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Abstract

We examined age-dependent changes in neurofilament transport in motor axons of the rat sciatic
nerve. SDS-PAGE and gel fluorography confirmed that the distribution of labeled neurofilament
triplet protein coincides with the major slow component a (SCa) wave in these neurons. The velocity
of neurofilament transport was calculated on the basis of the location of the 50th percentile of
radioactivity in this wave 33 days after motor neurons were labeled by the intraspinal administration
of [*H]leucine and [*H]lysine. Overall, the velocity fell from 1.95 mm/day at 3 weeks of age to 1.12
mm/day at 20 weeks. Between 3 and 10 weeks, it fell at a 6-fold higher rate (0.096 mm/day/week)
than between 10 and 20 weeks (0.016 mm/day/week). We also found a marked change in the shape
of the slow component wave during development. It appeared to consist of several overlapping peaks
moving at slightly different velocities in animals 10 weeks of age or less as compared to a single
slower moving peak at 20 weeks. We propose that the velocity of slow axonal transport reflects the
level of maturation of the neuron, and that the presence of several overlapping peaks of transported
radioactivity in the sciatic nerve of younger animals reflects the presence of several populations of
motor axons at different stages of development. We also discuss the relationship between changes
in the velocity of neurofilament transport and alterations in the composition of the cytoskeleton

that occur as the axon grows in caliber during postnatal development.

A major feature of the postnatal development of mye-
linated axons is their radial growth, i.e., growth in caliber,
which underlies increased conduction velocity in devel-
oping neurons (Swallow and Griffiths, 1977; Sims and
Redding, 1980). Morphometric analyses disclose that
neurofilaments of the axonal cytoskeleton play an im-
portant role in this process. As the cross-sectional area
of the axon increases, there is a proportional rise in the
number of neurofilaments (Friede and Samorajski, 1970;
Weiss and Mayr, 1971; Berthold, 1978).

The protein subunits of neurofilaments, the neuro-
filament triplet proteins (M, = 200, 145, and 68 kilodal-
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tons (kd), respectively), are synthesized in the neuron
cell body and, along with actin and tubulin, are slowly
transported in the axon at velocities of several millime-
ters per day (Hoffman and Lasek, 1975). Several previous
studies have shown that the velocity of slow axonal
transport is faster in young animals than in adults (Droz,
1965; Lasek, 1970; Hendrickson and Cowan, 1971; Ko-
miya, 1980). Thus, radial growth, which involves an
increase in neurofilament number, is correlated with a
reduction in the velocity of neurofilament transport. The
additional observation that radial growth occurs at a
faster rate in young animals than in adults (Skoglund
and Romero, 1965; Nystrom, 1968; Braund et al., 1982)
has prompted us to examine this relationship in greater
detail in the sciatic motor axons of rats ranging from 3
to 20 weeks of age.

Materials and Methods

Labeling axonal proteins in lumbar motor neurons

The sciatic motor neurons of male Wistar rats were
labeled at 3, 5, 7, 10, and 20 weeks of age. The average
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weights of these animals were 50, 135, 215, 400, and 550
gm, respectively.

Microliter quantities of labeled amino acids were in-
jected into the lumbar spinal cord using our published
method (Hoffman and Lasek, 1975). For radiometric
studies, motor neurons were labeled with a mixture of L-
4,5-[*H](N)leucine (30 to 50 Ci/mmol) and L-4,5-[°H]
(N)lysine (20 to 40 Ci/mmol), each at a final concentra-
tion of 5 mCi/ml (New England Nuclear Corp., Boston,
MA). For gel fluorography, proteins were labeled with L-
[*®*S)methionine (1200 Ci/mmol) (Amersham Corp., Ar-
lington Heights, IL) at a final concentration of 80 mCi/
ml. Animals were killed at 10, 20, 33, 60, and 85 days
after labeling.

Distribution of labeled protein in rat sciatic nerve

After rats were anesthetized and killed by perfusion
with formalin, the sciatic nerves were removed and di-
vided into 3-mm segments. Segments were dissolved in
Soluene (Packard Instruments, Downers Grove, IL), and
the levels of radioactivity were measured using liquid
scintillation spectroscopy (Hoffman and Lasek, 1975).

