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Slow axonal transport is the mechanism
by which cytoskeleta1 proteins are distributed
within the axon. This function
has traditionally
been considered
an exclusively
unidirectional, anterograde
process. Previous observations
of cytoskeletal
redistribution
in surviving, transected
axons of the
C57BL/Ola
mouse led us to hypothesize
a retrograde
component of cytoskeletal
transport.
To test this hypothesis
against previous
methods of measuring
slow transport
of
cytoskeleton,
we radioactively
pulse-labeled
proteins
in
sensory neurons of C57BL/Ola
mice and followed
their redistribution
by gel fluorography
in ligated and unligated
sciatic nerves. Slow axonal transport
of cytoskeletal
proteins
proceeded
with the same characteristics
in C57BL/Ola as in
standard C57BL/6 mice. In comparison
to the transport profiles from unligated
control nerves, in ligated nerves there
was redistribution
of radiolabeled
neurofilament
and tubulin
proteins back toward the cell body during the 14 d experimental period. These observations
demonstrate
that pulselabeled cytoskeletal
proteins move bidirectionally
in this experimental
system, and may provide insight into the normal
mechanisms
of cytoskeletal
maintenance.
[Key words: axonal transport,
neurofilament,
tubulin, cytoskeleton,
Ola mouse, axotomy]

The movement of proteins between the cell body, axon, and
nerve terminal by axonal transport hasbeen delineated by following the redistribution over time of pulse-labeledproteins in
nerve. This strategy hasidentified different classesof transport
basedon the rates and the major proteins carried within these
classes(for review, seeVallee and Bloom, 1991). The two major
componentsof axonal transport, fast and slow transport, carry
membrane-boundand cytoskeletal proteins, respectively. Fast
axonal transport is composed of both anterograde and retrograde componentsthat carry polypeptides from and to the cell
body at rates of 100-400 mm/d. Retrograde fast transport was
originally identified and characterized by two methods: (1) labeledmoleculeswere injected near the nerve terminals and later
identified within the correspondingcell bodies(Kristenssonand
Sjostrand, 1972; LaVail and LaVail, 1974; Price et al., 1975)
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and (2) nerves were ligated or cooled and the accumulation of
markers was demonstratedjust distal to the ligation (Zelena et
al., 1968; Bisby, 1976; Griffin et al., 1976; Brimijoin and Wiermaa, 1977; Griffin et al., 1977). Neither of these approaches
has been useful for investigating the possibility of a retrograde
component of slow transport. First, the exogenousmarkersthat
have beeninjected into nerve or at nerve terminals are typically
solubleproteins that are taken up into vesiclesand carried by
the fast transport system,and none have moved slowly toward
the cell body. Two exceptions may be labeled serum albumin
(Gainer and Fink, 1982), and radiolabeled lead (Baruah et al.,
1981). Second, ligation protocols to study the redistribution of
endogenousslow component proteins have not been feasible
becausethe relatively brief period (l-3 d) during which the
mammalian axon survives after transection is too short to resolve the movement of slow component markers that move
only 0.1-4 mm/d. Slow axonal transport is thus usually considered to consist of only an anterogradecomponent.
Our recent morphologic and immunochemical observations
showingredistribution of cytoskeletal constituents in transected
nerves of the C57BWOla mouse(Ola) led us to proposea retrograde component of slow transport in thesetransectedaxons
(Glassand Griffin, 1991; Watson et al., 1993). The Ola mouse
is a mutant substrain in which transectedaxons do not degenerate for up to 4 weeksafter axotomy (Lunn et al., 1989; Glass
and Griffin, 1991). This mouse provides a unique system in
which to test hypothesesregardingretrograde slow transport by
methodssimilar to thoseusedpreviously for fast transport. We
have already shown that cytoskeletal constituents are gradually
redistributed bidirectionally in the distal stump during l-3 weeks
after transection. Morphologically this redistribution is manifestedas accumulationsof neurofilamentsin the most proximal
and distal extents of transectedaxons (Glassand Griffin, 1991).
Analysis for specific cytoskeletal proteins by ELISA showed
similar patterns of redistribution and accumulation for both
neurofilaments and tubulin (Watson et al., 1993). In order to
test whether this observedredistribution of cytoskeletal proteins
representsaxonal transport as previously defined by pulse-labeling methods, we radiolabeled newly synthesizedcytoskeletal
proteins in sensoryneuronsof the Ola mouseand examined the
redistribution of label in intact and axotomized sciatic nerves.
Materials
and Methods
C57BL/Ola mice were obtained from a breeding colony maintained at
the Johns Hopkins Medical Institutions. All surgical procedures were
done on 30-d-old male and female animals under methoxyflurane inhalation anesthesia. After surgery, animals were housed in an AAALACaccredited facility and allowed access to food and water ad libitum. All
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Table 1. Experimental schemes for identifying retrograde axonal
transport in transected sciatic nerves
Group 28/42
Test animal
Control
Control

