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a b s t r a c t

Irregularities in intracellular traffic in axons caused by mutations of molecular motors may lead to ‘‘traffic
jams”, which often result in swelling of axons causing various neurodegenerative diseases. The purpose of
this paper is to suggest a model of the formation of traffic jams in axons during molecular-motor-assisted
transport of intracellular organelles utilizing transport equations developed in Smith and Simmons [D.A.
Smith, R.M. Simmons, Models of motor-assisted transport of intracellular particles, Biophys. J. 80 (2001)
45–68], which describe the motion of intracellular particles under the combined action of diffusion and
motor-driven transport. According to this model, large intracellular organelles are transported in the
cytoplasm by a combined action of diffusion and motor-driven transport. In an axon, organelles are trans-
ported away from the neuron’s body toward the axon’s terminal by kinesin-family molecular motors run-
ning on tracks composed by microtubules; old and used components are carried back toward neuron’s
body by dynein-family molecular motors. Binding/detachment kinetic processes between the organelles
and microtubules are specified by first rate reaction constants; these lead to coupling between the three
organelle concentrations.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Neurons are highly specialized cells that have long arms (pro-
cesses). If the arm transmits electrical signals, it is called an axon,
whereas if it receives electrical signals, it is called a dendrite
(Fig. 1) [1]. Axons in a human body can be up to one meter in
length. Axons support little synthesis of proteins or membrane,
therefore materials must be constantly imported from the synthet-
ically active cytoplasm of the cell body ([2]) and transported to
arms’ terminals. Diffusion is not a sufficiently fast mechanism for
transporting large intracellular particles (organelles), such as large
protein particles or intracellular vesicles carrying different types of
cargo. This is because according to Einstein’s relation that deter-
mines the diffusivity of small particles due to the Brownian mo-
tion, the diffusivity is inversely proportional to the particles’
radius, which means that larger particles have smaller diffusivity.
To overcome the diffusion limitation, intracellular transport in ax-
ons and dendrites relies on the ‘‘railway system”: large intracellu-
lar particles attach themselves to molecular motors (specialized
proteins that as a result of a chemical process, usually ATP hydro-
lysis, undergo conformational changes ‘‘walking” along intracellu-
lar filaments, such as microtubules) that transport them along
microtubules.

All microtubules (MT) in an axon have the same polarity (their
plus ends point toward the axon terminal); the microtubules do

not stretch the entire length of the axon so that the continuous
path along the axon is composed by short overlapping segments
of parallel microtubules. Transport vesicles loaded with specific
proteins are carried away from the neuron body toward the syn-
apse (the axon terminal) by kinesin-family molecular motors (this
family of molecular motors is responsible for the transport on
microtubules toward their plus-ends). Used and old intracellular
organelles are carried from the axon terminal toward the body of
the neuron by dynein-family molecular motors (this family of
molecular motors is responsible for the transport on microtubules
toward their minus-ends). In dendrites the microtubule polarities
are mixed; some of them point their plus ends toward the dendrite
tip and some point those toward the neurons’ body. Therefore, in a
dendrite, depending on the polarity of a particular microtubule,
transport in a certain direction (to the neuron’s body or away from
it) can be carried out by either kinesin or dynein molecular motors
([1,3]).

Irregularities in intracellular traffic in axons caused by muta-
tions of molecular motors may lead to ‘‘traffic jams”, which may re-
sult in swelling of axons causing various neurodegenerative
diseases ([2,4,5]). Hurd and Saxton [2] published electron micro-
graphs of cross-sections through axonal swellings. The micrographs
show that the swellings, caused by traffic jams induced by a
mutation of a gene encoding the force-producing heavy chain of
the kinesin molecular motor, are packed with mitochondria, large
multi-vesicular bodies, and other types of intracellular organelles.

The purpose of this paper is to suggest a model of the formation
of traffic jams in axons during molecular-motor-assisted transport
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of intracellular organelles utilizing transport equations developed
in Smith and Simmons [6] which describe motion of intracellular
particles under the combined action of diffusion and motor-driven
transport. According to this model, the organelle either diffuses
freely in the cytosol or moves on a filament at a motor velocity;
the organelle can bind to or detach from a filament. Depending
on the type of a molecular motor (or several motors) attached to
the particle, the motion along the microtubule can occur in either
direction. Dinh et al. [7] presented numerical solutions of Smith–
Simmons equations to describe intracellular trafficking of adenovi-
ruses between the cell membrane and cell nucleus. Other relevant

aspects of intracellular transport of cell organelles and vesicles
along microtubules are considered in [8–15].

