis of the cylinder and R is the radius
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of the cylinder. Here, K is the wall correction factor for
rigid spheres moving in a still liquid along the axis of a
cylindrical tube (b = 0) (11), and f{¢e) is the Brenner eccen-
tricity function (11). We give the approximations that we
used for Ky and f{e) in the Supporting Material. H is the
distance between the surface of the cargo and the inner
surface of the axon. Eq. 2 recovers the previously obtained
results for both limiting cases e—0 and 27— 0.

In Fig. 1, we show the correction factor K as a function
of the sphere-cylinder surface to surface distance h. Two
general features of our results are of interest. First, relatively
close to the wall, the boundary effect is very large, and
second, for cargos that are relatively large with respect to
the caliber of the axon (i.e., roughly filling it by half), the
“wall” effect is evident even quite far away from the wall.
For example, if we think of 7, = K7, as an effective
viscosity, then Ney €an be 50 times that of water for K =
5 and 1, = 10 times that of water (9).

METHODS
Modeling and numerical simulation

We used a previously developed 3D Monte Carlo model (16) to study the
transport of cargos hauled by kinesin motor(s). Kinesin molecules were
bound to a spherical cargo, and the “heads” of the motors were free to
search for binding domains of the MT that were within reach. Once the
head could reach the MT, we assigned a probability of the motor binding
to the MT, based on an on-rate of 2 s~'. We ignored head-head dynamics
of a motor, and as others have done, simply modeled kinesin as a single
head that hopped from one binding site to the next with step size of d =
8 nm, moving toward the plus end of the MT. Since modeling single-motor
kinesin stepping followed previously published work, simulation details are
left to the Supporting Material. However, we note that in addition to the
forces acting on the cargo because of the molecular motors and viscous
drag, it also underwent Brownian motion.

Cargo dynamics

In a viscous medium, a cargo hauled along an MT exhibits translational
as well as rotational Brownian motion. Throughout our simulations, the
motor-cargo system satisfied the following boundary conditions: 1) the
motor(s) could not go into the cargo or the MT; 2) the cargo could not go
into the MT; 3) the cargo had to be inside of the axon. Unless explicitly
stated, the cargo radius was @ = 250 nm whereas the MT radius was r =
12.5 nm. The coefficient of viscosity of the axoplasm was assumed to be
10 times that of water (9). All the physical properties were averaged over
1000 realizations. To avoid possible divergences in the numerical simula-
tions, we introduced a 1 nm artificial clearance between the cargo-wall
surfaces.

Modeling macromolecules in the axoplasm

To investigate theoretically how large macromolecules could hinder cargo
transport through the cytoplasm and axoplasm, we included polymers in
our simulations of a cargo moving in a fluid-filled axon. The study of
the detailed molecular structure and dynamics of long chain molecules
using a microscopic model such as a “molecular dynamics” approach is
computationally challenging. To simplify this, we modeled each polymer
as a chain of beads, coupled through massless springs. Each bead per-
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formed constrained diffusive motion and interacted with the cargo and
with the beads of nearby chains. We assumed that the interactions could
be approximated by a Lennard-Jones (LJ) type potential to take into
account both the long-range attractive and short-range repulsive forces.
The details of the model and calculations are given in the Supporting
Material.

To quantify the effect of macromolecule-cargo interactions, we consid-
ered a spherical cargo being dragged through a cylindrical tube by an
external force F through a fluid with polymers (see Fig. S3 A in the Support-
ing Material), i.e., the cargo was not being hauled by molecular motors.
We calculated the (size-dependent) effective viscosity to which the cargo
was subjected as follows:

neﬂ = Knoo> (3)

6mav

where F was the external driving force and v was the average velocity of
the cargo. We solved the Langevin equation for the motion of a cargo
driven by the external force (see Fig. S3 A). We randomly distributed the
polymers in a tube of a given diameter and initially placed the cargo on
the axis. The cargo interacted with each bead of the polymer as well as
experienced the drag force because of proximity to the wall of the tube.
The polymer-polymer interactions were also incorporated through bead-
bead interactions. In this way, we measured the approximate time for a
given fixed-travel distance along the axis and calculated the average veloc-
ity of the cargo.

RESULTS
Wall effect on transport by a single motor

We first explored how the wall would modify axonal trans-
port of a cargo hauled by a single kinesin motor. We
modeled the axon as a long cylinder of uniform diameter
with an MT centered along the axis of the axon. (In prac-
tice, electron micrograph images (17) show a wide varia-
tion both in the caliber size and longitudinal undulation.)
We investigated the magnitude of the wall effect on cargo
motion via our simulations (Fig. S2), and consistent with
the analytic results in Fig. 1, found that the run length
decreased as the diameter of the axon decreased. For
a D = 1200 nm axon with 5, = 10 times that of water,
and with the 500 nm diameter cargo, the average load
on the motor during the simulation was ~ 0.84 pN; the
effect of such a load in our simulations in the presence
of Brownian motion was consistent with past experimental
results (18) and previous force-processivity data (18).
Thus, for some parameter values, the effect of the increased
drag because of the wall effect can be enough to decrease
by ~ 50% the expected mean travel distance of a cargo that
is hauled by a single motor. Such an effect would likely not
be insignificant from a physiological point of view, since
recent work (19) suggests that a roughly 25% decrease in
motor processivity is enough to have significant conse-
quences. Note that the parameters for the large cargo/small
axon case considered are not unreasonable, since mito-
chondria are frequently on the order of 200 nm in diameter
(20), and there are numerous axons on the order of 1 um in
diameter.

Biophysical Journal 106(4) 813-823



816

Potential effect of crowding

The biological medium differs from an idealized Newto-
nian fluid, in part because of large molecules or parts
of large molecules that can impede cargo motion because
of steric hindrance. For example, electron micrographs of
MTs with MT-associated proteins (MAPs) bound to them
have projections extending ~ 100 nm away from the sur-
face of the MT (21,22). Neurofilaments are oriented
axially, parallel to the MTs. Quick-freeze deep-etch micro-
graphs of frog axons reveal that the C termini of neurofila-
ments medium and heavy have long side arms that project
20 to 50 nm laterally outward from the filament core
(22-24). There is also a family of very large cytoskeletal
linking proteins called plectins that have globular multiin-
teractive end domains separated by an o-helical sequence
dimerized with another molecule to form a 190 nm-long
coiled coil rod domain (25). The major isoform found in
neural cells is plectin 1c (26). It is not known if there are
free-floating large molecules in the axon, partly because
to extract the cytoskeleton to perform the quick-freeze
deep etch, which is the gold standard for determining
axoplasm structure, anything that is not anchored to the
cytoskeleton is washed away. If there are such large mole-
cules in the axoplasm, their movement could be restricted
because of the confined geometry, resulting in a significant
enhancement of their opposition to the cargos’ motion.
MAPs, C termini of neurofilaments medium and heavy,
plectin 1C, and other large molecules could result in
increased average viscous drag, reducing the cargo’s run
length.

To investigate theoretically how large molecules could
hinder cargo transport through such effects, we simulated
a spherical cargo moving through a cylindrical axon with
a polymer-filled fluid under the influence of an external
force as described in the Methods section. The results are
shown in Fig. S3. We found that the higher the polymer
concentration, the larger the viscosity was. In Fig. S3, we
separated the wall effect from the viscous effect of the
polymers alone on the cargo mobility (quantified in terms
of effective viscosity) for different polymer concentrations.
(We can turn off the wall effect by setting the viscosity
correction factor K = 1 in Eq. 2.) As Fig. S3 B shows,
without the wall effect, there was a significant enhancement
of the “base” viscosity of the medium as the concentration
of the polymer increased. This enhancement came from
the excluded volume effect. When the wall effect was
included (see Fig. S3 C), the effective viscosity remained
fairly constant for a given volume exclusion (polymer
concentration) in large-diameter axons. However, the wall
effect became important and was the dominant factor
inhibiting cargo mobility as the caliber size decreased, and
the presence of the polymers increased the wall effect.
The length scales for which the wall effect became impor-
tant are discussed next.
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Onset of the wall effect when the cargo radius
and cargo-wall distance are comparable

Noting that the presence of long molecules dramatically
enhanced the opposition to the motion for even a rela-
tively small cargo in a small-caliber axon, we wanted
to better understand how the onset of huge resistance de-
pended on the different length scales of the system. So we
varied the radius of the cargo (a), the diameter of the axon
caliber (D), and the length of the polymers (L), and the
distance of the surface of the cargo to the inner wall of
the axon (k). The details of the simulation are given in
the Supporting Material. Our results are shown in Fig. 2
where we see that, irrespective of the axon or cargo
size, the effective viscosity dramatically increased when
h/a<1 for all axon and cargo dimensions. Physically,
small /& meant that the cargo was close to the wall, and
large a meant that there was a large amount of cargo sur-
face area to enhance the viscous drag produced by prox-
imity to the wall of the axon. Thus the wall effect became
insignificant if the cargo-axon geometry satisfied the con-
dition W/a > 1.