Ligate
Death
Death
Death

day
day
day
day

28
42
28
42

Group 35/49

Group WI0

Ligate
Death
Death
Death

Ligate
Death
Death
Death

day
day
day
day

35
49
35
49

day
day
day
day

56
70
56
70

-- --procedures were approved by the Animal Care Committee of the Johns
Hopkins Medical Institutions.
Labeling procedure. Anesthetized animals underwent a left L4 and
L5 lateral laminectomy to uncover the L5 dorsal root ganglion (DRG).
The animal was suspended via toothed tissue forceps fixed snugly around
vertebral bodies above and below the laminectomy site and attached
to magnetic flexbar holders. This procedure prevented the animal’s
breathing movements from interfering with the injection procedures.
Two microliters of 35S-methionine (100 &i/&
New England Nuclear)
were injected over - 15 min using a glass micropipette mounted on a
micromanipulator
and driven by a Harvard syringe pump. After injection, the animals were returned to their cages until the next surgical
procedure or death. Comparison experiments (see below) were done by
injecting at least three litter mates at one sitting, to minimize interanimal
variation.
A single experimental set consisted of three injected animals (Table
1). One animal in each set was killed at 28, 35, or 56 d after injection
(see below). At the same time, a second animal underwent ligation of
the labeled sciatic nerve approximately 8 mm from the L5 DRG, and
just distal to the takeoff of the gluteal nerve. This was done by separation
of the sacroiliac joint with pointed scissors and ligation with 6-O silk
suture. To assure complete axonal transection, the nerve was then crushed
with #5 Dumont forceps just proximal to the suture. The third animal
in each set was left undisturbed. Fourteen days later (i.e., 42, 49, 70 d
after labeling), the ligated and undisturbed animals were anesthetized
and killed by cardiac transection. Labeled nerves were harvested by
dissecting the DRG and sciatic nerve in continuity to the level of the
knee. These preparations were extended to their full lengths on a plastic
ruler, frozen on dry ice, and stored at - 70°C until the time of analysis.
Under a dissecting microscope, the nerves were cut into 2 mm segments beginning at the DRG and proceeding distally. Each 2 mm segment was homogenized in a glass-on-glass homogenizer (Micrometrics
Instruments, Tampa, FL) containing 100 pl of urea gel sample buffer
(6 M urea, 2% SDS, 10% glycerol, 0.1% bromphenol blue, 10% fl-mercaptoethanol, in 0.5 M Tris buffer pH 6.8). Samples were boiled and
centrifuged and 5 ~1 aliquots were counted for YS-methionine activity
by liquid scintillation spectroscopy. The remainder of the sample was
loaded onto a single lane of a vertical slab polyacrylamide gel (7.5%)
and electrophoresed at constant current. Gels were fixed in 50% methanol, 10% glacial acetic acid, soaked for 3 hr in 2,5-diphenyloxazole/
dimethyl sulfoxide, and dried under vacuum and heat onto filter paper.
Dried gels were exposed to x-ray film for periods of 4 d to 4 weeks to
produce gel fluorograms.
Quantitation of labeledproteins. The bands corresponding to the neurofilament and tubulin proteins, as identified by their corresponding
molecular weights, were analyzed for their relative densities on the x-ray
film with a Molecular Dynamics laser densitometer that quantitates
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Figure 1. Schematic representation of sampling strategies for quantitative analysis of axonal transport in the distal stump. The proportion
of labeled proteins in the first two segments (A) was compared to that
in the remainder of the stump (B). These data were compared to those
in the corresponding segments of the unligated control nerves.
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Figzue2.
Gel fluorogram from the sciatic nerve of a standard C57BW6
mouse harvested 36 d after injection of radiolabel in the L5 DRG. Each
lane represents the homogenate of a 2 mm segment of nerve taken
sequentially (left to right) from the DRG distally. The last lane is from
a special preparation of nerve that isolates insoluble cytoskeletal constituents, and is used as a marker for the neurofilament bands (H, M,
and L) and tubulin bands (7’). Note that the transport profiles for neurofilament and tubulin show up as broad peaks which span many segments with significant “tails” of radioactivity that are retained in more
proximal segments. The peak and tail are labeled for the neurofilament-L
band.
gray-scale pixel values (0.0-4.095 OD) within the entire volume of the
band. The bands corresponding to the 68, 160, and 200 kDa epitopes
of neurofilament, and the 53 and 57 kDa epitopes of tubulin were
outlined on the digitized computer-screen image, and the volume data
for each band was transferred to a spreadsheet program (Microsoft
EXCEL).

