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Overview

Axons can be 1m or more in length in large animals,
yet they are dependent on the cell body for the syn-
thesis of most of their components. Materials des-
tined for the axon are transported anterogradely,
toward the axon tip, and materials destined to return
are transported retrogradely, toward the cell body.
This bidirectional transport process, known as axo-
nal transport, is not fundamentally different from the
pathways of macromolecular and membrane traffic
found in other parts of the neuron, or indeed in any
eukaryotic cell, but it is unique for the volume and
scale of the traffic.
Kinetic studies on axonal transport in vivo using

radioisotopic pulse labeling have defined two distinct
patterns of movement, termed fast and slow. Fast axo-
nal transport represents the movement of membranous
organelles, including Golgi-derived vesicles, endocytic
organelles, mitochondria, peroxisomes, lysosomes,
and autophagosomes. For the most part, these orga-
nelles move rapidly and frequently at rates of up to
several hundred millimeters per day, which corre-
sponds to several micrometers per second. Some of
these organelles move anterogradely, some retro-
gradely, and some (such as mitochondria) are capable
of frequent reversals and move in both directions.
Ribosomes and ribonucleoprotein particles, which are
transported along developing and regenerating axons,
probably also move by fast axonal transport.
In contrast to fast axonal transport, slow axonal

transport represents the movement of proteins that
make up the cytoskeleton and cytosol of axons. These
proteins, which are not associated with membra-
nous organelles, move in an intermittent manner at
average rates of approximately millimeters or tenths
of millimeters per day, which corresponds to several
nanometers or tens of nanometers per second, much
slower than fast axonal transport. The cargo struc-
tures of slow axonal transport are largely unknown,
but they are believed to include cytoskeletal polymers
and cytosolic macromolecular complexes. For many
years, it was assumed that slow axonal transport
is an exclusively anterograde movement, but it is
now clear that at least some of the cargoes of slow
axonal transport can move in both anterograde and
retrograde directions, although the net direction of
movement may still be anterograde.
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The different rates of fast and slow axonal trans-
port have long been assumed to reflect fundamentally
distinct mechanisms of movement, but direct obser-
vations of membranous organelles and cytoskeletal
polymers in living cells now suggest that all axonal
cargoes are transported by fast motors. Thus, the
principal difference between fast and slow transport
is not thought to be the rate of movement per se but,
rather, the frequency of movement and the nature
of the cargo structures. The terms fast and slow
refer to the average rate of movement on a timescale
of days or weeks and do not reflect the actual velocity
of the transport motors.
Methods for Studying Slow Axonal
Transport

There are essentially three different kinds of experi-
mental techniques for studying axonal transport:
accumulation techniques, pulse-labeling techniques,
and imaging techniques (Table 1). Although these
approaches can all be applied to both fast and slow
axonal transport, their use for studies on slow axonal
transport is emphasized here. Each technique has
strengths and limitations, and each reveals different
aspects of the motility, so they should be regarded as
complementary approaches, not as alternatives.

Accumulation Techniques

The oldest and simplest technique for studying axo-
nal transport is to locally impede movement along an
axon or nerve and then observe what cargo structures
accumulate and the rate at which they do so. Retro-
gradely moving materials accumulate on the distal
side of the blockade and become depleted on the
proximal side, whereas anterogradely moving materi-
als accumulate on the proximal side and become
depleted on the distal side. The most commonly
used approaches are to surgically ligate or crush a
nerve in vivo. A variant on these approaches is the
cold block, in which local cooling is applied to a nerve
in vivo. This method is technically more challenging,
but eliminates the tissue damage that is associated
with the ligation and crush approaches. Another
approach, which has been applied to isolated axons
teased apart from peripheral nerves and to single
axons of cultured neurons, is to locally compress
axons with fine nylon or glass fibers (Figure 1).

