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Abstract. We have studied the fate of neurofilament 
proteins (NFPs) in mouse retinal ganglion cell (RGC) 
neurons from 1 to 180 d after synthesis and examined 
the proximal-to-distal distribution of the newly syn- 
thesized 70-, 140-, and 200-kD subunits along RGC 
axons relative to the distribution of neurofilaments. 
Improved methodology for intravitreal delivery of 
[3H]proline enabled us to quantitate changes in the 
accumulation and subsequent decline of  radiolabeled 
NFP subunits at various postinjection intervals and, 
for the first time, to estimate the steady state levels of 
NFPs in different pools within axons. 

Two pools of newly synthesized triplet NFPs were 
distinguished based on their kinetics of disappearance 
from a 9-mm "axonal window" comprising the optic 
nerve and tract and their temporal-spatial distribution 
pattern along axons. The first pool disappeared expo- 
nentially between 17 and 45 d after injection with a 
half-life of 20 d. Its radiolabeled wavefront advanced 
along axons at 0.5-0.7 mm/d before reaching the dis- 
tal end of the axonal window at 17 d, indicating that 
this loss represented the exit of neurofilament proteins 
composing the slowest phase of axoplasmic transport 
(SCa or group V) from axons. About 32% of the total 
pool of radiolabeled neurofilament proteins, however, 
remained in axons after 45 d and disappeared expo- 
nentially at a much slower rate (t,/2 = 55 d). This 

second NFP pool assumed a nonuniform distribution 
along axons that was characterized proximally to dis- 
tally by a 2.5-fold gradient of increasing radioactivity. 
This distribution pattern did not change between 45 
and 180 d indicating that neurofilament proteins in 
the second pool constitute a relatively stationary struc- 
ture in axons. Based on the relative radioactivities and 
residence time (or turnover) of each neurofilament 
pool in axons, we estimate that, in the steady state, 
more neurofilament proteins in mouse RGC axons 
may be stationary than are undergoing continuous 
slow axoplasmic transport. This conclusion was sup- 
ported by biochemical analyses of total NFP content 
and by electron microscopic morphometric studies of 
neurofilament distribution along RGC axons. The 
70-, 140-, and 200-kD subunits displayed a 2.5-fold 
proximal to distal gradient of increasing content along 
RGC axons. Neurofilaments were more numerous at 
distal axonal levels, paralleling the increased content 
of NFP. 

We conclude that the neurofilament lattice in 
mouse RGC axons is nonuniform along its length, 
and that a significant portion of  the neurofilament 
network in these axons is relatively stationary and 
maintained by neurofilament proteins that are depos- 
ited nonuniformly along axons during slow axo- 
plasmic transport. 

N EUROFILAMENTS, the intermediate flaments of neu- 
rons, constitute a major component of the neuronal 
cytoskeleton. Together with microtubules, neurofila- 

ments form a cross-linked latticework that supports the nerve 
cell and helps define its shape (15, 22). In axons, the neuro- 
filament network appears to be a major intrinsic determinant 
of axonal diameter (16, 22) and to confer a degree of stability 
on the neurite once the neuron matures (23, 28). 

The content of neurofilaments along axons is controlled 
largely by the axonal transport of neurofilament proteins 

(NFPs) ~ (16, 22). Still unclear, however, is the form(s) in 
which neurofilament proteins are transported and the se- 
quence of steps leading to the integration of neurofilaments 
into the axonal cytoskeleton (49). The coordinate movement 
of these polypeptides, together with tubulin subunits in some 
systems (21), has suggested a model in which NFPs are 
assembled before transport into a neurofilament-microtubule 
network that is continuous from the .cell body to the terminal 
Abbreviations used in this paper. NFP, neurofilarnent protein; RGC, retinal 

ganglion cell. 
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regions of the axon (21, 22). This proposed network is contin- 
uously elaborated from newly synthesized polypeptides in the 
perikaryon and disassembled in the terminals (21). According 
to this model, if NFPs were pulse-radiolabeled, they would be 
expected to advance as a symmetrical wave that resists spread- 
ing along its course. Since the network is in constant motion, 
constituents of the wave would not be deposited in axons. In 
the steady state, a uniform distribution of NFPs along axons 
would therefore be expected. By an alternative model (31, 
49), NFPs, predominantly as preassembled neurofilaments, 
move down the axon as precursors to a relatively stationary 
neurofilament lattice. This model predicts that some of the 
labeled neurofilaments or NFPs in the moving wave would 
be deposited along axons as reflected by spreading of the 
moving wave. If the rate of deposition or turnover of NFPs 
varied at different axonal sites, a nonuniform distribution of 
deposited NFPs along the length of axons might be expected. 