2. Governing equations

The molecular-motor-assisted transport equations suggested in
Smith and Simmons [6] are

o~n0
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¼ eD0

o2~n0

o~x2 � ð
~kþ þ ~k�Þ~n0 þ ~k0þ~nþ þ ~k0�~n� ð1Þ
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where eD0 is the diffusivity of a free particle; ~t is the time; ~n0 is the
free particles concentration; ~n+ is the concentration of particles
moving on microtubules in the positive direction (away from the
cell body); ~n� is the concentration of particles moving on microtu-
bules in the negative direction (toward the cell body); ~x is the linear
coordinate along the axon; ~v� is the velocity of a particle moving on
a microtubule toward the cell body (in an axon this is the motor
velocity generated by a dynein-family molecular motor), ~v� is neg-
ative; ~vþ is the velocity of a particle moving on a microtubule away
from the cell body (in an axon this is the motor velocity generated
by a kinesin-family molecular motor), ~vþ is positive; ~kþ and ~k� are
the first order rate constants for binding to microtubules for parti-
cles that move in the positive and negative directions, respectively;
and ~k0þ and ~k0� are the first order rate constants for detachment from
microtubules for particles that move in the positive and negative
directions, respectively. Eqs. (1)–(3) to be solved subject to the fol-
lowing boundary conditions:

~x ¼ 0; ~n0 ¼ eN0; ~nþ ¼ r0
eN0 ð4Þ

~x ¼ eL; ~n0 ¼ eNL; ~n� ¼ rL
eNL ð5Þ

Fig. 1. Schematic diagram of a neuron cell with a dendrite and axon; also, a traffic
jam in the axon resulting from crowding of organelles at a certain location in the
axon.

Nomenclature

D0 dimensionless diffusivity of a free particle,
eD0

~kþ
~m2
þ

eD0 diffusivity of a free particle
k� dimensionless binding rate to microtubules for particles

that move in the negative direction,
~k�
~kþ~k� first order rate constants for binding to microtubules for

particles that move in the positive (+) and negative (�)
directions, respectively

k0� dimensionless detachment rate from microtubules for
particles that move in the positive (+) and negative
(�) directions, respectively,

~k0�
~kþ

k0�0 dimensionless detachment rate from microtubules for
particles that move in the positive (+) and negative
(�) directions for the case when concentration of parti-
cles riding on microtubules is very low

~k0� first order rate constants for detachment from microtu-
bules for particles that move in the positive (+) and neg-
ative (�) directions, respectively

L dimensionless axon length,
eL~kþ
~vþ

eL axon length
n0 dimensionless free particle concentration, ~n0

~m3
þ

~k3
þ~n0 free particle concentration

n± dimensionless concentration of particles moving on
microtubules in the positive (+) and negative (�) direc-
tions, respectively, ~n�

~m3
þ

~k3
þ

~n± concentration of particles moving on microtubules in
the positive (+) and negative (�) directions, respectively

N0 dimensionless concentration of free particles main-
tained at x ¼ 0; eN0

~m3
þ

~k3
þ

eN0 constant concentration of free particles maintained at
~x ¼ 0

NL dimensionless concentration of free particles main-
tained at x ¼ L; eNL

~m3
þ

~k3
þ

eNL constant concentration of free particles maintained at
~x ¼ eL

~t time
v� dimensionless velocity of a particle moving on a micro-

tubule toward the cell body, ~v�
~mþ

v�0 dimensionless velocity of a particle moving on a micro-
tubule in the negative (�) direction for the case when
concentration of particles riding on microtubules is very
low

~v� velocity of a particle moving on a microtubule in the po-
sitive (+) and negative (�) directions, respectively

x dimensionless particle displacement in the axon, ~x~kþ
~vþ

~x particle displacement in the axon

Greek symbols
r0 degree of loading at ~x ¼ 0
rL degree of loading at ~x ¼ eL
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