Pulse-Labeling Techniques

Themostwidely used pulse-labeling technique is radio-
isotopic pulse labeling, which was first introduced
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Figure 1 Constriction of an axon of a cultured neuron growing

on a glass coverslip: (a) axon prior to constriction; (b) axon after

1min constriction with a flexible glass fiber (�1mm in diameter);

(c) axon after 30min; (d) axon after 120 min; (e) constricted axon

after fixation and removal of the glass fiber; (f) distribution of

neurofilament protein in the fixed axon, visualized by immunofluo-

rescence microscopy. Note that the glass fiber compresses the

axon without severing it. Anterogradely and retrogradely moving

membranous organelles, which are cargoes of fast axonal trans-

port, accumulate rapidly, causing the axon to swell on both sides

of the constriction (proximal is left, distal is right). As shown in (f),

the net anterograde movement of neurofilaments in these axons

results in an accumulation of neurofilament protein proximal to

the constriction, which is evident from the bright fluorescence

in the proximal swelling. Scale bar ¼ 5 mm. Reproduced from

Koehnle TJ and Brown A (1999) Slow axonal transport of neuro-

filament proteins in cultured neurons. Journal of Cell Biology 144:

447–458.

Table 1 Three experimental methods for studying slow axonal transport

Accumulation techniques Pulse-labeling techniques Imaging techniques

Example Ligate or constrict single axons

or entire nerves and observe

the accumulation of

transported materials

Inject radioactive amino acids into the

vicinity of nerve cell bodies in vivo and

then sacrifice the animal and analyze

the distribution of the radiolabeled

proteins along the axons

Inject or transfect neurons with

fluorescent proteins and observe the

moving structures by fluorescence

microscopy

Strengths Simple; can be performed

in vivo or in cell culture

Permits the kinetics and composition of

axonal transport to be studied in vivo

High temporal resolution (seconds or

milliseconds); high spatial resolution

(micrometers); permits individual

cargoes to be tracked

Limitations Poor spatial resolution; poor

temporal resolution

Poor spatial resolution (1mm at best);

poor temporal resolution (hours or days

at best); each animal yields only one

time point, so multiple animals are

required for each analysis

Not well suited to long-timescale

studies; cannot presently be

performed in vivo
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in the late 1950s and 1960s. Most of what we know
about the composition and kinetics of slow axonal
transport has come from studies using this approach,
and it remains to this day the preferred method for
studying the composition and kinetics of slow axonal
transport in vivo. Essentially, this technique involves
the injection of radiolabeled precursors of macromole-
cules (amino acids, sugars, or nucleotides) into the
vicinity of neuronal cell bodies in an animal. Most
published studies have used radiolabeled amino acids,
which permit the movement of proteins to be investi-
gated. The radiolabeled amino acids are taken up by
the cell bodies, creating a pulse of radiolabeled pro-
teins. Those proteins destined for the axon move into
and along the axon in association with distinct cargo
structures. By injecting numerous animals and sacrifi-
cing them at various time intervals, the kinetics of
transport can be analyzed (each animal yields a single
time point). The most powerful approach is to dissect
out the nerves containing the radiolabeled proteins
and then cut them into contiguous segments, permit-
ting biochemical analysis of the radiolabeled proteins
by subcellular fractionation, immunoprecipitation,
and/or electrophoresis (Figure 2).

Radioisotopic pulse-labeling studies of slow axonal
transport can be performed on a variety of different
nerve cell types. Those that are best suited are ones
whose cell bodies are located in an anatomically dis-
crete region, facilitating reproducible injection of
the radioisotope, and ones whose axons extend in a
nerve that can be dissected readily and that is long
with minimal branching. Most radioisotopic pulse-
labeling studies have been performed on rats or
mice, and the most commonly used axons are the
retinal ganglion cell axons of the optic nerve (radio-
labeled precursor injected into the eye) and the motor
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Figure 2 The radioisotopic pulse-labeling technique. (a) Radiolabeled amino acids are injected into the vicinity of nerve cell bodies (the

dorsal root ganglion in this example), and the amino acids are incorporated into proteins in the nerve cell bodies. The proteins move out

along the axons in association with distinct cargo structures (shown here as purple, blue, and red dots), which move at different rates. At

early times the faster- and slower-moving cargo structures overlap considerably, whereas at later times they become spatially separated.