For a moderate size axon (D ~ 1 pm) and for small cargos
(a ~ 50 nm), the enhancement of viscosity merely came
from the steric hindrances because of the cargo-polymer
interactions, and the wall effect, in most of these circum-
stances, could be comfortably ignored. On the other hand,
cargos can be relatively large membranous organelles such
as mitochondria and lysosomes (a ~ 0.5 pm). The wall effect
and confinement becomes more relevant for such big cargos
especially when h/a— 1.
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FIGURE 2 Effective viscosity of the medium in the presence of the
macromolecules of length L as a function of the ratio of the cargo-cylinder
surface-to-surface distance / to the radius a of the cargo. (A) Axon diameter
D = 300 nm; (B) D = 400 nm; (C) D = 500 nm; and (D) D = 800 nm.
Trrespective of the caliber D, there is dramatic increase in the effective
viscosity when this ratio h/a is of the order of or less than one. Polymer
concentration is fixed at 4.17% excluded volume. For L = 20, 100, and
400 nm, this excluded volume corresponds to concentrations of 16.5,
3.31, and 0.827 pM, respectively. To see this figure in color, go online.
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These studies, then, suggest that the presence of the axon
membrane can in some circumstances contribute to signifi-
cant opposition to cargo motion, especially for large cargos;
the exact amount of resistance will depend on the size of the
cargo relative to the axon diameter, on the cargo position
relative to the axon wall, and also on the extent of large
macromolecules/polymers locally present. We note that
these effects likely vary spatially and temporally; e.g.,
even in a relatively large axon, when two large cargos
pass each other, they may push each other against the side
walls, temporarily decreasing h and satisfying the condition
h/a<l1 (see also Discussion). Such effects are potentially
problematic because axons rely on long-distance transport,
and its impairment would seriously compromise axonal
health. Since groups of molecular motors can exert more
force, and provide a more robust transport system under
load, one axonal strategy to move given cargos further and
more robustly might be to maximize the number of engaged
motors. We therefore examined whether there were any
structural features that might promote such increased motor
engagement.

Transport along multiple microtubules enhances
overall motor on-rates

Studies from multiple groups (27,28) indicate that the
more molecular motors that move a cargo, the further the
cargo is expected to move and the greater the force that
moves it. In vivo, multiple motors typically move a cargo
(19,29,30). Although multiple factors can affect exactly
how many motors are engaged at any instant, one strong
contributor is the motors’ on-rates, that is, how long it typi-
cally takes them to bind to the MT. The higher the average
on-rate is, the more available motors there are that are
engaged in hauling the cargo at any given instant (18,31).
Suppose that a single motor has an on-rate of &% with
a probability of binding in a time interval At equal to
K"&% A7, If there are N total motors, with those bound to
the MT denoted by Npoyuna, then the number of free motors
i8S Nfyee = N — Npouna. In principle, the rate at which motors
on a cargo can bind to an MT, i.e., the number of motors that
bind per second, is determined by the state of the cargo, i.e.,
not only the number of free motors, but also the number of
motors already bound to the MTs that could interfere with
each other. However, for the simplest case (assumed here)
all the motors were clustered at a point, and the motors
did not directly interact with each other, so that the effective
on-rate (number of motors that bind per second) was simply
proportional to the number of free motors. Thus, when
Npee = 1, the on-rate is k;lgjfz but if Np., = 3, for instance,
the effective on-rate for any additional motor to bind is
3 k;';;ff;, that is, three times as large. Now, in principle, if
a second MT was parallel—and sufficiently close—to the
first, any free motor could bind either to the first or the

second MT, so that potentially, each motor had effectively
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twice as many chances to bind, that is, each motor’s on-
rate is doubled.

Intriguingly, the magnitude of the hypothetical effect of
having two parallel MTs increases with the number of
motors present: if we imagine Ny, = 1, then when a single
MT is present, the on-rate would be kZ't':Z;L]Z, but when two
MTs are present, we might expect that the effective on-rate
to be Zk;’;lffz However, if Nj, =4, then the on-rate

goes from 4 k% for a single MT to 8 %" for two MTs.
In other words, for the one-motor case, to double the on-rate,
one can either add a second motor, or add a second MT; how-
ever to achieve an on-rate § times that of a single motor, one
can either start from the N4, = 4, and add an additional four
motors, or simply add a second MT. This sort of argument
suggests that clustering a few MTs close together might be
a very efficient way to improve motor utilization, especially
for cargos that potentially have more than two active motors.
Note also that in any scenario where motors interfere with
other motors binding (i.e., motors already bound decrease
the on-rate of other free motors; this is not considered
explicitly below), the presence of the second MT will be
even more beneficial, because for the case where some mo-
tors are bound to one MT, but none to the second, all of the
“free” motors will have higher on-rates for the second MT.

Theoretical modeling confirms that multiple close
microtubules likely improve transport

To test this hypothesis that the clustering of parallel MTs
might improve transport in the multiple motor case, we
investigated the motility of a cargo driven by kinesin mole-
cules clustered at a single attachment point on the cargo
surface. We decided to cluster the kinesin motors on the
cargo surface for two reasons. First, there is weak experi-
mental evidence for kinesin clustering (32). Second, pre-
vious simulations (16) find that if motors are randomly
placed on large cargos, achieving a reasonable number of
engaged motors (i.e., three to six) would require a large
number of motors (50 to 100) to be present on the cargo,
which appears inconsistent with biochemical characteri-
zations of cargo-bound MT motors (33). Note that recent
studies show that in vivo cargos are frequently moved by
more than one MT-based motor (10,29,33,34). Our simu-
lated 3D model (16) took into account the Brownian motion
of the cargo as well as the positions of the motors and MTs.
We considered transport when the cargo was close to either
one or two MTs, and incorporated the wall effect by renorm-
alizing the effective viscosity of the medium. A diagram of
the simulated geometry for multiple MT transport in an
axon is depicted in Fig. S1. We fixed the position of the
MTs symmetrically about the center of the axon, parallel
to the axis of the axon, and let one of the motors bind to
either of the two MTs randomly. The binding process, the
position of the cargo and the diameter of the axon all satis-
fied the boundary conditions that were described above for a

Biophysical Journal 106(4) 813-823
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single MT. Initially, one motor was allowed to bind the MT
and the rest were free. The algorithmic details of the motor
processivity and switching between the MTs are described
in the Supporting Material.

In Fig. 3, we show the run lengths, i.e., travel distances, of
a cargo with N = 2 to 5 kinesin motors, moving along two
parallel MTs, separated by MT center-to-center distances
of d = 50, 75, and 275 nm as a function of viscosity. For
simplicity, as discussed above, we assumed that the effect
of axonal wall and/or the cargo-protein interactions was
to modify the effective viscosity of the axoplasm. The MT
separation of d = 275 nm approximately corresponded to
the case of single MT transport since two kinesin motors,
each 110 nm long and attached at a single point on the cargo,
cannot reach two MTs simultaneously. In contrast, the mo-
tors could easily reach both MTs for the case of d = 75 nm.
As we show in the next section, finding two MTs within
75 nm of each other is highly likely in small-caliber axons
where the MT density is 150 MTs/um? (3-6). It is evident
that the second MT significantly enhanced the mean travel
distance of the cargo, and the larger the number of motors,
the stronger the enhancement.

The extreme values of the viscosity considered in some
parts of the curves in Fig. 3 (>1000 x that of water), in
general likely do not reflect what occurs in typical
axoplasm. However, we demonstrated in an earlier section
that under certain conditions (e.g., for the special class of
cargo-axon geometry, h/a<1), the resistance to motion
could be tremendously large. In such cases, clustering the
MTs within a high load region of the axon might be a
potential mechanism to overcome resistance to transport.

N = 3 motors

Run Length [um]

+ N =2 motors

5‘ 20, N =4 motors 40 N = 5 motors
5 15] 1 30
g 10¢ 4 20
55 4 10
2 I
0

0
100 1000 1000 10100 100 100 10
Viscosity (Relative to Water) Viscosity (Relative to Water)

FIGURE 3 Cargo run length (i.e., cargo travel distance) along two paral-
lel microtubules as a function of viscosity for a cargo (radius a = 100 nm)
driven by a maximum of (A) N = 2 motors, (B) N = 3 motors, (C) N =4
motors, and (D) N = 5 motors. For each number of (maximally engaged)
motors, we investigated different microtubule-microtubule spacings d.
The two microtubules were separated by center-to-center distances of
d =50 nm (upper curve); d =75 nm (middle curve); and d = 275 nm (lower
curve). To see this figure in color, go online.
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How close do the parallel MTs need to be to each other
to effectively contribute to transport? Since a factor of 10
enhancement (because of wall effects and large molecules)
over the base axonal viscosity (10 times that of water (9))
seemed reasonable from our above studies, we used this,
and compared the run lengths, i.e., travel distances, of a
cargo hauled by different numbers of motors, as a function
of spacing between the MTs. As Fig. 4 shows, the enhance-
ment of run length by decreasing MT separation for a small
number of motors (N = 2) was not dramatic, even when the
spacing between the MTs was very small. However, for a
larger number of motors, the second MT had a considerable
impact. For example, when five motors were present, there
was almost a threefold enhancement of the run length as
compared with the single MT value if the MT separation
was ~ 50 nm. The enhancement of the run length was sig-
nificantly higher when the separation between the MTs
was ~ 100 nm or less.