Analysis of labeled proteins using SDS-PAGE
fluorography

The sciatic nerve and roots were quickly removed from
animals killed by decapitation and were either processed
immediately or stored at —60°C for analysis at a later
time. Consecutive 3-mm segments of the nerve were
homogenized in 400 ul of 1% SDS, 8 M urea, and 5% (-
mercaptoethanol (SUB). Homogenates were incubated
at 100°C for 4 min and then clarified by centrifugation
at 8,000 X g for 5 min using a Microfuge B (Beckman
Instruments, Inc., Palo Alto, CA). This latter step rep-
resents a modification of the method of Hoffman and
Lasek (1975). Aliquots were removed for liquid scintil-
lation spectroscopy (10 ul) and for analysis using SDS-
PAGE (200 ul) on gradient slab gels (1 X 100 X 120 mm,
5 to 17.5% acrylamide) in a discontinuous Tris buffer
system (Hoffman and Lasek, 1975). Gels were stained in
Coomassie blue, destained in methanol, and impregnated
with scintillation fluor by immersion in Enhance (New
England Nuclear). They were then placed between two
sheets of dialysis membrane, which had been hydrated
previously in 10% glycerol, and were dried using a com-
mercial apparatus. Fluorographs were prepared accord-
ing to the method of Laskey and Mills (1975) using
Kodak RP x-ray film. Fluorographs were developed after
exposure for several weeks at —60°C.

The molecular weights of labeled proteins were esti-
mated by comparing their electrophoretic mobilities with
those of protein standards: rat muscle myosin (M, = 200
kd), rabbit muscle phosphorylase (94 kd), BSA (68 kd),
pig brain tubulin (55 kd), and rat muscle actin (43 kd).

Results
Decline in velocity of the slow component during

development

The distribution of radioactive protein in the sciatic
nerve of a 3-week-old animal as examined radiometri-
cally 10 days after labeling motor neurons with [**S]
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methionine is shown in Figure 1. Note that only 66 mm
of nerve were available for analysis in these relatively
young animals at that time (1 month old at the time of
sacrifice). This analysis revealed the presence of a major
wave of radioactivity in the nerve located 18 to 45 mm
from the spinal cord (between segments A and B). The
composition of labeled polypeptides in this nerve was
examined using SDS-PAGE and gel fluorography (Fig.
2). This analysis disclosed that the distribution of neu-
rofilament triplet proteins (M, = 200, 145, and 68 kd)
coincided with this major wave (Fig. 2). Tubulin (55 kd),
actin (43 kd), and 4 heterogeneous group of proteins
representative of slow component b (SCb), many with
molecular weights ranging from 70 to 170 kd, were pres-
ent in this wave and also in more distal regions of the
nerve. Similar analyses disclosed that the presence of
these latter proteins extended into distal portions of the
nerve as early as 5 days after labeling (data not shown).
Since the distribution of neurofilament triplet proteins
coincided with the major slow component wave in these
neurons, the velocity of neurofilament transport was
inferred from the location of this wave as disclosed by
radiometric analysis.

Differences in the position of the slow component wave
in sciatic nerves of 3-, 5-, 7-, 10-, and 20-week-old rats
33 days after labeling motor neurons with [°*H]leucine
and [*H]lysine are illustrated in Figure 3. In these pro-
files, the wave is located farther distally in younger
animals. In 3-week-old animals, only the trailing edge of
the slow component wave, located 60 to 75 mm from the
spinal cord, was seen 33 days after labeling. By this time,
labeled proteins traveling in the leading portion of this
wave had already reached the terminal branches of motor
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Figure 1. The distribution of radioactive protein in the sciatic
nerve of a 3-week-old rat is examined 10 days after motor
neurons were labeled by the intraspinal administration of [*S]
methionine. This nerve was divided into 3-mm segments, which
were homogenized in 400 ul of SUB (see “Materials and Meth-
ods”). The level of radioactivity in 10-ul aliquots of these
homogenates was measured using liquid scintillation spectros-
copy and was plotted as a function of distance from the spinal
cord. Aliquots (200 ul) were analyzed on a gradient slab gel
using SDS-PAGE (Fig. 2). A major wave of radioactivity is
located 18 to 45 mm from the spinal cord, i.e., between segments
A and B.
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Figure 2. This fluorograph illustrates the distribution of labeled polypeptides in the sciatic nerve of a 3-week-old animal at 10
days after labeling motor neurons with [*S]methionine. The distribution of radioactivity in this nerve is examined in Figure 1.
Aliquots (200 ul) of nerve homogenates were analyzed on a gradient slab gel (5 to 17.5% acrylamide) using SDS-PAGE. Vertical
gel slots contain labeled proteins from consecutive 3-mm nerve segments. The distance of these segments from the spinal cord
is indicated at the bottom of this gel. The positions of the labeled neurofilament triplet proteins (M, = 200, 145, and 68 kd),
tubulin (55 kd), and actin (43 kd), and also the gel slots corresponding to nerve segments A and B in Figure 1, are shown. This