At various time intervals, the animals are sacrificed and the nerves are cut into contiguous segments. (b) For each time interval (time 1–4),

the proteins in each nerve segment are separated by gel electrophoresis and the amount of radioactivity associated with each protein is

quantified. Labeled proteins associated with the purple, blue, and red cargo structures in (a) are shown as purple, blue, and red bands,

respectively, in (b). Reproduced from Lodish H, Berk A, Zipursky SL, Matsudaira P, Baltimore D, and Darnell J (2000) Molecular Cell

Biology, 4th edn. New York: W. H. Freeman.
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and sensory axons of the sciatic nerve (radiolabeled
precursor injected into the ventral horn of the lumbar
spinal cord or into the lumbar dorsal root ganglia,
respectively).

Imaging Techniques

A third approach for studying axonal transport is
direct observation of the movement of the cargo
structures in living cells using light microscopy.
Membranous organelles can be detected by video-
enhanced differential interference contrast micro-
scopy, but fluorescence microscopy is required to
detect the cargoes of slow axonal transport because
of their small size. Because fluorescence microscopy
in vivo is problematic, experiments using this tech-
nique are presently limited to embryos or cultured
nerve cells. The most common approach is to express
fluorescent proteins in neurons or microinject them
into cell bodies and then to observe the fluorescently
labeled cargo structures by time-lapse imaging.
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The expression approach necessitates construction of
a recombinant protein fused to green fluorescent pro-
tein or one of its variants, whereas the microinjection
approach necessitates purification of the protein of
interest and covalent modification with a fluorescent
dye. The first attempts to detect slow axonal trans-
port using these approaches date back to the late
1980s, but it was not until 2000 that the movement
was demonstrated convincingly. To date, the move-
ment of neurofilament proteins, tubulin, a-synuclein,
synapsin I and glyceraldehyde-3-phosphate dehydro-
genase have been observed in cultured nerve cells, but
these are just a few of the many hundreds of proteins
that are conveyed by slow axonal transport. The
movements are fast, so imaging must be performed
at intervals of several seconds or less. Because the
cargo structures of slow axonal transport may be
distributed continuously along the axon and cannot
always be resolved from one another, it can be diffi-
cult to detect those that are moving. One way to
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Figure 4 Autoradiographs of radiolabeled proteins in mouse

optic nerve separated by two-dimensional gel electrophoresis:

(a) slow component a (SCa); (b) slow component b (SCb). SCa

(a) includes neurofilament triplet proteins (nf), tubulin (T; a and

b subunits), tau (m), spectrin (s), and a small amount of actin (ac)

trailing behind the SCb wave. SCb (b) includes actin (ac), calmod-

ulin (ca), clathrin (cl), creatine kinase (ck), hsp70 (70), and nerve

specific enolase (e). Some SCb proteins, such as aldolase (al)

and pyruvate kinase (p), are not visible because they focused

outside of the pH range of the isoelectric focusing gel. Repro-

duced from Lasek RJ, Garner JA, and Brady ST (1984), Axonal

transport of the cytoplasmic matrix, Journal of Cell Biology 99:

212s–221s.
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Figure 3 Movement of a single fluorescent neurofilament

through a photobleached region in an axon of a cultured neuron.

Neurofilaments were visualized by transfection with a neurofila-

ment protein fused to green fluorescent protein, and the bleached

region was observed by time-lapse fluorescence microscopy. The

large arrowheads mark the edges of the photobleached region,

and the small arrowheadsmark the leading and trailing ends of the

neurofilament, which is fluorescent because it originated from

outside of the bleached region. Neurofilaments move at peak

velocities of up to 3 mm s�1, but the movements are infrequent

and bidirectional. Scale bar ¼ 5 mm. Reproduced from Wang L

and Brown A (2001) Rapid intermittent of axonal neurofilaments

observed by fluorescence photobleaching. Molecular Biology of

the Cell 12: 3257–3267.
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overcome this problem is to bleach the fluorescence in
a segment of axon and then observe fluorescent cargo
structures that originate from the flanking
unbleached regions and move into the bleached
region (Figure 3).