High microtubule density in small-caliber axons
ensures closely spaced MTs that can be used in
cargo transport to overcome the wall effect

To overcome the enhanced viscosity because of the wall
effect in small-caliber axons, our simulation results sug-
gested that nearest-neighbor MTs should be spaced within
~ 100 nm of each other so that both can effectively contri-
bute to transport of a given cargo. (In large-caliber axons,
the cargos are not subjected to the wall effect because
they are sufficiently far away from the axonal wall.) If an
axon has MTs randomly placed according to a Poisson dis-
tribution, how high does the MT density need to be to have a
high probability of finding a pair of MTs within a certain
distance? The answer is shown in Fig. 5 where we see that

40 ¥ T * T ¥ T L1 T = T L.
oo N =2 motors
= N = 3 motors

30k 44N =4 motors| |
+<+N = 5 motors

Run Length [um]

N o T—1——— T
0 50 100 150 200 250 300
Microtubule Separation Distance d [nm]

FIGURE 4 Cargo run length (i.e., cargo travel distance) as a function of
the microtubule center-to-center separation for different numbers of motors.
There are two microtubules. N is the number of motors on the cargo. Here
the cargo radius is @ = 100 nm, and the viscosity is 100 times that of water.
In the simulations, a single motor binds to one of the microtubules and the
system then evolves. The additional (free) motors can bind to either micro-
tubule, governed by the prescribed binding rules implemented in the simu-
lation (see the Supporting Material). To see this figure in color, go online.
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FIGURE 5 Probability of an MT having a neighbor within a given
distance d versus MT density, where d = 75, 100, and 200 nm. Note that
to have at least an 80% chance of having a pair of MTs with a separa-
tion of 75 nm (blue dashed line), the axon needs to have an MT density
of ~ 100 MTs/um?>. To see this figure in color, go online.

to have at least an 80% chance of having a pair of MTs with
a separation of 75 nm, the axon needs to have an MT density
of ~ 100 MTs/um?. Thus the observation of 150 MTs/um?
of cross-sectional area of axoplasm for small unmyelinated
axons (3-6) means that small-caliber axons will have a
high chance of having MTs with a spacing of less than
100 pum. Note that in axoplasm of large unmyelinated
axons of ~ 10 pm in diameter, the MT density is less than
15 MTs/um? (6), which implies that large-caliber axons
with randomly placed MTs will have a rather low change
of having MTs within 100 nm of each other and thus,
cargo transport will tend to occur along single MTs. This
is fine since the cargos in such large-caliber axons will not
encounter the wall effect.

DISCUSSION

Axonal transport and its failure are of substantial interest
with regard to neurodegeneration and neuropathy. In this
study, we suggest that in small-caliber axons, the effect of
the wall can be significant. Importantly, the effect is highly
nonlinear, depending on the distance between the cargo to
the wall, as well as on the size of the cargo; when h/a ~ 1,
the wall effect can dramatically increase opposition to
motion.

We modeled the axonal membrane as a rigid wall even
though one might expect it to be somewhat flexible and
elastic, especially in unmyelinated axons. (Myelinated
axonal membranes are more rigid because they are rein-
forced by the myelin sheath.) However, we believe that
our approximation is reasonable for two reasons. First,
Shlomovitz et al. have done microrheological measurements
of the viscosity of in vitro phospholipid monolayers in
which micron sized beads submerged a fixed distance
beneath the monolayer are shaken parallel to the monolayer
in an optical trap (35). The viscous drag experienced by
the beads can be used to infer the viscosity or rigidity of
the monolayer membrane. For membrane viscosities less
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than 10~° N-s/m with the bead at a depth corresponding
to barely touching the monolayer, the hydrodynamic
forces on the bead produced by the monolayer are like
that of a free fluid. For membrane viscosities greater
than ~ 4 x 1077 N-s/m at a depth corresponding to barely
touching the membrane, they find that the hydrodynamic
forces produced by the membrane on the bead are like
that of a rigid wall and show no evidence of membrane
deformation. The rigid-wall membrane viscosity of 4 x
1077 N-s/m is comparable with that of cellular membranes.
For example, for erythrocytes the measured values of the
membrane viscosity vary; it has been measured to be
3.4 x 1077 N-s/m when high frequency electric fields
induced transient deformation (36), and to be 3 x 107°
N-s/m when a membrane tether was extruded (37). In
another example, the membrane viscosity of a neuronal
growth cone has been measured to be 2 x 10~/ N-s/m
from studies where membrane tethers that were sliding
over the cortical cytoskeleton were extruded (38). Even
though 2 x 1077 N-s/m is less than 4 x 1077 N-s/m,
Shlomovitz et al. still found significantly enhanced hydro-
dynamic drag at this value because of the presence of the
membrane and no evidence of membrane deformation.

Second, cortical cytoskeletal filaments underlie the
axonal membrane, increasing its effective stiffness. Impor-
tantly, very recent work by Xu et al. (39) found that actin
forms ringlike structures that wrap around the circumfer-
ence of axons and are evenly spaced along axonal shafts
with a periodicity of ~ 180 to 190 nm. The cytoskeletal pro-
tein spectrin also exhibited periodic structures alternating
with those of the actin rings, and the distance between adja-
cent actin rings was comparable with the length of a spectrin
tetramer (39). Thus, for a cargo to deform the membrane,
it must also deform the underlying actin-spectrin-based
cytoskeleton. Thus we believe that our approximation of
the axonal membrane as a rigid wall is reasonable. Such
a wall would provide opposition to cargos moving in
close proximity to the wall. The point of this paper is to
point this out, and to encourage experiments to test this
hypothesis.

One would expect viscous drag to slow intracellular
transport velocity with increasing vesicle size. This has
been seen in axonal transport in the giant squid axon
(0.5 mm diameter) where small vesicles, that typically had
apparent diameters of 0.1 to 0.2 um, had faster mean veloc-
ities (2.5 pm/s) than medium-sized (0.2 to 0.6 pm) and large
(greater than 0.6 pm) vesicles (40). Another published
example of size-dependent opposition to motion involves
LIS1, which is a protein that enables dynein to produce
sustained force generation (41). Inhibition of LIS1 arrested
the motion of large lysosomes/late endosomes in axonal
transport but had little effect on the transport of small vesi-
cles (19). Importantly, these effects were not observed in
nonneuronal cells (19), which is consistent with LIS1 play-
ing a role in transport under high resistance conditions.
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However, viscous drag is not the only factor that can affect
axonal transport, as implied by the broad distribution of
velocities of similar-sized cargos, as well as the observation
that anterograde motion tended to be more rapid than
retrograde motion (40).

We suggested above that closely spaced pairs of MTs
that result from high densities of randomly placed MTs in
small-caliber axons can allow cargos to engage simul-
taneously motors on more than one MT. In an axon either
the MTs are clustered or they are not. It may be that
they are clustered in some axons as has been reported
(23,42,43), and are not clustered in others as in the examples
shown in the Supporting Material. If they are clustered, then
there will be MTs within 100 nm of other MTs, by the
definition of clustering. If they are not clustered but the
MT density is high enough, then there is a very high proba-
bility that there will be at least two MTs within 100 nm of
each other. Either way, clustered or not, there will be closely
spaced MTs if the MT density is high enough in an axon. As
we point out above, the MT density (3—0) is indeed high
enough in small-caliber axons but not in large-caliber axons
where our theory suggests that the wall effect does not hind-
er transport because the transported vesicles tend to be far
from the axonal wall.

With regard to the mechanism that leads to a high density
of MTs in small-diameter axons and a low MT density in
large-caliber axons, we can say the following. Both neuro-
filaments (NFs) and MTs are found oriented along the
length of axons, and the total number of neurofilaments
and MTs together seems to be proportional to the diameter
of the axon (43). Large-caliber axons are dominated by
neurofilaments with roughly 5 to 10 times more NFs than
MTs (44). As axons become smaller in diameter, this ratio
decreases as the neurofilaments become fewer and less
prominent, until in thin unmyelinated axons, neurofilaments
are rare, leaving only a high density of MTs (6,43). Axon
diameter decreases as axons branch. One can also follow
the radial growth of axons after birth. After birth, peripheral
nerves are small and unmyelinated (45). In mice, myelina-
tion is completed around postnatal day 21 (46). An axon
that is fated to be 12 um in diameter is ~ 1 pm at birth
(47). Radial growth will begin once myelination is complete
(48). During this time of growth from 1 pm to 12 pm,
neurofilaments will become the predominant cytoskeletal
proteins, leading to a dilution of the MT density and the
observed low density of MTs in large-caliber axons (43,44).

MTs that are close together can be used to improve motor
function, by increasing each motor’s “on” rate, and thus, on
average, increasing the average number of engaged motors
at any instant. Several groups have suggested that the veloc-
ity of a cargo is determined by the number of motors hauling
it for a given viscous drag (49-52). For a single motor,
force-velocity curves show that the velocity decreases
with increasing load on the motor (53-55), though in vitro
measurements (55) indicate that the load on the motor needs
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to exceed ~ 2 pN before there is a noticeable reduction of
the velocity. Klump and Lipowsky (49) have suggested
that the load resulting from high cytoplasmic viscosity could
decrease the travel distance and velocity of cargos, and that
the velocity of such cargos depends on the number of motors
and the external load on the cargo. The observation that a
given cargo can change its velocity during the course of
its travel and that intracellular cargos of a given type have
a distribution of velocities has led to the suggestion that
velocity increases with the number of motors on a cargo
to overcome the cytoplasmic viscous drag (50-52). How-
ever, Shubeita et al. (10) showed that reducing the number
of engaged motors on lipid droplets in a Drosophila embryo
changes neither the run lengths nor the velocities, implying
that cytosolic drag in nonneuronal cells does not signifi-
cantly limit transport. They found average plus-end trans-
port velocities for lipid droplets were ~ 550 nm/s, and
average minus end velocities were ~ 730 nm/s. This is com-
parable with average velocities in Chinese hamster ovary
(CHO) cells of ~ 1 um/s in both plus and minus end direc-
tions for vesicles ranging in diameter from 30 to 300 nm
(56). Average fast axonal transport speeds of mitochondria
range from 1.4 pm/s (retrograde) and 1 um/s (anterograde)
in mice (57) to 0.4 um/s in both directions in dorsal root
ganglion cells (58). Thus a variety of cargo types and sizes
are transported at roughly the same average speed, implying
that cytosolic drag is not a limiting factor in intracellular
transport.