fluorograph was exposed for 2 weeks.

axons innervating muscles in the relatively short legs of
these animals. This was reflected in the sharp decline in
radioactivity at distances of 75 to 87 mm in these nerves
(Fig. 3).

In order to measure the velocity of the slow component,
the cumulative percentile of radioactivity in these pro-
files was expressed as a function of distance along the
nerve, and the location of the 50th percentile of radio-
activity was taken as a measure of distance the wave had
traveled. In order for this to reflect accurately the loca-
tion of the slow component, it was necessary to select
postlabeling ‘intervals at which the entire wave was lo-
cated in the portion of the nerve used for this analysis.
For this reason, nerves were analyzed 33 days after
labeling for all ages except 3 weeks; in this latter group
they were analyzed at 20 days (Fig. 4).

Previous studies have demonstrated that the proximal
10 mm of the rat sciatic nerve contain high levels of
radioactivity resulting from the direct diffusion of labeled
precursor from the injection site in the spinal cord (La-
sek, 1968). This is illustrated in Figures 1 and 3, where
the first three segments (9 mm) contained elevated levels
of radioactivity. Therefore, this region of the nerve was
excluded from our analysis.

In Figure 44, the cumulative percentile of radioactivity
in the slow component wave 33 days after labeling was
plotted as a function of distance along the nerve for 5-,
7-, 10-, and 20-week-old animals. This analysis was also
carried out 20 days after labeling for the 3- and 10-week-
old animals (Fig. 4B). These sigmoidal-shaped profiles
were located more distally in younger animals (Fig. 4, A
and B). The mean locations of the 50th percentiles 33
days after labeling, and the velocities corresponding to

these distances, are listed in Table I. The mean locations
of the 50th percentile for neighboring age groups were
found to differ with p < 0.05 using the two-sample
Student’s ¢ test. In 3-week-old animals, the expected
location of the 50th percentile at 33 days was calculated
on the basis of the relative positions of the 50th percen-
tiles in 3- and 10-week-old animals 20 days after labeling
(46.6 + 0.9 and 30.6 = 2.5 mm, respectively). Thus, 33
days after labeling, we expect the 50th percentile in 3-
week-old animals to be located at a distance (64.3 mm)
which is 1.52 times greater than in 10-week-old animals
at that time (42.2 + 0.7 mm) (Table I).

The velocities of the 50th percentiles of radioactivity
(Table I) were plotted as a function of age in Figure 5.
Regression analysis revealed that velocity declined line-
arly between 3 and 10 weeks of age (correlation coeffi-
cient, 0.98) at a rate of 0.096 mm/day/week. This was 6-
fold greater than the rate at which it fell in the interval
between 10 and 20 weeks (0.016 mm/day/week).