 
 
 
 
 
 
 

 

Two Distinct Subcomponents of Slow
Axonal Transport

Radioisotopic pulse-labeling studies in a variety of
neuronal cell types have shown that the proteins con-
veyed by slow axonal transport tend to resolve into
two kinetically distinct subcomponents, termed slow
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components a and b. Although some proteins are
found in both subcomponents, most are unique to
one or the other (Figure 4). Slow component a is
slower and simpler in composition, being composed
primarily of neuronal intermediate filament proteins,
tubulin, and certain microtubule-associated proteins.
In contrast, slow component b comprises more than
200 distinct proteins, indicating a remarkable com-
plexity. Some of these proteins have been identified,
and they include actin as well as the full spectrum of
housekeeping proteins that make up neuronal cyto-
sol, including proteins of glycolysis and intermediary
metabolism, structural proteins, regulatory proteins,
and motor proteins (Table 2).

The proteins that move in slow components a and b
have generally been described as moving in a highly
cohesive manner, but a careful reading of the litera-
ture suggests a more complex picture. For example,
tubulin and neurofilament protein, which both move
in slow component a, do not always move exactly in
unison, and this is also the case for some of the
proteins that move in slow component b. Moreover,
although tubulin is transported predominantly in
slow component a in some neurons, it is found in
both slow components a and b in others. The expla-
nation for this complexity is most likely that each
subcomponent actually represents the movement of
multiple distinct species of cargo structure that move
independently. For example, tubulin and neurofila-
ment proteins appear to be transported in the form of
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Table 2 The composition and cargo structures of slow axonal transport

Rate class Average rate Moving structures Identified proteins

Slow component a 0.2–1 mm day�1

(� 0.002–0.02 mm s�1)

Neurofilaments and

microtubules

Neurofilament proteins L, M, and H; internexin,

peripherin, tubulin, neuronal spectrin (fodrin), tau,

calcium/calmodulin-dependent protein kinase IIb

Slow component b 2–8 mm day�1

(� 0.02–0.09 mm s�1)

Unknown (may

include

microfilaments and

supramolecular

cytosolic protein

complexes)

Actin, tubulin (in some neurons), dynein, dynactin,

myosin Va, calmodulin, clathrin, clathrin uncoating

protein hsc70, heat shock protein hsp70, cytosolic

chaperonin containing

T-complex polypeptide 1 (CCT), molecular

chaperone hsc73, calcium/calmodulin-dependent

protein kinase IIa, aldolase, creatine
phosphokinase, enolase, glyceraldehyde-3-

phosphate dehydrogenase, phosphofructokinase,

superoxide dismutase 1, cyclophilin A, cofilin, actin

depolymerizing factor, profilin, synapsin I, annexin

VI, ubiquitin, ubiquitin C-terminal hydrolase PGP 9.5
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microtubule and neurofilament polymers, which are
distinct structures. It is possible that neurofilaments
and microtubules could move at similar average rates
in some axons and at different average rates in others.
Moreover, the transport kinetics of any given protein is
determined not just by the average rate ofmovement of
the cargo structure with which it associates but also by
the proportion of the time that the protein spends
bound to that structure. Thus, proteins that associate
with the same cargo structure may move with different
kinetics if they differ in their affinity for that structure.
Additional complexity can also arise if a given protein
is capable of diffusion when it is not bound to its cargo
structure.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

The Kinetics of Slow Axonal Transport

When considering the rate of slow axonal transport, it
is important to make a distinction between measure-
ments made on the fast and slow timescales. In the
radioisotopic pulse-labeling experiments, which are
performed on a timescale of days or weeks, each pro-
tein conveyed by slow axonal transport moves out
along the axon in the form of a unimodal bell-shaped
wave that spreads as it moves distally. The rate of slow
axonal transport is generally quoted as the rate of
movement of the peak of the wave, which represents
the modal transport rate, although the width and
spreading of thewaves clearly indicate that the proteins
actuallymove at a range of rates. Themodal rate differs
in different neuronal cell types and may also vary spa-
tially (along axons) aswell as temporally (during devel-
opment, maturation, and aging), but it is generally
around 0.2–1mmday�1 (0.002–0.02mm s�1) for slow
component a and 2–8mmday�1 (0.02–0.09mm s�1)
for slow component b.
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In contrast to the radioisotopic pulse-labeling
experiments, direct observations on the movement of
neurofilaments and microtubules in cultured neurons
using fluorescence microscopy on a timescale of sec-
onds or minutes indicate that these structures actually
move very rapidly, at rates of up to several micro-
meters per second, and that these movements are also
intermittent and infrequent (Figure 5). Thus, the bell-
shaped waves that characterize slow axonal transport
in the radioisotopic pulse-labeling experiments can be
considered to represent the distribution of hundreds
or thousands of pulse-labeled cargoes whose individ-
ual movements and pauses are summed over the days,
weeks, or months that they spend traveling down the
axon. Whether the movement is considered to be fast
or slow depends on the timescale of the observations.
A Brief History of Experimental Studies
on Slow Axonal Transport