However, in small-caliber axons, we hypothesize that the
viscosity near the membrane is significantly increased, to
the extent that it can hinder transport. We hypothesize that
fast axonal transport rates are not lower in axons with small
calibers because these axons have a higher density of MTs.
Experimental studies involving radioactively labeled pro-
teins have found that the rate of fast axonal transport in
motor and sensory sciatic mammalian nerves of the cat,
monkey, dog, rabbit, goat, and rat is ~ 400 mm/day (59).
These nerves consist of bundles of myelinated axons.
Cross-sections of sciatic nerves from cats taken at the
wave front, or forward part of the crest of the wave, show
radioactively labeled proteins in axons ranging in diameter
from 3 to 23 pum (59). This suggests that the rate of fast
axoplasmic transport is independent of the axon caliber
over this range of diameters. Furthermore, it has been
observed that the average number of mitochondria moving
within mouse axons is independent of the axonal cross-
sectional area for areas ranging from ~ 5 to 70 um?* (57),
implying that on average, medium-caliber axons had many
more mitochondria passing through a given volume of
axoplasm than large-caliber axons. To test our assertion
that fast axonal transport rates in small-caliber axons are
comparable with those in large-caliber axons, there is a
need for measurements of the speed of fast axonal transport
in small axons with diameters of 1 um or less. A further
experimental test would be to knockdown the density of
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MTs in small-caliber axons to see if the cargo velocities
decrease because of the enhanced viscous drag of the
membrane.

With these effects in mind, our study then suggests a
number of related routes to the impairment of transport.
First, impairing motor function, e.g., mutating the kinesin
heavy chain (Khc) (60) or LIS1 inhibition (19) as we
mentioned earlier, can obviously affect transport. Second,
any perturbation that alters the paired MT structure would
be expected to have significant consequences, because of
decreased per-cargo motor utilization. Such a perturbation
could arise from a decrease in overall MT density (e.g.,
because of tau impairment) or directly because of a change
in the pair-spacing distance (likely controlled by MT-
associated proteins). Third, a number of different classes
of perturbations could contribute to alteration of the h/a
ratio. Changes in the effective size of individual cargos
(swollen lysosomes, various cargos that aberrantly stick
together and form “clumps,” etc.) could all increase the
cargo radius a.

Similarly, any local constriction of the axon could result
in decreasing the effective h. The diameter of myelinated
feline axons decreases by 50% to 70% for a segment
length of ~ 10 um at the nodes of Ranvier (61,62). Berthold
et al. observed that axoplasmic organelles accumulate
in the paranode-node-paranode regions in large-caliber
(diameter ~ 10 um) myelinated axons of adult cats (63).
At nodes of Ranvier in mouse axons, transported mitochon-
dria often slow down and sometimes stall, especially those
moving in the retrograde direction (57). When a mitochon-
drion is crossing a node, the average anterograde velocity
is 0.7 pm/s compared with 1 pm/s without the node, and
the average retrograde velocity is 0.6 um/s compared with
1.4 pm/s in the absence of the node (57). Similar slowing
of fast axonal transport in the vicinity of the node was
observed for mitochondria being transported in small
myelinated rat central nervous system axons where the
average velocity in the internodal region was 0.47 pm/s in
the anterograde direction compared with 0.27 um/s in the
nodal region, and 0.52 pm/s in the retrograde direction in
the internodal region compared with 0.29 pm/s in the nodal
region (64). Interestingly, in myelinated cat ventral root
axons ranging in diameter from ~ 1 to 12 um, the MT den-
sity is ~ 4 times higher in the nodal regions than in the
intermodal regions, whereas the neurofilament density is
essentially the same in these regions (65). This is consistent
with our assertion that a higher density of MTs is needed
for axonal transport, to allow the engagement of additional
motors to overcome the increased viscosity near the axonal
membrane.

Further, any stalled cargos also result in other (passing)
cargos being “pushed” into the wall, again decreasing h.
The result is organelle traffic jams. Mutations in the
Drosophila kinesin heavy chain (Khc) disrupt anterograde
fast axonal transport and leads to the stalling of organelles
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that depend on kinesin. This in turn probably disrupts
retrograde transport, resulting in organelle traffic jams
consisting of vesicles, synaptic membrane proteins, mito-
chondria and prelysosomal organelles that cause a dramatic
swelling of axons (60). Similar traffic jams in axons have
resulted from mutations of the Drosophila kinesin light
chain (Klc) (66).

This leads us to ask whether there is evidence of such
transport impairment in neuropathy and neurodegeneration
found in disease processes (67—-69). Our work implies that
the increased viscous drag produced by the wall effect could
be a factor in neurodegenerative diseases afflicting small
fibers such as diabetes mellitus, Fabry’s disease, and chemo-
therapy-induced peripheral neuropathy (70). For example, it
is known that the amount of material conveyed via fast
axonal transport is reduced by ~ 20% in the peripheral
nerves of diabetic rats (71-73). In addition there is a 20%
reduction in the cross-sectional area of axons in the periph-
eral nerves of diabetic rats (74,75), though the MT density
of 25 to 28 MTs/um? did not change in 3 um diameter axons
from sural nerves when compared with wild type rats (75).
It is possible that the reduction in axonal caliber increased
the influence of the wall effect and contributed to the reduc-
tion in fast axonal transport. It is also possible that the
impairment of transport contributed to the decrease in
axonal caliber.

The purpose of this paper has been to point out that there
can be significant viscous drag on cargos moving close to
the axonal wall, which effectively acts as a rigid wall. We
have used a simple model of axonal transport to illustrate
this, and some ways in which the model of axonal transport
could be enhanced are described in the Supporting Material.
This work thus provides a useful conceptual framework
for viscous boundary effects but the extent to which such
scenarios contribute to disease progression in the animal
remains to be explored experimentally.

SUPPORTING MATERIAL

Seven figures, three tables, and References (76-81) are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(14)00075-7.
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In this supplement, we describe the basic algorithm that we have used to simulate the cargo dynamics in
multiple microtubules as well as the implementation of cargo-protein interactions. We also describe how
we analyzed electron micrographs to obtain the distribution of microtubules. In Section 1, we describe
the formalism of the wall effect. In Section 2, we introduce the transport of a cargo in multiple
microtubules. In Section 3, we show the detail calculations of cargo-protein interactions. In Section 4,
we show our simulation results of (1) the wall effect on a cargo transported by a single motor, and (2)
the effective viscosity on a sphere being pushed through a cylinder containing a fluid with
macromolecules. In Section 5, we show that large loads on the motor (when it is greatly extended) occur
when the cargo is near the microtubule and far from the axon wall. In Section 6, we show how we
analyzed the electron micrographs of axon cross sections to determine whether the distribution of
microtubules is given by the Poisson distribution. In Section 7, we describe some ways to make our
simulation more realistic.

1. Wall correction: Heuristic Approach
1.1 Effect on Translational Motion

Generally, the axoplasm has a viscosity that can be an order of magnitude larger than the viscosity of the
water. The dynamical viscosity may be enhanced further due to the relative motion between the cargo
and the axonal wall. In order to incorporate the wall effect quantitatively, let us consider translation of a
spherical cargo of radius a moving in a cylindrical axon of radius R (Fig. 1 in main paper). We assume
the viscosity of the axoplasm in an unbounded medium is 7,. Due to the finite size effect, the Stokes

force experienced by the cargo moving with velocity v in the laboratory frame of reference is modified
and can be expressed as in Eq. 1 in the main paper (1):

F =67zn_av K(X),

where K(x)(=1) is the correction factor due to the boundary wall effect and x is the position of the

cargo. Here we assume the velocity of the cargo in the direction parallel to the axis of the axon tube.
K(x), in principle, depends on the position X, the radius a of the cargo, and the diameter D of the axon.

The exact solution for the correction factor, K(x), for a sphere moving along the axis of a cylinder
filled with viscous fluid has been obtained numerically by solving a set of linear equations (1, 2).

1



Brenner and Happel, by employing the method of images, have given an asymptotic solution for a
sphere positioned arbitrarily and eccentrically about the axis of the cylinder (3). However, those
solutions are valid in the limit when the radius of the sphere is much smaller than to the size of the
cylinder, and the sphere is not far from the axis. When the size of the sphere is comparable to that of the
cylinder, Bungay and Brenner (4), and Tozeren (5) have provided approximate off-axis solutions
perturbatively in terms of the eccentricity parameter that can be treated as small expansion coefficient,

£=—
R

where b is the distance of the center of the sphere from the axis of the cylinder and R is the radius of the

cylinder (Fig. 1 in main paper). All of the findings indicate that the viscous drag does not increase

monotonically as ¢ increases. Instead, it reaches its minimum value around & = 0.4, and then increases

sharply afterwards. In fact this theoretical prediction has been verified experimentally in the optical

feedback system and in circular conduits (6).

To the best of our knowledge, there is no converging general solution for K(x) that applies over the
entire range of possible positions and sizes of the sphere. For a rigid wall, the no-slip boundary
condition dictates that the velocity of the sphere should tend to vanish when it approaches to the wall.
This implies an infinite viscous drag and the functional behavior of the correction factor can be
approximated as K ~1/h for h — 0, where h is the surface-to-surface distance of the sphere from the
wall. By exploiting the behavior of the solutions near the axis and near the wall, we can heuristically
write an approximate solution as a superposition, which is presumably valid over the entire range for 0 <
¢ < 1. Noting the fact that the off-axis viscous drag also depends upon the ratio of the radius of the
sphere to the radius of the cylinder

k:

il
R

Ambari (6) presented the experimental data for the correction term as a function of ¢ for different values
of k. In order to fit these experimental data, we write the correction term in the form shown below and in
EQ. 2 in the main text.