To evaluate these models experimentally, we studied the 
fate of NFP subunits in mouse RGC axons from 1 to 180 d 
after synthesis and examined the axonal distribution of newly 
synthesized NFPs relative to that of total neurofilament pro- 
teins and neurofilaments along the optic pathway. The axo- 
plasmic transport studies focused on several aspects of neu- 
rofilament protein translocation and metabolism that have 
not been extensively investigated. For example, the small size 
of the mouse optic pathway facilitated analyses of proteins 
retained along the entire length of axons long after radiola- 
beled proteins in the slow phases of axoplasmic transport 
should have reached synaptic terminals. Variation among 
animals at each postinjection timepoint was reduced by pre- 
cisely controlling the delivery of radiolabeled amino acids to 
the retina. As a result, we could reliably compare the absolute 
radioactivity of a particular axonal protein in animals killed 
at different timepoints and, thereby, establish the kinetics of 
NFP disappearance from axons. This additional information 
allowed us, for the first time, to estimate the size of different 
axonal neurofilament pools in vivo using data from pulse- 
radiolabeled NFPs. These data proved to be critical for inter- 
preting conventional pulse-label analyses of NFP behavior 
during axoplasmic transport. 

We observed that newly synthesized NFPs contribute to 
two pools in retinal ganglion cell (RGC) axons, one consisting 
of continually moving elements conveyed by axoplasmic 
transport and the second comprising a relatively stationary 
phase that is retained in axons and distributed nonuniformly 
along their lengths. Although the radioactivity associated with 
the pool of stationary NFPs was half as great as that in the 
moving pool, its residence time (half-life) in axons was nearly 
threefold longer. We estimate, therefore, that the stationary 
pool of NFPs constitutes the greater contribution to the axonal 
cytoskeleton under steady state conditions. This conclusion 
is supported by morphometric studies showing a proximal to 
distal increase in the number of neurofilaments along RGC 
axons that parallels the distribution of the retained pool of 
radiolabeled NFPs. We interpret these data to indicate that a 
substantial portion of the neurofilament network in mouse 
RGC axons is relatively stationary and is maintained by 
axonally transported neurofilaments or neurofilament poly- 
peptides that are deposited nonuniforrnly along axons. The 
observation that the neurofilament network in RGC axons is 
nonuniform along its length extends earlier evidence that the 
axonal cytoskeleton is regionally specialized (4, 35, 36). 

Portions of this work have been described in preliminary 
form (34, 38). 

Materials and Methods 

Isotope Injections 
Male or female mice of the C57BI/6j strain, aged 10-14 wk at the time of 
injection, were used in all experiments. Mice were housed at 23"C on a 12-h 
light-dark cycle, lntravitreal injections of radiolabeled amino acids into anes- 
thetized mice were made with a glass micropipette apparatus as previously 
described (30). 25 #Ci of L-[2,3-3HlProline (specific activity, 30-50 Ci/mmol), 
purchased from New England Nuclear (Boston, MA), was administered in a 
volume of 0.20 ~1 of phosphate-buffered saline, pH 7.4. The following additional 
measures were taken in studies on the kinetics of NFP disappearance to reduce 
variation in amounts of radiolabeled amino acid incorporated into axonal 
proteins in different animals. For a single experiment involving 80-100 mice, 
identical volumes of labeled precursor solution were injected into all animals 
within a single 4-h period using calibrated micropipettes. Repeated experiments 
were carried out at the same time of day to avoid possible circadian effects on 
protein synthesis or transport. To reduce the risk of leakage from the injection 
site, the bore of the micropipette tip (70 ~m) and the site and depth of the 
injection were standardized. A given animal was not analyzed as part of the 
series if leakage of the solution out of the eye was observed. 

Tissue Preparation 
Mice were killed by cervical dislocation followed by decapitation. After the 
brain was cooled for several minutes in aluminum foil on ice, the optic nerve 
and optic tract were freed from the meninges, and the optic tract on each side 
was severed at a point 2.5-mm from the superior colliculus. This dissected 
segment, referred to as the primary optic pathway, was 9 mm long and consisted 
of the optic nerve severed at the scleral surface of the eye, the optic chiasm, 
and a length of optic tract extending to, but not including, terminals in the 
lateral geniculate nucleus. Preliminary histological studies of transverse sections 
of the optic pathway and skip-serial transverse sections of the brain indicated 
that the analyzed portion of the optic tract remains as a well-defined fiber 
bundle, which is easily freed from contaminating brain parenchyma during 
dissection. In some experiments, the optic pathway was cut into consecutive 
1. I-ram segments on a micrometer-calibrated slide. Postmortem changes in 
protein composition were negligible during dissection and analysis (35). 