Analysis of transport. The distribution of labeled neurofilament and
tubulin proteins was assessed by visual inspection ofthe gel fluorograms,
and by quantitative analysis with laser densitometry. The percentage of
labeled protein in each nerve segment for each of the neurofilament and
tubulin epitopes was calculated by dividing the densitometric volume
in each segment by the sum of volumes for that epitope within the whole
nerve. The data for the subunits of each protein were also combined to
give percentages for total labeled neurofilament and tubulin. In order
to focus attention on cytoskeletal redistribution in the transected distal
stumps, the same type of analysis was done after excluding the data
from the’ region proximal to the ligation, and comparing the distal
segments to the corresponding segments in the unligated control nerves.
In addition, the percentage of labeled proteins in the segments just distal
to the ligation (or in the corresponding segments in the unligated nerves)
was alsc compared to that in the remainder of the nerve (Fig. 1). Comparing ligated and unligated nerves in this way identified shifts in the
regional distribution of the labeled cytoskeletal proteins that reflect the
axonal transport of these proteins.

Results
A total of 75 mice were injected and killed at time points between 7 and 70 d. We first askedif the rate and characteristics
of slow axonal transport were the samein standard C57 and in
Ola mice. The transport profiles at several time points between
14 and 36 d after labeling were similar in thesetwo strains,with
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Figure 3. Gel fluorograms from the representative animals l-3 from set 35/49. Each lane represents the homogenate of a 2 mm segment of nerve
taken sequentially from the DRG distally. Animal I was killed at 35 d after labeling; animal 2 was killed 49 d after labeling; in animal 3 the sciatic
nerve was ligated between segments 4 and 5 (arrow) at 35 d, and the animal was killed at 49 d after labeling. Note in the fluorograms from animals
1 and 2 the distal progression of the labeled bands between 35 and 49 d. In the fluorogram from animal 3 there is an accumulation of labeled
proteins just distal to the ligation; the majority of labeled neurofilament and tubulin proteins are found in segments more proximal to the DRG
than at 35 d, signifying retrograde transport (H, M, and L are the heavy-, middle-, and low-molecular-weight
neurofilament bands; r, tubulin
bands).
similar proximal-to-distal
translocation
with time of labeled
neurofilament
and tubulin bands. The use of age-matched
littermates all injected at 30 d old provided for accurate compar-