K = exp(-ke) K, + k2&2 f(£) (R/h)

Here, K, is the wall correction factor for rigid spheres moving in a still liquid along the axis of a
cylindrical tube (b = 0), and f (&) is an eccentricity function (1, 3), and h is the sphere-cylinder surface
to surface distance. For the correction factor K,, we use

‘ _ 1-0.75857k°
® " 1-2.1050k +2.0865k° +0.72603k"

When ¢ is near zero (i.e., the sphere is near the cylinder’s axis), we make the approximation

f (¢) =2.10444-0.6977¢°



For values of ¢ near 1 (corresponding to a sphere near the cylinder wall), we use

o) =
16(1-¢)

It is evident that the heuristic correction recovers the previous results for both the limiting cases

£—>0 and h—>0. We have verified that our heuristic calculations are in agreement with the

experimental results given by Ambari (6) as shown in Figure 1C.

In Fig. 1 in the main text, we show the correction factor K as a function of sphere-cylinder surface to
surface distance h for two values of k, namely k = 0.1 and k = 0.5, where the radius of the sphere was
fixed at a = 250 nm, and k was altered by changing the radius of the axon. The Faxén correction (1) for
the sphere of the same radius moving parallel to a planar surface is also shown. The heuristic calculation
also agrees well with the Faxén correction for a large cylinder with the sphere far away from the wall.
Two general features of our results are of interest. First, relatively close to the wall, the boundary effect
is very large, and second, for cargos that are relatively large with respect to the caliber of the axon (i.e.
roughly filling it by half), the “wall” effect is evident even quite far away from the wall. For example, if

we think of 77 = K7, as an effective viscosity, then 7., can be 50 times that of water for K = 5 and

n, =10 times that of water (7). Previous theoretical findings indicate that viscous drag does not

increase monotonically as ¢ increases. Instead, the minimum value is about ¢ ~0.4 and then the drag
increases sharply with increasing ¢ (1); this prediction has been verified experimentally in an optical
feedback system and in cylindrical conduits (6). We tested our phenomenological calculations against
the experimentally measured correction factor (6) and found good agreement as shown in Fig. 1C.

1.2 Effect on Rotational Motion

The moving sphere approaching near the wall may also rotate due to the velocity gradient in the flow,
and the corresponding torque is given by (1)
=-8ma’w,

Twall

where o is the angular velocity of the rotation due to presence of the wall. This torque should not be
confused with the torque exerted by external forces such as the pull of the motor or thermal kicks. Due
to axial symmetry there is no wall effect producing the rotational motion for a sphere moving along the
axis of the cylinder. Following Greenstein and Happel (8) the frictional torque within the first order
approximation can be written as,

Tyall = —87[77&29 (8)k2V X7,

where z is the unit vector along the axis of the cylinder, and g(¢) is the rotational eccentricity function
that satisfies



(1-£%)g(e) <1.

For a typical cargo size (a = 250 nm) and motor velocity (v = 800 nm/s) and in a medium with the
viscosity of water, one can estimate that the magnitude of the rotational torque is of the order of
7. ~1 PN-nm. However, the torque experienced by a similar cargo driven by a kinesin motor with a

load of 1 pN force is about 250 pN-nm. So we henceforth neglect the wall effect on the rotational
motion.

2. Modeling of Kinesin Motors

In this paper we use the three-dimensional Monte Carlo method, as outlined in the Ref. (9), to study the
transport carried out by kinesin motors(s). In this model, we consider kinesin molecules bound to a
spherical cargo (vesicle), and the heads of the motor(s) are free to search for a place to bind on the
protofilaments of the microtubule (MT). All places on the MT are available for binding. Once the motor
head can reach the MT, we use a motor binding rate of 2 s™. It should be pointed out that the diffusion of
the head was not incorporated into our model. The rule for the binding of the head to the microtubule
was dictated by where the tail of the motor was attached to the surface of the cargo - that is, if the tail-
microtubule distance was less than the native (unstretched) motor length, the motor bound to the MT at a
given rate of 2 s™ in our simulation. Nonetheless, we expected thermal fluctuations of the cargo to play a
significant role in the motor(s) abilities to reach (and bind to) the microtubules.

We ignored head-head dynamics of a motor, and as others have done, simply modeled kinesin as a
single head that hopped from one binding site to the next with step size of d = 8 nm, moving toward the
plus end of the MT. We model kinesin as a monomer with a single head that can hop from one binding
site to the adjacent site with a step size of d = 8 nm towards the positive end of the MT. These motors
exert an elastic force on an object only when they are stretched, not when they are compressed. In our
model, the tails of the motors are always bound to the cargo. Motors can actively participate in the cargo
hauling process only when they are engaged, i.e., bound to the MT. In the presence of ATP molecules,
the stochastic stepping of the motors is governed by Michaelis-Menten kinetics (10). The stepping of the
motors applies mechanical force to the cargo. In our model, the tails of the kinesins were always bound
to the cargo while the head could bind the MT. The motors participated in the transport process only
when they were engaged, i.e., bound to the MT. In addition to the forces acting on the cargo due to the
molecular motors and viscous drag, it also underwent Brownian motion.

2.1 Kinesin Kinetic Cycle and Stepping

In order to introduce our notation and parameters, we briefly review in this subsection how the kinesin
completes its kinetic cycle and exerts mechanical force on the cargo.

Kinesin moves processively towards the plus end of the MT by hydrolyzing ATP molecules. The
velocity of the movement of the kinesin is determined by the rate of binding of ATP to the motor head
and its subsequent hydrolysis,

K +ATP = (K -ATP) > K + ADP + P,



We denote motor-ATP on (binding) and off (unbinding) rates by k_, and k_ , and the rate of the ATP

hydrolysis by k_, . After hydrolysis of ATP, ADP and the phosphate ion P are released. The motor
stepping velocity is given by the Michaelis-Menten rate of the chemical reaction (11):

V., [ATP]
[ATP]+K,

where [ATP] is the ATP concentration and V,, is the maximum velocity at the saturated concentration

of the ATP molecules which can be expressed in terms of the load dependent efficiency function, ¢ (F),
as

Vmax = kcatdé/(F) !

where F is the external load on the motor. The efficiency function, {(F), is maximum at zero load and
decays to zero at the motor stall force. We therefore write the approximation

3]

The Michaelis-Menten constant K is defined by

K — kcat + koff
; kon .

The off-rate of ATP from the motor head, in principle, also depends upon the applied load F, and can be
scaled in terms of experimentally measurable parameters as

Fo
k. =k% ex ,
off off p(kBTj

where kT is the thermal energy, & is a characteristic length, and k. is the no load off-rate that can be
fitted with the experimental results (12).

The finite value of the run length during the stochastic stepping of the kinesin implies a finite lifetime of
the motor-MT bound state. We follow the detachment kinetics as discussed in (11) in order to quantify
the rate of dissociation of kinesin molecules from the MT. The probability of the detaching from the MT
per unit time before (P, ) and after (P,,..., ) the ATP binds are defined as

etachl etach2

BP.

step

Pretachs = [ATP]’



0
exp(F—)P.
p( kBT ) step

P ., =
detach2 '
A

where

_ kS (F)[ATP]
T [ATP]+K,

Here, ¢,, A and B are physical constants characteristic of the molecular motor, and can be fitted with the
experimental data (12). Once the detachment rates are known, the probabilities that the motors dissociate
from the MT in each Monte Carlo time step dt are P, dtand P, .dt before and after the ATP binds.
The motor detachment rate above stall is, however, constant.

The list of constant parameter values used in our simulations is given in Table S1.
Table S1: Parameters and Values for the Motor Simulation

Parameters Values Comments
0 1.3nm Characteristic length
d 8 nm Step
Ko 2uUM st ATP on-rate
kS 55 s ATP off-rate
K. 105 st Rate of hydrolysis
[ATP] 2000 uM ATP concentration
A 107 Constant
B 0.029 uM Constant
I 110 nm Motor length
k 0.32 pN/nm  Motor spring constant
T 300 K Temperature
dt 10°-10"°s Time step
M 12.5nm Radius of MT
ks (back-detach) 2 s Above stall-detachment rate




2.2 Cargo Dynamics

In a viscous medium, a cargo under the action of molecular motor(s) undergoes diffusive-directive
motion. It is capable of translation as well as rotation due to the resultant Brownian kicks from the
molecules in the medium.

For a given axonal cross section and MT position, we assume that the head of the kinesin molecule can
bind to the MT at time t = 0. If the motor state is on, there is a certain waiting time between the motor
binding and the ATP hydrolysis plus ADP release. Once the ATP is hydrolyzed, the motor head
instantly takes a step forward of d = 8 nm towards the plus end of the MT. As the head steps forward,
the motor gets stretched and exerts mechanical force on the cargo. Since the motion is highly
overdamped, the time to reach the Stokes regime is much smaller than any relevant time scale in the
system. The dynamics of the cargo is modeled by the Langevin equation,

m%V(t) = _OCTV(t) + (t) + fthermal (t) .

The first term on the right hand side is the drag force at the instant when the cargo is moving with
velocity v(t), and the drag coefficient is given by

o =67K(X)n,a,
where the correction factor K(x) is given by Eq. (2) in the main paper, and X is the position of the cargo

with respect to the wall. The second term is the sum of all external forces due to motor(s) and the
confining potential (if any). The last term is the sum of the all forces due to the erratic kicks given by
fluid molecules that give the cargo Brownian motion.