The existence of material transport along axons was
inferred by biologists more than 100 years ago, but it
was not demonstrated experimentally until the classic
study of Weiss and Hiscoe, published in 1948. These
authors severed peripheral nerves in laboratory ani-
mals and then allowed the proximal axonal stumps to
regenerate through segments of transplanted arteries.
As the regenerating axons matured, they increased in
caliber and experienced a gradually increasing con-
striction by the arterial sheath through which they
passed. Over a period of days or weeks, the axons
swelled proximal to the constrictions due to the accu-
mulation of anterogradely transported materials.
When the constrictions were released, the axonal
swellings propagated distally at a rate of approxi-
mately 1mm day�1. The enlargement of the axons
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Figure 5 Kinetics of neurofilament transport on fast and slow timescales: (a) timescale of weeks to months as revealed by radioisotopic

pulse labeling in rat spinal motor neurons in vivo; (b) timescale of seconds to minutes, as revealed by live cell fluorescence imaging in

cultured nerve cells. In (a), the pulse of radiolabeled neurofilament proteins moves out along the sciatic nerve in the form of a bell-shaped

wave that spreads as it moves distally. The graph in (b) represents a single neurofilament moving in an anterograde direction. The

filament was tracked by time-lapse imaging (as described in Figure 3). Each point represents the position of the leading end of the

neurofilament along the axon in one 5 s interval. Both anterogradely and retrogradely moving neurofilaments exhibit a similar behavior,

characterized by bouts of rapid movement interrupted by pauses of varying durations. (a) Data from Hoffman PN, Griffin JW, Gold BG,

and Price DL (1985) Slowing of neurofilament transport and the radial growth of developing nerve fibers. Journal of Neuroscience

5: 2920–2929, courtesy of Paul Hoffman. (b) Data fromWang L and Brown A (2001) Rapid intermittent of axonal neurofilaments observed

by fluorescence photobleaching. Molecular Biology of the Cell 12: 3257–3267.
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proximal to the constrictions was referred to as dam-
ming, and it was considered to be due to an ‘axomo-
tile’ mechanism. The authors termed this movement
axonal flow, but we know it today as axonal transport.
The axoplasm was considered to move in a slow
anterograde direction as a semirigid column pro-
pelled by peristaltic contractions of the axolemma.
The fact that this model turned out to be incorrect
should not detract from the importance of this paper,
which was published long before the era of modern
cell biology. In fact, the authors’ appreciation of the
significance of axonal transport for the growth and
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maintenance of axons was remarkably prescient, and
this study remains a landmark in the field of axonal
transport.

With the introduction of radioisotopic tracer techni-
ques in the late 1950s, it became apparent that axonal
transport was bidirectional, with distinct anterograde
and retrograde components, and that many of the
components moved at very fast rates. Based on these
findings, the concept of axonal transport as a bulk
anterograde cytoplasmic flow evolved into one of bidi-
rectionalmovement of discrete cytological structures at
a broad range of rates. In the 1970s and early 1980s,
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two competing theories emerged. In the structural
hypothesis of Lasek and colleagues, axonal transport
was considered to be comprised of multiple discrete
rate components, each corresponding to the cohesive
movement of a distinct subset of cytological structures.
Lasek and colleagues postulated that all axonal pro-
teins move by association with, or as integral parts of,
cytologically identifiable subcellular carrier structures.
The strength of this perspective was the recognition
that the fast and slow components of transport have a
distinct polypeptide composition and that this distinct
composition reflects the movement of distinct orga-
nelles and macromolecular structures. In fact, one of
the original predictions of the structural hypothesiswas
that cytoskeletal polymers are among the cargoes of
slow axonal transport, which is now known to be true.
However, the emphasis of this hypothesis on the cohe-
sive nature of the movement within each subcompo-
nent of axonal transport gave rise to the widely held
perception that cytoskeletal and cytosolic proteins
move along the axon en masse (i.e., in a slow and
synchronous manner), which is no longer thought to
be the case. In a competing theory termed the unitary
hypothesis, SydneyOchs and colleagues questioned the
existence of slow axonal transport and proposed that
there is a single fast transport mechanism that explains
all movement in axons. Ochs and colleagues proposed
that proteins conveyed by fast axonal transport could
become deposited along the axon by dropping off the
transport mechanism, with turnover of these deposited
proteins giving rise to the appearance of slowlymoving
waves. The strength of this hypothesis was the recogni-
tion that both fast and slow transport could be gener-
ated by fast movements. However, this hypothesis
failed to recognize that slow axonal transport repre-
sents a genuine movement of cargoes that are structur-
ally distinct from those of fast axonal transport.
During the 1980s, the notion that slow axonal