Changes in the shape of the slow component wave during
development

In animals 10 weeks old or less, the slow component
was composed of several distinct overlapping peaks (Fig.
3). These peaks appeared to be moving at slightly differ-
ent velocities, since they became individually more ap-
parent and the width of the entire wave increased as it
traveled distally in the nerve. This is illustrated in Figure
6, where the movement of this wave was examined in 10-
week-old animals at 20, 33, 60, and 85 days after labeling.
By 33 days, three distinct peaks had arisen from the
single one present at 20 days. These peaks became in-
creasingly more distinct at 60 and 85 days. The width of
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Figure 3. Slow axonal transport is compared in animals 3, 5,
7, 10, and 20 weeks of age at 33 days after labeling motor
neurons with [*H]leucine and [*H]lysine. These sciatic nerves
were divided into 3-mm segments, and the level of radioactivity
in each segment was determined using liquid scintillation spec-
troscopy. The mean levels of radioactivity are plotted as a
function of distance from the spinal cord, with “n” animals in
each group. The standard errors of these values are indicated
by vertical bars. These profiles are normalized to facilitate their
comparison. The highest point in each profile represents: 3,044
dpm at 3 weeks of age; 2,062 dpm at 5 weeks; 2,579 at 7 weeks;
8,814 at 10 weeks; and 20,053 dpm at 20 weeks.

the slow component wave in 10-week-old animals was
plotted as a function of its location at each of these
postlabeling intervals in Figure 7. This width was meas-
ured by a segment intersecting the leading and trailing
edges of the wave at a level equal to two-thirds of its
total height {broken horizontal lines, Fig. 6). The location
of the wave was measured at the midpoint of this segment
(indicated by arrows in Fig. 6). The width of the slow
component wave was directly proportional to its distance
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from the spinal cord in these animals (Fig. 7). This is
consistent with the suggestion that the wave comprised
several peaks moving at different velocities.

These multiple peaks, which are characteristic of the
slow component in animals 10 weeks old or less, were
not found in the nerves of 20-week-old animals. Since
the lack of these peaks may reflect the relatively short
distance the wave has traveled in these animals 33 days
after labeling, e.g., as in the case of 10-week-old animals
20 days after labeling (Fig. 6), the shape of the slow
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Figure 4. A, Differences in the location of the slow component
wave in 5-week (O——O——0), 7-week (H--B--B), 10-week
(A---A---A), and 20-week-old (®----@®-.-.@®) animals are il-
lustrated 33 days after labeling motor neurons with [*H]leucine
and [*H]lysine. The cumulative percentile of radioactivity in
the sciatic nerve is plotted as a function of distance from the
spinal cord. Each data point represents the means of four values
at 5, 7, and 10 weeks and five values at 20 weeks. The location
of the 50th percentile of radioactivity, indicated by a broken
horizontal line, is used as a measure of distance the wave has
traveled in these nerves (Table I). These data are presented in
a different form in Figure 3. B, The location of the slow
component wave in 3-week (A---A...A) and 10-week-old an-
imals (@——@——@) is compared 20 days after labeling motor
neurons with [*H]leucine and [3H]lysine. Each data point rep-
resents the mean of three values at 3 weeks and four values at
10 weeks. The 50th percentile of radioactivity is located 45.9
mm from the spinal cord in 3-week-old animals and 30.9 mm
in 10-week-old animals. The data for the 10-week-old animals
are plotted in a different form in Figure 6 (20-day profile).
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TABLE 1
Age-related changes in the velocity of neurofilament transport

Location of 50th Percentile

Age (Distance from Spinal Cord)® Averge Velocity
weeks mm + SEM mm/day
3 64.3 1.95
5 56.6 £ 1.2 1.71
7 49.1 £ 25 1.49
10 42.2 £ 0.7 1.28
20 369 +1.1 1.12

®Mean location of the 50th percentile of radioactivity in the slow
component 33 days after labeling sciatic motor neurons with [*H]
leucine and [*H]lysine (n = 4 at all ages except 20 weeks, where n =
5).

®The location in 3-week-old animals at 33 days was calculated on
the basis of the relative positions of the 50th percentile at 20 days after
labeling in 3- and 10-week-old animals (see the text).

20,
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3 7 10 20
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Figure 5. The velocity of the slow component in animals of
different ages is plotted as a function of age. These velocities
were calculated on the basis of the locations of the 50th percen-
tile of radioactivity 33 days after labeling (Table I).