isons since the rate of axonal transport is related to age of the
animal (Hoffman et al., 1985). At 36 d after labeling, the transport velocities (distanceof peak from DRG/time) for both C57
and Ola mice were calculated as approximately 0.5 mm/d for
neurofilament and 0.75 mm/d for tubulin. Thesevaluesprovide
the most widely usedestimate of the transport velocity. Better
measures,such as the distance of the 50th percentile of radioactivity from the DRG, could not be usedbecauseof the broadnessof the “peak” in relation to the length of the nerve (see
below). However, these approximate rates are consistent with
previous estimationsfor the velocity of slow transport in rodent
peripheral nerves (Hoffman and Lasek, 1975; Lasek and Hoffman, 1976; Watson et al., 1989).
As noted in previous studiesof slow transport (Ochs, 1975;
Nixon and Logvinenko, 1986; Hollenbeck, 1989; Watson et al.,
1989),the transport profiles of labeledslowcomponent proteins
showeda broad peak of activity with a “tail” of labeledproteins
trailing behind the leading edge(Fig. 2). This tail representeda
significant amount of the labeled neurofilament and tubulin
proteins in the transport wave, and at early times after labeling
(< 28 d) it wasmostly contained in the portion of nerve proximal
to the ligation. Becausewe wanted to “capture” for analysisas
much of the labeledcytoskeletal componentsas possiblewithin
the ligated distal stump, we choseour experimental time points
in order to maximize the proportion of the slow component
contained within the available portion of nerve distal to the site
of ligation.
To determine if the transport of radiolabeledcytoskeletalproteins was altered by axotomy, the transport profile of each axotomized nerve was compared to those of the two littermate

controls. One control nerve wasremoved at the time of ligation
of the test animal, and the other was removed at the time the
test animal was killed. A 14 d time interval between ligation
and death waschosenbecauseit allowedenoughtime to identify
significant changesin the locations of labeledproteins travelling
at ~0.5 mm/d and because>85% of Ola sensoryaxons remain
intact at 14 d after axotomy

(Glass and Brushart,

unpublished

observations). The ligated test animal and the two control animals are subsequentlyreferred to as an “experimental set” for
eachpostinjection time point. This analysisallowed us to identify where

labeled

proteins

were at the time of ligation

and at

the time of death in unligated nerves.
We tested three schemesfor the timing of axotomy after labeling: ligation at 28 d, death at 42 d (28142group); ligation at
35 days, death at 49 d (35/49 group); ligation at 56 d, death at
70 d (56/70 group). In each group there were duplicate threeanimal sets(Table 1).
Visual analysis of gelfluorograms
In four of the six experimental groups, 28/42 (l), 35/49 (2), 56/
70 (l), when compared to the profile of the nonligated animal
killed at the earlier time point, the transport profile of the ligated
nerve showeda relative increasein intensity of the labeledneurofilament and tubulin bands in the two or three segmentsjust
distal to the ligation. An example of this is shown in Figure 3.
Animals l-3 were injected on the sameday, and at 35 d animal
1 was killed and animal 3 underwent ligation of the labeled
sciatic nerve 8 mm from the DRG. At day 49, animals 2 and
3 were killed and the nerves from all three animals were analyzed. In animal 3, there was an accumulation of labeled neurofilament and tubulin in the segmentsjust distal to the ligation
compared to the corresponding segmentsin animal 1. We assume that the labeled “waves” of cytoskeletal bands in both