transport is a slow and synchronous movement
became widely accepted and had a profound influ-
ence on the design of experiments to observe this
movement in living cells. For example, in the late
1980s and 1990s, there were numerous attempts to
observe slow axonal transport directly in cultured
neurons using fluorescence microscopy. All these
experiments focused on the cytoskeletal subunit pro-
teins, and most used fluorescence photobleaching or
photoactivation to mark these proteins in a short
segment of axon and time-lapse imaging to observe
their movement. Because the movement was thought
to be slow and synchronous, these studies were
designed to detect a slow translocation of the marked
zone toward the axon tip. When they failed to detect
such a movement, this failure was widely interpreted
as evidence that cytoskeletal polymers in axons do
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not move and that cytoskeletal subunit proteins must
be transported in some other unassembled form. This
perspective became known as the subunit transport
hypothesis, and it attracted considerable controversy.
However, the failure of the photobleaching and
photoactivation studies to detect any movement,
either of subunits or polymers, was perplexing.

The controversy surrounding the subunit transport
hypothesis was resolved in 2000 with the direct obser-
vation of the movement of neurofilaments, and
shortly thereafter microtubules, in cultured nerve
cells. The solution to the controversy was disarmingly
simple – cytoskeletal polymers do move in axons, but
their movements are not slow after all. The key to
detecting these movements was the development of
direct imaging strategies capable of detecting the
rapid movement of single cytoskeletal polymers
(e.g., Figure 3). Experiments using this approach
have shown that neurofilaments and microtubules
move at fast rates, approaching the rate of movement
of membranous organelles, but that the average rate
of movement is slow because the movements are
infrequent, bidirectional, and highly asynchronous.
Thus, the slow rate of slow axonal transport is actually
the result of rapid movements interrupted by pro-
longed pauses. For example, it has been estimated
using computational modeling that neurofilaments in
motor axons of the mouse ventral root and sciatic
nerve spend approximately 97% of their time pausing
during their journey along the axon, and similar
extents of pausing have been observed experimentally
in cultured neurons. It seems likely that the many other
proteins conveyed by slow axonal transport exhibit a
similar motile behavior, but this has not been shown.
The Mechanism of Slow Axonal
Transport

Current research on slow axonal transport is focused
on addressing four central questions: (1) What are the
cargo structures of slow components a and b, (2) what
are the tracks along which they move, (3) what are
the motors that move them, and (4) how is their
movement regulated? The observation of the rapid
intermittent movement of neurofilament and micro-
tubule polymers in axons indicates that these cyto-
skeletal polymers are among the cargo structures of
slow axonal transport, although this does not pre-
clude the possibility that cytoskeletal subunit proteins
may also move in an unassembled form. The form in
which the many other proteins in slow axonal trans-
port move remains unclear. One hypothesis is that
they are transported by binding to (and effectively
riding piggyback on) moving cytoskeletal polymers.
The relatively simple protein composition of slow
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component a suggests that neurofilaments and
microtubules could be the sole carrier structures for
this rate component; all the proteins that move in
slow component a are either integral parts of these
cytoskeletal polymers or are known to associate with
these polymers in vivo. The presence of actin in slow
component b suggests that microfilaments could
function as a carrier structure for this rate compo-
nent, although it seems unlikely that the several
hundred different proteins that move in slow
component b all bind to microfilaments. More prob-
ably, many of these proteins form supramolecular
complexes that, in turn, associate with the moving
filaments or that associate with motor proteins inde-
pendently of the moving filaments. However, this
hypothesis is speculative because the movement of
microfilaments and most other cytosolic proteins in
axons has not yet been demonstrated.
The rapid rate of movement of neurofilaments and