If we assume that the cargo to be in a state of mechanical equilibrium, the average velocity is a time
independent quantity and we can integrate the above equation in the presence of thermal fluctuations to
obtain the time evolution of the position of the center of mass of the cargo (9):

X(t+At) = x(t) + 2L £ (x, ) + o 6 |

22
where we have defined

[k TAt

o; ,
22}

and &; is a three-dimensional random variate drawn from a normally distributed function of zero mean

and unit standard deviation. An analogous equation can also be derived for the torque and the rotational
motion of the cargo. The details of the calculation can be found in Ref. (9).



Throughout our simulation, the motor-cargo system satisfies the following boundary conditions: (i) the
motor cannot enter into the cargo or the MT; (ii) the cargo cannot enter into the MT; and (iii) the cargo
must lie inside the axon.

2.3 Implementation of Multiple Motors on Multiple Microtubules

It has been shown both in vitro and in vivo that the effective transport of a comparatively large cargo is,
basically, carried out by several molecular motors (13). The multiple-motor transport is particularly
important in a geometrically constrained cell such as a neuron since the undulations and constrictions of
a long narrow axon could obstruct the motion significantly.

For a given cargo size, axon caliber, and MT position, multiple motor transport depends upon how the
motors are distributed over the surface of the cargo. It also depends upon the state of the motors. For
instance, if the motors are uniformly distributed over the surface of the cargo and if their density is low,
the transport is basically associated with a single motor since only one motor at a time can access the
MT. Multiple motor transport is also influenced by the initial binding state and the attachment rate of the
motors to the MT. The higher the motor binding rate, the longer is the run length of the cargo.

In our two-MT-multiple-motor simulations, we fix the position of 2 MTs parallel to the axis of the axon
and let one of the motors bind to either of the MTs randomly. The binding process, position of the cargo
and the size of the axon all satisfy the boundary conditions mentioned before. It should be noted that the
initial motor state, i.e., whether the motor is on (ATP-bound) or off (ATP-unbound) also affects the
transport properties. In the simulations, we assume an ATP molecule is bound to the head of the motor
at the time when the motor attaches to the MT. When transport starts, only one motor is allowed to bind
to the MT and the rest of the motors are free. Multiple motor transport along a single MT is discussed in
detail in Ref. (9). Here we describe briefly the scenario of multiple-motor transport along two MTs (see
Fig. S1).



Figure S1: (A) A cartoon of a cargo being hauled by multiple motors along parallel microtubules. (B)
Cargo interacting with polymers. A polymer is modeled by a chain of beads linked by tiny springs.
Unlike the cargo, each bead of a polymer performs constrained diffusive motion.

Our simulation for the calculation of the run length goes as follows:

Att =0, a given number of motors is specified.

A single motor is fixed at a point defined by spherical coordinate angles (6, ¢) on the surface of the
cargo.

The tails of rest of the motors are distributed in a region from (6, ¢) to (6+0.017,¢ +0.017).

In other words, the tails of the motors are clustered together on the surface of the cargo.

Att =0, asingle motor is allowed to bind to one of the MTs to initiate the simulation.

At t > 0, the motors that can reach to the MT will be able to bind without bias at the binding rate of 2 per
sec.

The binding of the motors to the second MT depends upon the MT’s position. If a motor can reach both
the MTs at the same time, then there is a 50/50 chance of binding. This means the motor tries to bind to
the first MT. If it fails, then it tries to bind to the second MT. In both cases, the binding rate of a motor
toa MT is still 2 s™.

In the course of time, motors can bind and unbind from the MTs as well as switch back and forth
between the MTs. The binding, unbinding, and stepping processes of the motors are governed by
Micheles-Menten detachment kinetics.

The state of the cargo is defined by the states of the motors. Basically the cargo can be hauled along one
or two MTs, depending upon the state of motors. In principle, when the motors can reach both the MTs,
this allows the cargo to straddle both MTs when the separation between the MTs is less than twice the
native length of the motor.

The run length of the cargo is defined by the total mean distance travelled by the center of mass of the
cargo without dissociating from the MT(s). In the simulation, we do not consider the direct motor-motor
interactions. However, motors can interact via their forces on the cargo.

9



3. Effect of Macromolecules Crowding the Cargo

The biological medium differs greatly from an idealized system due to large molecules in the cytoplasm.
In particular, in a neuron, owing to the confined geometry of the axon, the effective cargo-protein
interactions may be much more pronounced than in an ordinary cell. Axoplasm consists of an
abundance of large molecules such as microtubule-associated proteins (MAPs) bound to microtubules
(14, 15), the C-termini of neurofilaments medium and heavy with long side arms (15-17), and plectin 1c
(18) which is a member of a family of cytoskeletal linking proteins (19).

3.1 Cargo-Protein interaction
3.1.1 Spring-Bead Model

The detail molecular structure and dynamics of the residues of these large molecules using microscopic
modeling such as molecular dynamics is computationally challenging and time demanding. In order to
get a rough estimate of how a crowded environment affects the cargo dynamics in a confined geometry,
we model the cargo-protein interactions by considering each polymer as a chain of spherical beads
coupled by massless springs. The motion of each polymer consists of the motion of its constituent beads,
each of which diffuses in a constrained environment. In a dense medium, we also incorporate the
protein-protein interactions via bead-bead collisions. We assume the interaction is attractive when the
beads are far apart and repulsive when they are very close together (at very short range); the interaction
is the standard Lennard-Jones (LJ) potential. The LJ potential is useful to model the interaction between
particles at the atomic level (20):

The LJ parameters ¢ and o are the potential depth and the equilibrium distance of the interparticle
separation. r is the distance between the 2 particles. In our simulation, the potential does not enter into
the calculation explicitly. We define the forces on the cargo due to polymers, F, and on the i bead due
to other beads, Fj, as the sum of the forces

\ :
F - _Z—a\’ua e
j=1

where the sum, in principle, runs over all beads, N is the total number of beads, and # is a unit vector.
The spring constant ks is defined as

10
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|k X4 X, €same polymer
|0 otherwise

Each bead and the cargo perform Brownian dynamics with an additional force originating from the
interactions, i.e., the positions of the bead and the cargo at any given time are calculated according to

X, (4 At) = X, () + -

Qs

F+or (s,

X (t+At) = x (1) +

F.+o:(C)e;,
:

where the thermal fluctuation coefficients o (i) and o (c) for the beads and the cargo can be different

due to differences in their radii. While the cargo can perform free diffusion, the motion of the beads of
each polymer is constrained due to the coupling to the neighboring beads via springs. In order to speed
up the simulation, we have also introduced a cut-off in the potential, and the subsequent correction in the
derivatives is added into the calculation in order to avoid the divergence in the spatial derivatives that
come from the abrupt cut-off. In all our calculations, the cut-off distance is defined in terms of o, the
equilibrium distance of the LJ potential.

The parameter values for the cargo-bead simulations are listed in Table S2.
Table S2: Cargo-Protein Interaction Parameters and Values

Parameters Values Comments
o 10 7, n,, - Vviscosity of water
r, 10 nm Bead size
o, 1.12(2r,)  Bead equilibrium distance
o, 1.12(a+2r,) Cargo-bead equilibrium distance
g 1 Potential depth
L, 1.6 pm Length of the cylinder
K, 2 pN/nm Spring constant
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3.1.2 Boundary Condition and Wall Effect

In order to find the mobility and effective viscosity in our simulations, we consider a cylindrical tube of
diameter D, and longitudinal dimension L,, filled with a medium of viscosity 7,. The volume

concentration C of the polymers is defined by the ratio

where V, and V; are the net volume occupied by the polymers and the volume of the tube, respectively.
The spherical cargo has radius a. Att =0, we place the cargo at a distance L, / 4 along the axis of the
tube and apply an external force F so that it can move in the z-direction. (The cargo is not being hauled
along the microtubule by motors; it is being driven by the external force F.) We end the simulation when
the cargo reaches the point 3L, / 4. We record the time for the net displacement of L, / 2. During this
time the cargo as well as polymers can interact with their surroundings and can also experience the
resistance from the wall. The wall effect for both cargo and the polymers is incorporated by rescaling the
viscosity n — 1, = K(x)7, during the diffusion process.

3.1.3 Cargo Mobility and effective viscosity

When the cargo interacts with the beads in a polymer, it recoils due to Newton’s third law. The recoil
velocity of the cargo is much smaller than that of the bead due to a large cargo-bead size ratio. This
effect can be significant if the polymer concentration is high.

In order to quantify the effect of the polymer-cargo interactions, we define cargo mobility p and size-
dependent effective viscosity 7, as follows:
Y
F|
. __IFl
“ ~ 6raly’

where F is the cargo driving force, a is the cargo radius, and v is the average velocity. The effective
viscosity can also be found directly by using Stokes’ formula:

Mest M

1o - |Vo|
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The average velocity in our simulation is calculated by measuring the average time for the cargo to
travel through a given distance. We assume that the crowding and confinement renormalize the effective
viscosity of the medium. This viscosity changes with the size of the cargo, the length and the density of
the polymers, and the strength of the lateral confinement, i.e., the axonal caliber.