1.0

VELOCITY [mm per day]

component wave was also examined in 20-week-old ani-
mals 60 days after labeling (Fig. 8). This postlabeling
interval was selected because the location of the wave in
these animals was comparable to that in 10-week-old
animals 33 days after labeling, when it consisted of
several overlapping peaks. (The 50th percentiles of ra-
dioactivity in 20-week-old animals at 60 days and in 10-
week-olds at 33 days were located 43.1 + 2.7 and 42.2 =
0.7 mm from the spinal cord, respectively.) Sixty days
after labeling, the wave in 20-week-old animals consisted
of a single major peak located 21 to 48 mm from the
spinal cord and a downward sloping front of radioactivity
extending approximately 48 to 120 mm (Fig. 8). This
latter portion of the wave coincided with the location of
the slow component in 10-week-old animals at this time
(Fig. 8).

Discussion

Changes in velocity of neurofilament transport during
development

The neurofilament triplet proteins are transported,
along with actin and tubulin, in the principal slow com-
ponent wave (Hoffman and Lasek, 1975) which corre-
sponds to the SCa component of slow axonal transport
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(Lasek and Hoffman, 1976). In contrast to the neurofi-
lament triplet proteins, which are confined exclusively
to SCa, tubulin and actin are also present in SCb in
sciatic motor axons (Hoffman and Lasek, 1980; Mc-
Quarrie et al., 1980). SCb, which moves 3 to 4 times
faster than SCa, contains substantially less total radio-
activity than SCa in these labeled neurons. Thus, the
behavior of the principal slow component wave in these
neurons most closely reflects the transport of neurofila-
ment triplet protein. In fact, since essentially all of the
neurofilament triplet protein in the axon appears to be
polymerized (Morris and Lasek, 1982), this wave proba-
bly reflects the movement of neurofilaments in the axon.

Our results demonstrate the the velocity of the slow
component wave declined from 1.95 mm/day at 3 weeks
of age to 1.12 mm/day at 20 weeks (Table I and Fig. 5).
The velocity fell at a 6-fold greater rate (0.096 mm/day/
week) between 3 and 10 weeks than between 10 and 20
weeks of age (0.016 mm/day/week). A number of pre-
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Figure 6. The presence of overlapping peaks in the slow
component is demonstrated in the nerves of 10-week-old ani-
mals at 20, 33, 60, and 85 days after labeling motor neurons
with [®*H]leucine and [*H]lysine. The distinctness of these
peaks and the total width of the slow component wave increase
as the wave moves distally in the nerve. Width was measured
by a line (indicated by a broken horizontal line in each profile)
that intersected each wave at two-thirds of its total height. The
locations of these waves were measured at the midpoints of
these lines (indicated by vertical arrows). The highest points in
each profile represent: 13,635 dpm at 20 days; 8,814 dpm at 33
days; 5,345 dpm at 60 days; and 2,527 dpm at 85 days.
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Figure 7. The width of the slow component wave in 10-week-
old animals is plotted as a function of its location at 20 (@), 33
(A), 60 (W), and 85 (O) days after labeling motor neurons with
[*H}leucine and [*H]lysine (see the text). These data were
derived from the profiles in Figure 6.

vious studies have shown that the velocity of slow axonal
transport declines with age (Droz, 1965; Lasek, 1970;
Hendrickson and Cowan, 1971; Komiya, 1980), but none
have noted a substantial change in the rate of decline
that was similar to the one we found at 10 weeks of age
(Fig. 5). With regard to this change, it may be significant
that these animals, which are weaned at 3 weeks of age,
reach sexual maturity by 10 weeks. Other studies have
demonstrated that the velocity of SCb also declines with
age in the sensory (Komiya, 1980) and motor axons of
the rat sciatic nerve (Hoffman et al., 1981). Thus, the
velocity of the entire slow transport system (SCa and
SCb) decreases with age.

This is quite different from the behavior of the fast
component, which does not appear to slow down signifi-
cantly in rat sciatic motor neurons until 37 to 38 weeks
of age. At that time, the reduction is statistically signif-
icant but relatively small: 406 = 16 mm/day at 37 to 38
weeks of age versus 438 + 15 mm/day at 26 to 29 weeks,
a 7% reduction (Stromska and Ochs, 1982). Thus, the
velocity of membrane-associated proteins transported in
the fast component (Forman et al., 1971) is unaltered at
a time when the rate of transport of cytoskeletal proteins
in the slow component changes substantially. This may,
in part, be related to profound changes in the cytoskele-
ton that occur during postnatal development.