microtubules in axons indicates that they are trans-
ported by fast motors, perhaps similar to or even the
same as the motors that move membranous organelles,
but the identity of these motors and the tracks along
which they move are not known. By analogy with the
movement of membranous organelles, it seems likely
that neurofilaments and microtubules and other
cargoes of slow axonal transport move along either
microtubule or microfilament tracks. For example,
there is evidence that dynein may transport axonal
microtubules anterogradely along microfilaments and
that dynein and kinesin may transport axonal neurofi-
laments bidirectionally along microtubules. The fre-
quency of neurofilament movement may be regulated
by phosphorylation of the neurofilament proteins.
Axonal neurofilaments can also interact with myosin
Va, but the role of this interaction in neurofilament
movement is presently unclear. Althoughmuch remains
to be learned about the mechanism of movement, it
seems likely that the cargo structures of slow axonal
transport each interacts with a number of different
motor proteins and that these motors act cooperatively
to translocate and organize these polymers in both the
longitudinal and radial dimensions of the axon.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A Unified Perspective for Fast and Slow
Axonal Transport

The rapid intermittent movement of cytoskeletal and
cytosolic proteins in axons when observed on a time
scale of seconds or minutes suggests a unified perspec-
tive for fast and slow axonal transport which com-
bines elements of the structural hypothesis of Lasek
and colleagues and the unitary hypothesis of Ochs and
colleagues. According to this perspective, multiple
distinct classes of membranous and nonmembranous
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cargoes are all transported along axons by the same
underlying mechanism, but they move at different
rates due to differences in their duty ratio (the pro-
portion of the time that they spend moving). Each
molecule moves by virtue of its association, directly or
indirectly, with a particular class of cargo structure.
The transport rate of individual proteins is determined
by the proportion of the time that they spend in associ-
ation with their cargo structure as well as the velocity
and duty ratio of that structure. The difference in the
rate of fast and slow axonal transport is therefore due
to differential regulation of the direction, duration, and
frequency of movement of the cargo structures. Mem-
branous organelles on the secretory and endocytic
pathwaysmove rapidly and continuously in a unidirec-
tional manner, either anterograde or retrograde, paus-
ing for only brief periods. Many of these cargoes
function to deliver membrane and protein components
to a particular site along the axon or at its tip, and the
high duty ratio of these organelles ensures that these
components are delivered rapidly. In contrast, the
cargo structures of slow axonal transport move very
infrequently, with a low duty ratio, pausingmost of the
time and sometimes reversing during their journey
along the axon. Although we refer to these structures
as cargoes, they are not simply the luggage of intracel-
lular transport; these cytoskeletal polymers and cyto-
solic protein complexes are probably preassembled
functional units that fulfill their architectural, physio-
logical, and/or metabolic roles in the axon during their
transit. For these cargoes, the journey is perhaps more
important than the ultimate destination, and this may
explain why they move so slowly.

See also: Actin Cytoskeleton in Growth Cones, Nerve

Terminals, and Dendritic Spines; Axonal and Dendritic

Transport by Dyneins and Kinesins in Neurons; Axonal

mRNA Transport and Functions; Axonal Transport and

ALS; Axonal Transport and Alzheimer’s Disease; Axonal

Transport and Huntington’s Disease; Axonal Transport and

Neurodegenerative Diseases; Axonal Transport Disorders;

Cytoskeletal Interactions in the Neuron; Microtubule

Associated Proteins in Neurons; Microtubules:

Organization and Function in Neurons; Mitochondrial

Organization and Transport in Neurons; Myosin Transport

and Neuronal Function; Neurofilaments: Organization and

Function in Neurons; Peroxisomes: Organization and

Transport in Neurons.
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