4. Results

4.1 Wall effect on transport by a single motor

We first explored how the wall would modify axonal transport of a cargo hauled by a single kinesin
motor. We modeled the axon as a long cylinder of uniform diameter with a microtubule centered along
the axis of the axon. (In practice, electron micrograph images (21) show a wide variation both in the
caliber size and longitudinal undulation.) We investigated the magnitude of the wall effect on cargo
motion via our simulations (Fig. S2), and consistent with the analytic results in Fig. 1, observed that the
importance of the wall depended very much on the size of the cargo relative to the axon. For a D = 1200
nm axon with 7, = 10 times that of water, and with the 500 nm diameter cargo, the average load on the

motor during the simulation was approximately 0.84 pN; the effect of such a load in our simulations in
the presence of Brownian motion was consistent with past experimental results (11) and previous force-
processivity data (11). Thus, for some parameter values, the effect of the increased drag due to the wall
effect can be enough to decrease by approximately 50% the expected mean travel distance of a cargo
that is hauled by a single motor. Such an effect would likely not be insignificant from a physiological
point of view, since recent work (22) suggests that a roughly 25% decrease in motor processivity is
enough to have significant consequences. Note that the parameters for the large cargo/small axon case
considered are not unreasonable, since mitochondria are frequently on the order of 200 nm in diameter
(23), and there are numerous axons on the order of 1 um in diameter.
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2 650 x
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-
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FIGURE S2 (A) Run length of a single motor hauling a cargo of radius a = 250 nm as a function of axon
diameter when the microtubule (MT) is along the axis of the axon. The expected value of the run length
of a cargo in water hauled by a kinesin molecule without any wall is about 800 nm (24). In our
simulation, the viscosity of the medium is 10 times that of the water (7) and the run length
asymptotically approaches the unbounded value when the axon diameter approaches infinity. (B) Run
length of a cargo hauled by a single motor versus the scaled distance r/D of the microtubule from the
axis of the axon for different axon diameters D. r is the distance of the center of the MT from the center
of the axon. The MT is parallel to the axis of the axon. The position of the MT with respect to the
diameter D of the axon has been rescaled so that all data fits in a single plot. For large axons, the run
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lengths fairly remain constant except when the MT is close to the wall. For small caliber axons, the run
length increases slightly when the MT is along the axon axis. Here each data point is the average of
1000 runs. (C) Cartoon depicting cross section of axon of diameter D with MT center a distance r from
the axon center, and the cargo touching the MT.

4.2 Potential effect of crowding

The biological medium differs from an idealized Newtonian fluid, in part due to large molecules or parts
of large molecules that can impede cargo motion due to steric hindrance. To investigate theoretically
how large molecules could hinder cargo transport through such effects, we included polymers in our
simulations as described in the Methods section.
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FIGURE S3 (A) Cartoon depicting the simulation used to calculate the effective viscosity. A sphere
subjected to a constant force F moves through a cylinder of diameter D containing a fluid with
polymers. (B) Effective viscosity of the medium in the presence of 200 nm long polymer chains
consisting of 10 beads, each with 20 nm diameter as a function of axon diameter D without the wall
effect (correction factor K=1 in Eq. 2). In the absence of the enhanced viscosity near the wall, the caliber
size of the axon does not have any noticeable effect. (C) Effective viscosity with the wall effect. For
comparison, the exact viscosity for a cargo moving along the axis given by Haberman and Sayre (1, 2) is
also shown at 0% polymer concentration. Note that the concentration of the polymers enhances the
viscosity significantly. This enhancement is very pronounced for small caliber axon when the wall effect
is incorporated. Here the radius of the cargo is a = 100 nm and the length of the polymer is set at L =
200 nm. The concentration in uM refers to the number of micromoles of polymer per liter.

Obviously, the higher the polymer concentration, the more effect it had. Thus, we investigated the effect
of macromolecules in the axoplasm on the effective viscosity for concentrations of 0, 0.2, 0.4, 0.6, 0.8,
and 1.0 uM, corresponding to approximate excluded volumes of 0%, 0.5%, 1%, 1.5%, 2%, and 2.5%.
To keep the polymer concentration constant for different caliber axons, we varied the number of
polymers as we varied the axon diameter. Each polymer was modeled by a chain containing between 10
beads, each of radius 10 nm coupled through a tiny spring with spring constant 2.0 pN/nm. Because
many axonal cargos are small, the cargo radius was fixed at 100 nm, while the diameter of the axon
(tube) was varied from 400 nm to 1000 nm. Both the viscosity and mobility data show a clear deviation
from the free transport values due to cargo-polymer interactions and the wall effect.

In Fig. S3, we separate the effect of confinement and of crowding by the polymers on the cargo mobility
(quantified in terms of effective viscosity) for different polymer concentrations. In Fig. S3B, we show
the effect of the presence of polymers alone, without incorporating the wall effect on the polymer

14



filaments and on the cargo. There was a significant enhancement of the “base” viscosity of the medium
as the concentration of the polymer increased. This enhancement came from the excluded volume effect.
When the wall effect was included (see Fig. S3C), the effective viscosity remained fairly constant for a
given volume exclusion (polymer concentration) in large diameter axons. However, the wall effect
became important and was the dominant factor inhibiting cargo mobility as the caliber size decreased,
and the presence of the polymers increased the wall effect. The length scales for which the wall effect
became important are discussed next.

4.3 Onset of the wall effect when the cargo radius and cargo-wall distance are comparable

Noting that the presence of long molecules dramatically enhanced the opposition to the motion for even
a relatively small cargo in a small caliber axon, we wanted to better understand how the onset of huge
resistance depended on the different length scales of the system. The explicit lengths involved in the
system were the radius of the cargo (a), the diameter of the axon caliber (D), and the length of the
polymers (L), and the distance of the surface of the cargo to the inner wall of the axon (h).

For a Newtonian fluid, the mobility of a spherical object is inversely proportional to its size, while the
coefficient of viscosity is the property of the medium, and is size independent. Cytosol, especially the
axoplasm, is a complex fluid with large molecules, and is expected to be a non-Newtonian fluid, i.e., the
mobility and thus the effective viscosity should vary with the size of the object. In our simulation, as
indicated above, we modeled each polymer chain as a system of beads coupled by tiny springs. The size
and the number of beads determined the net volume exclusion. We varied the length of the polymer by
changing the number of beads linked together while keeping the overall density of the beads (excluded
volume) constant. We also varied the size of the cargo as well as the diameter of the axon.

For a small caliber axon, when thermal fluctuations pushed the cargo away from the axonal axis, the
average cargo-wall distance, h, could be comparable to the polymer length. In that case one might
expect strong cargo-wall coupling via the polymers, leading to a large resistance to cargo transport.
However, we observed a very weak dependence on the length of the polymer, as long as the volume
exclusion remained constant (see the Supporting Materal), suggesting that such direct cargo-wall
coupling via filaments was not a dominant effect.

For a given polymer concentration (volume exclusion), however, the wall effect was significantly
amplified by the presence of the polymer when the cargo was relatively close to the wall. In Fig. S3, we
see that the wall effect for a given polymer concentration with a small cargo was fairly constant for large
caliber axons: its effect was noticable only when the axon diameter was reduced to about D = 400 nm.
Here, the cargo radius was 100 nm, so the corresponding ratio of h (distance of cargo surface to the
wall) divided by a (cargo radius) was h/a = 1. We investigated whether the observed onset of a dramatic
enhancement of the effective viscosity (or the reduction of the mobility) seen in Fig. S3 occurred more
generally for cargos of other sizes, at around the same value h/a = 1 (Fig. 2). We observed that it did, for
all polymer concentrations and for all polymer lengths; the presence of long molecules increased the
‘base’ viscosity of the axoplasm, which then resulted in amplifying the magnitude of the wall effect.

To understand whether the ratio h/a was a truly universal quantity, we varied the cargo size for different
axon diameters in the regime where h/a~1 for a concentration of polymers equal to 4.17% excluded
volume. These concentrations were 16.5 uM, 3.31 uM, and 0.827 uM for polymers of lengths 20 nm,
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100 nm, and 400 nm, with beads of radius 10 nm. In Fig. 2, we show the extracted effective viscosity
data for different calibers and cargo radii expressed in terms of the parameter h/a. It is interesting to note
that, irrespective of the axon or cargo size, the effective viscosity dramatically increased when h/a<1
for all axon and cargo dimensions. Physically, small h meant that the cargo was close to the wall, and
large a meant that there was a large amount of cargo surface area to enhance the viscous drag produced
by proximity to the wall of the axon. Thus the wall effect became insignificant if the cargo-axon
geometry satisfied the condition h/a » 1.

5. Relation between the load on the motor and the location of the microtubule

The cargo is subjected to a greatly enhanced viscosity when it is very close to the wall of the axon. For
this reason, it avoids the wall. Suppose the cargo is close to the wall of the axon. As the motor walks
along the MT and pulls on the cargo, the wall exerts a drag force parallel to the wall and the MT. This
force stretches the motor. The component of the force perpendicular to the wall and the MT pushes the
cargo down toward the MT. In our simulations we find that the cargo avoids being close to the wall. In
Figure S4A, we plot the run length vs. load on the motor at the time when the motor detaches from the
MT for a large and small diameter axon. The load on the motor is given by the amount that the motor is
stretched multiplied by the spring constant of the motor. For small loads, the average run length (travel
distance) is about the same for both axon sizes. However, for large loads (greater than 8 pN), the run
length is considerably shorter for the smaller caliber axon. Figures S4B and S4C show that the large
loads on the motor occur when the cargo is near the microtubule and far from the axon wall. The
reduced run length in the small caliber axon is due to the viscosity that is enhanced by the small
diameter of the axon. The nominal viscosity of the axoplasm in our simulations is 10 times that of
water. With the correction factor (Figure 1 in main paper) of 5 far from the wall, the effective viscosity
is about 50 times that of water.
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Figure S4: In all of these scatter plots, a single motor hauls a spherical cargo with a radius of 250 nm
along a single microtubule centered on the axis of the axon. We show two axon diameters: 1200 nm and
gle run. (A) Run length versus the load on the motor at the time
when the motor detached from the microtubule. The run length is shorter for high loads (> 8 pN) in the

9200 nm. Each point represents a sin

17



smaller axon. Data is from 400 runs. (B) The distance between the inner wall of the axon and the surface
of the cargo versus the load on the motor when it detached. (C) The distance between surface of the
cargo and the surface of the microtubule versus the load on the motor when it detached. Notice that the
motor can have a large load when it is near the microtubule, but never when it is near the wall and hence
far from the microtubule.