3918

Glass

and

Griffin

l

Retrograde

Cytoskeletal

Transport

4
4

4
4

Figure 4. Gel fluorograms
from experimentalgroups28/35(A), 35/49 (B), and 56/70(C). As in Figure3, thejrstfluorogram
in eachgroupis
from the animalkilled at the initial experimentaltime point, the middlefluorogram is from the animalkilled 14d later, andthe thirdfluorogram
is from the animalligatedat the initial time point andkilled 14d later. Sequential2 mmsegments
from the DRG distallyarerepresented
left to
right in eachgel;the arrow pointsto the siteof ligation.The arrowheads at the right of eachgroupdepictthe bandsrepresenting
(from bottom to
the proximal-to-distalprogression
of thelabeledbands
top, respectively)tubulins,NF-L, NF-M, andNF-H. As in Figure3, thesegelsdemonstrate

andthe redistributionof labelto moreproximalsegments
after ligation.At the latetime points(C, 56 and70 d), a significantproportionof the
tubulin radioactivity hasmovedpastthe mostdistalsegment,makinginterpretationof relativedistributionsdifficult (seeDiscussion).

nerves were at similar distancesfrom the DRG at day 35. As
demonstratedin the gel fluorogram for animal 1, the peaksfor
thesetransport profiles were at about 16 mm for neurofilament
and ~24 mm for tubulin. The fluorogram of the sciatic nerve
from animal 3, a nerve that survived while disconnectedfrom
its cell bodiesfor an additional 14 d, showedthe transport peak
for neurofilament at lo-12 mm and for tubulin at 16-18 mm
from the DRG. The gel fluorogramsrepresentingthe other animal groupsare shown in Figure 4. This relative shift in radioactivity for cytoskeletal bandstoward more proximal segments
provides evidence for retrograde transport of theseproteins.

Quantitative analysis of gelfluorograms
The laser densitometric data corroborated the visual interpretation of the fluorograms and permitted quantitative analysis
of the distribution of radioactive bands.The relative intensities
and distributions of the bandscorrespondingto the low-, mid-

dle-, and high-molecular-weight neurofilament peptides were
the same, as were those for 01-and P-tubulins. Therefore, the
data were summedand analyzed as total labeledneurofilament
and tubulin proteins. Figure 5 demonstratesgraphically the
quantitative data from the gelsfrom animals l-3 (shownin Fig.
3). The counts from the first 4 mm of nerve (segments1 and 2)
were excluded so that the radioactivity due to nonspecific radioactive contamination of the tissue at the time of injection
was removed from the analysis. As expected, there was progressiondistally of the peaksof radioactivity for neurofilament
and tubulin between days 35 and 49, with transport rates as
describedabove, shifting the peak distally beyond the last segment at 49 d.
Comparison of the data from animal 3 with that from the
littermate controls showeda relative increasein the percentage
of radioactivity associatedwith the neurofilament and tubulin
bands in the segmentsjust distal to the ligation. The peak of

The Journal

radioactivity for these bands was shifted proximally, about 46 mm over the 14 d interval.
These data were also expressed as the percentage of radioactivity in the two segments (4 mm) just distal to the ligation
compared with that in the remainder of the distal stump (Fig.
1). For the example illustrated above (animals l-3 illustrated
in Fig. 5) the percentage of radioactivity in the neurofilament
and tubulin bands, respectively, was 18% and 12% at 35 d, 17%
and 10% at 49 d, and 30% and 20% at 49 d when ligated at 35
d. This type of analysis suggested a shift proximally of radioactivity in the ligated nerves for neurofilament proteins in one
of two sets in groups 28/42 and 56/70, and for both groups 35/
49 (fluorograms shown in Fig. 4). A proximal shift of tubulin
bands was suggested in one of two sets in group (35/42), but
was not unequivocally shown by quantitative means in the other
groups because of difficulties in “capturing” tubulin proteins
within the experimental windows (see below).
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##2 - 49 days