Changes in the shape of the slow component wave during
development

We have found that the shape of the slow component
wave changes during development. In animals 10 weeks
old or less, it is composed of several overlapping peaks
as compared to a single peak at 20 weeks. The complex
shape of this wave in younger animals may reflect the
distribution of labeled cytoskeletal proteins within indi-
vidual axons, i.e., their distribution over relatively great
distances in each axon. Alternatively, each peak could
represent a separate population of motor axons in which
the slow component wave moves at a distinct velocity.
Although we cannot exclude the first possibility, the
behavior of this wave appears to be more consistent with
the latter, i.e., its width increases in direct proportion to
the distance it has traveled (Fig. 7).
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Qur results indicate that the velocity of neurofilament
transport declines during postnatal development. During
this period, these motor axons are undergoing substantial
growth in caliber which is directly correlated with the
maturation of important electrophysiological properties
such as impulse conduction velocity which increases as
axons grow in caliber (Skoglund and Romero, 1965;
Swallow and Griffiths, 1977; Sims and Redding, 1980).
Thus, the velocity of neurofilament transport appears to
be inversely correlated with the level of maturation of
these axons, i.e., it is greater in less mature axons. If this
is true, then we would expect the velocity of neurofila-
ment transport to differ among axons at different stages
of maturation.

During early postnatal development, the motor axons
innervating proximal leg muscles in the kitten are larger
in caliber and, therefore, more mature than those inner-
vating distal muscles (Skoglund and Romero, 1965).
These differences in caliber disappear as development
proceeds and are not found in adult animals. If the
developing rat sciatic nerve also contains several popu-
lations of motor axons which differ in their levels of
maturation and the velocity of neurofilament transport
is greater in less mature axons, then this could explain
the presence of several overlapping peaks in the slow
component wave of younger animals, i.e., 10 weeks old
or less. Similarly, the presence of a single peak in 20-
week-old animals could represent a stage of development
when these axons have reached the same level of matu-
ration.

Role of neurofilaments in the radial growth of the axon

Embryonic axons are thin, and their cytoskeletons
consist largely, if not exclusively, of microtubules (Peters
and Vaughn, 1967). Growth in axonal caliber during
postnatal development is associated with a marked in-
crease in the number of axonal neurofilaments. In fact,
morphometric analyses indicate that the number of neu-
rofilaments in myelinated axons increases in direct pro-
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Figure 8. The shape of the slow component wave is compared
in the sciatic nerves of 10-week (A--A--A) and 20-week-old
(@——@—=@) animals 60 days after labeling motor neurons
with [*H]leucine and [*H]lysine. Mean levels of radioactivity
are plotted as a function of distance from the spinal cord, with
five animals in each group. The highest point in each profile
represents 5345 dpm at 10 weeks and 8145 dpm at 20 weeks of
age, respectively.
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portion to the cross-sectional area of the axon (Friede
and Samorajski, 1970; Weiss and Mayr, 1971; Berthold,
1978). Thus, radial growth largely reflects the transport
of neurofilaments into the axon (Hoffman et al., 1980).

Several studies indicate that the rate of radial growth
declines significantly with age. For example, the cross-
sectional area of motor axons in the cat L7 ventral root
increases 2% times faster during the first 3 months of
life than at later stages of development (Skoglund and
Romero, 1965; Nystrom, 1968). Although we lack com-
parable information concerning the growth of rat sciatic
motor axons, there is little doubt that the rate of radial
growth declines substantially between 3 and 20 weeks of
age (P. N. Hoffman, personal observations). Our results
demonstrate that the neurofilament transport velocity
in these axons declines at a significantly greater rate
between 3 and 10 weeks of age than between 10 and 20
weeks. Assuming that these events are related, it is still
not yet possible to decide whether this slowing of neu-
rofilament transport is the cause or result of changes in
the rate of radial growth. Nevertheless, since neurofila-
ments appear to be the principle intrinsic regulators of
caliber in myelinated axons, it is likely that further
studies of this relationship will provide important in-
sights into the mechanisms of axonal growth.
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