6. Electron Micrograph Images of Axons and Their Microtubule Distribution

Here we present some examples of electron micrograph (EM) images of small caliber axons where we
have measured the distribution of microtubules. Electron micrograph images of axonal cross section of
small and large motor neurons of mice were analyzed by paying particular attention to the microtubule
distributions. In some EMs, the resolution or magnification were such that it was hard to identify
microtubules, so those images with indistinguishable microtubules were discarded. To determine
whether the microtubules were randomly distributed or not, we overlaid a grid onto the images such that
there was an average of roughly one microtubule per grid square. We then counted the number of visible
microtubules in each square that was fully contained within the axon’s boundary (25). The grid size was
such that there was approximately one MT per square, i.e., the side of a grid square ranged from 0.2 to 1
um. An example is shown in Figure S5. Given the mean number of microtubules per square, we could
then use the Poisson distribution with that mean to calculate the probability of finding a given number of
microtubules in a square. Values of chi-squared (representing the deviation of the results from the
Poisson distribution) and p (the probability that the microtubules were randomly distributed) were then
calculated. In most cases we found that the MTs were randomly distributed and agreed well with a
Poisson distribution (Fig. S5C). Of the nine images with readily visible microtubules, eight had p-values
greater than 0.05, suggesting microtubules were largely randomly distributed (Figure S5). In some axons
the MTs appear to be clustered (see Figure S6) and we find the MTs in a cluster tend to be within 100
nm of each other as long as the overall MT density is comparable to that of similar caliber axons. Figure
S6 had a p-value below 0.05, suggesting a nonrandom clustering of microtubules. Of course, one axon is
not enough to draw any conclusions about whether the microtubule arrangement is random or not; this
one axon could simply be one of the rare axons whose arrangement of microtubules puts it in the tail of
the Poisson distribution. However, previous work has also found microtubule bundling in axons (16, 26,
27). A summary of the axonal EMs that we examined is shown in Figure S7 where we plot the p-value
vs. the MT density of the axon in Figure S7A and the p-value vs. the cross sectional area of the axon in
Figure S7B. The p-value represents the probability that the distribution of MTs followed a Poisson
distribution. Since a small p-value corresponds to a non-random distribution of MTs, we can see that
most of the axons had a large p-value and thus, a Poisson distribution of MTs, regardless of the axon
size, i.e., the axonal cross sectional area.
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Figure S5. (A) Electron Micrograph (EM) image of the cross section of a myelinated axon of a large
motor neuron of a 6-month-old mouse. The average inner diameter (excluding myelin) is about 6
microns. The MT density is 28.3 MTs/um’. (B) A zoomed portion of the cross section. Three arrows
point out microtubules. Other microtubules are clearly visible. (C) Histogram comparing the observed
distribution microtubules with the Poisson distribution (Poisson mean = 2.6371 MT/square). Good
agreement with the Poisson distribution indicates that the MTs are randomly distributed. The p-value for
a Poisson distribution of MTs is 0.5 in this case. The EM was analyzed by overlaying a square grid on
the axon and counting the number of microtubules in each square. The mesh size was such that there
was approximately 1 MT per grid square.
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Figure S6. (A) Electron Micrograph (EM) image of the cross section of a myelinated axon of a small
motor neuron of a 6-month old mouse. The average inner diameter (excluding myelin) is about 2.08
micron. The MT density is 3.2 MTs/um?. (B) A zoomed portion of the cross section. Two arrows point
out microtubules. Other microtubules are clearly visible. (C) Histogram comparing the observed
distribution microtubules with the Poisson distribution (Poisson mean = 0.9143 MT/square). Analysis
was the same as in Figure S5. Poor fit to Poisson distribution indicates that the MTs were clustered. The
p-value for a Poisson distribution of MTs is 0.035 in this case. However, since this is just one axon, one
cannot draw any definite conclusions about whether the microtubule arrangement is random or not; this
axon could simply be one of the rare axons whose arrangement of microtubules occurs 3.5% of the time

in a Poisson distribution.
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Figure S7. (A) P-value of Poisson distribution of microtubules versus the MT density. Each point
represents the MTs in one axon. Low p-value indicates that the MTs are clustered and not randomly
distributed. High p-value means that the MTs are distributed randomly according to a Poisson
distribution. (B) P-value of Poisson distribution versus the cross-sectional area of the axon. Note that
most of the axons have a random distribution of MTs, regardless of their size (cross-sectional area).

If the microtubules are randomly distributed, we can calculate likely nearest-neighbor distances given
the average microtubule density. Given an average MT density p, the probability P that some MT will
have a nearest neighbor within a distance r is (28):

P=1-¢7™

(Note that this expression goes to zero as r goes to zero, and to 1 as r goes to infinity; it increases with
p.) Solve for p:

,_Zina—P)

7r?

We plot this equation in Figure 5 in the main text. A center-to-center distance of 75 nm between
adjacent microtubules is more than sufficient for a single motor within range of the MTs to reach either
of them, as discussed in the main text. If we set r to 75 nm, we can calculate values of p for different
desired values of P as shown in Table S3.
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Table S3: Microtubule Densities Needed For Various Nearest-Neighbor Probabilities at 75 and 200 nm

P (neighbor within distance) p (MTs / um®), 75 nm p (MTs / um®), 200 nm
0.75 78.45 11.03
0.8 91.08 12.81
0.9 130.3 18.32
0.95 169.5 23.84
0.99 260.6 36.65

Smaller-caliber axons have recorded microtubule densities of roughly 150 microtubules/um?, meaning a
microtubule has a greater than 90% chance of having a neighbor within 75 nm. As mentioned above,
some axons do appear to exhibit clustering in microtubules rather than random distribution; in these
cases, the closest neighbors in a cluster are well within 75 nm.

For contrast, we also include the microtubule densities necessary for a microtubule to have a neighbor
within 200 nm, although a separation this great makes multiple-microtubule transport unlikely. In the
images of larger axons with the most clearly visible microtubules, microtubule densities ranged from
roughly 12-25 microtubules/um?, corresponding to at least a 75% chance of any given microtubule
having a neighbor within 200 nm.

7. More realistic modeling of axonal transport

The purpose of this paper has been to point out that there can be significant viscous drag on cargos
moving close to the axonal wall, which effectively acts as a rigid wall. We have used a simple model of
axonal transport to illustrate this, but there are clearly ways in which the model of axonal transport could
be made more realistic. For example, we have modeled the cargo as a rigid sphere, but a variety of
cargos with different shapes undergo fast axonal transport, e.g., membranous organelles and tubules,
mitochondria, vesicles containing neurotransmitters, lysosomes, etc. (29). Some of these cargos could be
deformed as they pass near the axon wall or near other cargos. In addition, we have modeled axoplasm
as an isotropic viscous fluid containing polymers, even though it is a complex anisotropic heterogeneous
viscoelastic fluid (30) containing polymers, and membranous organelles and tubules largely oriented
along the axis of the axon. One way to model the axoplasm would be with the Burger’s model which
involves elastic moduli and viscous coefficients a circuit-type arrangement (30). In addition to the
viscosity enhancement near the wall of the axon, the membranous tubules, e.g., the endoplasmic
reticulum, in the axoplasm could also enhance the viscosity experienced by nearby cargos. This
enhancement is not seen in nonneuronal cells as found in experiments where a reduction in the number
of motors hauling lipid droplet in Drosophila embryos did not reduce the run length or the velocities of
the cargo (13). Thus, it appears that at least without a nearby bounding membrane, intracellular
membranes do not impair intracellular transport in nonneuronal cells because the vesicles are able to
avoid close approaches where the viscosity is greatly enhanced. However, avoiding such close
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encounters is not always possible in the confined geometry of the axon. This would explain why, as we
mentioned above, inhibition of force generation by dynein arrested the motion of large lysosomes/late
endosomes in axonal transport but had little effect on the transport of small vesicles (22). To model
transport in the axon in the presence of membranous tubules is difficult because it requires too many
unconstrained parameters such as the tubules’ size, shape, location, and whether they are tethered or free
floating. However, we believe that cargo transport via motors walking along two MTs simultaneously
could be especially helpful in small caliber axons where pushing such membranous tubules out of the
way is difficult because of the confined geometry. In addition, interactions between cargos traveling in
opposite directions could also impair cargo transport, e.g., the organelle traffic jams (31, 32) that we
mentioned above, but modeling this is well beyond the scope of this paper which just considers single
cargo transport. Although our modeling suggests that small cargos like synaptic vesicles (~100 nm) can
be transported in an axon without significant resistance, other larger cargos like mitochondria and
lysosomes (22) may have more difficulties, especially in small caliber axons. This work thus provides a
useful conceptual framework for such effects but the extent to which such scenarios contribute to
disease progression in the animal remains to be explored experimentally.
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