Discussion

These resultsdemonstratedthat there was a slow, bidirectional
redistribution of radiolabeled neurofilament and tubulin proteins in surviving transected axons of the C57BUOla mouse.
There wasa shift proximally (toward the cell body) of a portion
of the transport wave during the 14 d between nerve ligation
and death, in accord with a distal to proximal (retrograde)transport of neurofilament and tubulin proteins. Thesedata are consistentwith the previous studiesfrom our laboratory that showed
similar patterns of cytoskeletal redistribution in transectedOla
nervesby morphologicaland immunochemicaltechniques(Glass
and Griffin, 1991; Watson et al., 1993). Morphologically, transectedaxons showedgradual dissociation and redistribution of
the cytoskeleton, which resulted in massive accumulations of
neurofilamentsat both proximal and distal cut-endsof the axon
(Glass and Griffin, 1991). Doubly transected Ola nerves were
subjectedto regional analysis by ELISA for neurofilament and
tubulin content by cutting them into sequential 1mm segments.
At about 14 d after transection, the segmentsat either end of
the nerve showeda gradual accretion of neurofilament and tubulin proteins, while thosetoward the center showeda reduction
in their content of cytoskeletal proteins (Watson et al., 1993).
These three methods for demonstrating the distribution of cytoskeletal proteins in axons showedmutually consistentresults
that, taken together, provide strong evidence that movement of
cytoskeletal proteins occurs bidirectionally in thesetransected
nerves.
The most informative data supporting our conclusioncomes
from the animals ligated at 35 d and killed at 49 d (group 35/
49). Both visually and quantitatively thesetransport gelsshowed
a relative shift of labeledneurofilament and tubulin bandsback
toward the cell body in ligated nerves. The demonstration of
retrograde transport in the 28/42 and 56/70 groupswas not as
clear asin the 35/49 groups becausethe “window” for catching
the majority of the transport wave in the portion of the nerve
analyzed was either taken too soon or too late after labeling.
This problem arisesbecausethe transport peak is broad relative
to the length of sciatic nerve available for analysis.For example,
in the 28/42 group, even though the leading edgeof transport
waswithin the analyzed portion, a significantamount wascaught
proximal to the site of ligation and was thus “lost” when the
distal stump was analyzed. Similarly, the longer time points
probably allowed too much of the radioactivity to “leave” the
analyzed segmentbefore ligation. This issuewasmore ofa prob-
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5. Quantitativelaserdensitometricdata from the gel fluorogramsshownin Figure3.The percentage
oftotal countsin eachsegment
is graphedversusthesegment
number;segments
1and2 wereexcluded
sothat theintensityof bandsin thesesegments
dueto localradioactive
contaminationaroundthe DRG did not skewthe results(seeFig. 1).
Eachpoint represents
the percentage
from the homogenate
of a 2 mm
segment
of nervetakensequentiallyfrom the DRG distally.The transport peaksat 35 d and49 d (animals#I and#2) aredemonstrated;
for
neurofilamentapproximately16mm and 22 mm, for tubulinapproximately 22 and >24 mm at 35 and 49 d, respectively.The datafrom
animal#3 (ligatedat 35d andkilledat 49 d) showsa proximalshift of
the transportpeaks,with accumulationof radioactivity in the segments
just distalto the ligation.
Figure
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lem for the analysis of tubulin proteins since a significant portion
of these proteins travel in the faster SCb wave (Lasek and Hoffman, 1976). In addition, in the longer lasting experiments the
% label (t,,, = 80 d) had decayed substantially. Even with these
technical problems, the profiles of two of out of four animals
in these groups had consistent retrograde movement of neurofilament proteins.
Comparison to previous studies of slow transport
Because of the rapid course of Wallerian degeneration, comparable experiments have not previously been possible in mammals. In nonmammalian systems in which axons degenerate at
slower rates analysis of cytoskeletal redistribution in transected
nerves have not suggested a retrograde component of transport.
In the garfish olfactory nerve the axonal constituents “cleared
out” from proximal to distal at the rate of slow transport (Cancalon, 1983). In the goldfish optic nerve slow transport was
demonstrated to continue from proximal to distal for at least
24 hr after separation from the cell bodies (Alpert et al., 1980).
The original demonstration of slow transport of neurofilaments and tubulin by the pulse-labeling method was performed
in the rat (Willard et al., 1974; Hoffman and Lasek, 1975). These
studies showed two or three transport peaks moving from proximal to distal at 1.O-1.2 mm/d. The transport profiles were
followed to 135 d after labeling and were interpreted as showing
only progressive anterograde movement of the labeled proteins.
Subsequent reports of slow axonal transport showed similar
profiles demonstrating proximal to distal movement of cytoskeletal proteins (Ochs and Johnson, 1969; Griffin et al., 1978,
1982, 1984; Lasek et al., 1992). These pulse-labeling experiments did not, however, preclude the existence of a retrograde
slow component. Two common features of slow transport profiles are (1) the progressive widening of the transport wave as
it moves from proximal to distal and (2) the tail of labeled
cytoskeletal proteins that trail behind the major peaks of transport. These features of the transport wave suggest that the cytoskeleton does not necessarily move as a compact unit. Although this issue is vigorously debated, it is possible that these
characteristics of slow transport profiles represent deposition of
cytoskeletal elements along the axon, perhaps for replenishment
of a predominantly stationary cytoskeleton (Nixon and Logvinenko, 1986; Ochs et al., 1989). In addition, it is unclear what
proportion of cytoskeletal protein the moving wave actually
represents, and it may constitute only a minor amount of total
axonal cytoskeleton. This has recently been demonstrated for
tubulin proteins in regenerating motor axons (Hoffman et al.,
1992). The present results suggest another possible explanation
for the broadening peaks and trailing tail: they may represent a
proportion of labeled protein that is moving distal to proximal.
The transport wave would then represent the net movement of
labeled proteins that are moving both anterograde and retrograde. This model would not only explain the broadening peak
and tail, but could explain why the relative amount of radioactivity in the transport peak becomes smaller as the wave moves
down the nerve (see Fig. 1 in Hoffman and Lasek, 1975). Of
course, a retrograde component of cytoskeletal transport may
represent a phenomenon that only occurs in pathological situations (i.e., in transected nerves), or may be a unique characteristic of this mutant strain. A model of delayed degeneration
in nerves from normal mammals is necessary to detect whether
retrograde cytoskeletal transport is restricted to Ola.
In recent years there has been a reevaluation of the nature of

slow transport (Hollenbeck, 1989) which has called into question whether the cytoskeleton is translocated as “bulk flow” as
originally hypothesized. In several experimental systems, including the rat optic nerve (Nixon and Logvinenko, 1986), and
mouse DRG neurons (Okabe and Hirokawa, 1990; Okabe et
al., 1993), there is evidence that at least a large proportion of
both microtubules and neurofilaments in adult, nongrowing axons are maintained as a stationary network. This stationary
cytoskeleton could be resupplied continuously by polypeptide
subunits transported from the perikaryon to areas of cytoskeletal
turnover (Ochs, 1982). Pulse-labeling analysis of axonal transport defines only newly synthesized protein and cannot elucidate
what proportion of total cytoskeletal protein these labeled populations represent. It may be, as has been shown for tubulin
proteins (Hoffman et al., 1992) that the pulse-labeled wave of
neurofilaments moving within the axon is only a minor amount
of total neurofilament protein (Nixon and Logvinenko, 1986;
Okabe et al., 1993). This moving wave may be important for
replenishing axonal constituents that are turning over, and may
represent a minor nonpolymerized component of the axonal
cytoskeleton.
As new data emerges, the nature and function of slow axonal
transport have proved more complex than originally viewed.
As shown here, the Ola mouse provides an experimental system
that yields a new perspective on axonal transport systems. These
mature axons, maintained in vivo or in organ culture, can be
manipulated and observed over relatively long periods of time
in order to test hypotheses regarding slow transport and the
economy of the axonal cytoskeleton.
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