PAGE 
One-dimensional SDS PAGE analysis of the tissues was performed by the 
procedure of Laemmli (19) on 320 mm slab gels using 4-7 or 5-15% linear 
polyacrylamide gradients (36). Two-dimensional gels were prepared using the 
general procedure of O'Farrell (40) modified as previously described (5). 

Quantitation of Radioactivity 
In the initial experiments, radiolabeled proteins on gels were first detected by 
fluorography (35) and selected bands were cut from the gels. In most experi- 
ments, protein bands were cut directly from gels stained with Coomassie 
Brilliant Blue but not subjected to fluorography. NFPs were identified on gels 
by comparison with the migration of cytoskeletal proteins from fractions 
prepared by the method of axonal flotation (26). The radioactivity in gel slices 
(disintegrations per minute) was determined as previously described (36). 

Immunoblot Analyses of NFPs 
Antibodies to NFPs, including monospecific polyclonal antibodies to the 
200-, 140-, and 70-kD subunits, were generously provided by Dr. Charles 
Marotta. These have been previously characterized (3, 18). A monoclonal 
antibody to intermediate filament proteins (41) which cross-reacts with the 
NFP triplet, was also tested. PAGE-separated proteins from either optic nerve 
homogenates or cytoskeletal protein preparations were transferred to nitrocel- 
lulose membranes. The transferred proteins were immunostained by means of 
a horseradish peroxidase-conjugated indirect antibody procedure (3). 

Quantitation of Total NFP and Total Protein 
The total content of each of the three neurofilament subunits in different 
regions of the optic pathway was measured using a method (33) based upon 
the quantitative binding of Coomassie Blue dye to proteins (2). NFPs and 
selected other proteins were cut from gels stained with Coomassie Blue. After 
quantitatively extracting the dye from the gel slices in methanol, the absorbance 

The Journal of Cell Biology, Volume 102, 1986 648 



was measured spectrophotometrically at 585 nm. Absorbance readings obtained 
from blank regions of gel of appropriate area, reflecting nonspecific background, 
were subtracted from the value for each stained band. The absorbanee was 
linearly related to the protein content for a given protein within the range of 
weights used in this study. Since dye-binding capacity for different proteins 
varies, the content of each NFP subunit in consecutive segments of the optic 
pathway was expressed in relative terms. The increase in NFP content with 
increasing distance from the eye was studied using simple regression methods. 
Individual determinations at each distance along the pathway were used in this 
calculation. Relative protein content was regressed against optic pathway seg- 
ment, and the hypothesis of a zero slope was tested using a standard two-sided 
t-test (8). Total protein content in tissue samples was determined by the method 
of Lowry et al. (27). 

Electron Microscopy 
Mice were anesthetized using ethyl ether and perfused through the heart with 
1.5% paraformaldebyde and 1% glutaraldehyde in 0. l M phosphate buffer (pH 
7.3) at room temperature, After the brains were stored overnight at 4*(7, the 
optic pathways were dissected, postflxed with 1% osmium tetroxide in 0. l M 
cacodylate buffer, dehydrated through a series of graded alcohols, infiltrated 
with propylene oxide, and embedded in Poly-bed 812 (Polysciences, Inc., 
Warrington. PA). Ultra-thin sections stained with 1% aqueous uranyl acetate 
and 1% lead citrate were examined with a JEOL model SI00 electron micro- 
scope. 

Quantitation of Axonal Neurofilaments 
and Microtubules 
Optic pathways from three animals perfused as described above were cut in 
transverse section at three levels-- 1, 4, and 7 mm from the eye--representing 
proximal, middle, and distal regions of RGC axons, respectively. At each level, 
a total of 200-280 axons was selected randomly from the population of axonal 
profiles in which neurofilaments and microtobules appeared in exact cross- 
section throughout the axoplasm. Axons were chosen equally from the four 
quadrants of the optic pathway section. The number of axons selected of a 
particular caliber approximated the relative contribution of this sized fiber to 
the total axoplasmic area in the optic pathway cross-section. The latter infor- 
mation was obtained from analyses of axonal caliber distributions at each of 
three optic pathway levels studied. Neurofilaments and microtubules were 
easily distinguished and counted visually from photographs printed at a final 
magnification of 75,000. Because of the selection criteria, the frequency of 
obliquely cut neurofilaments and microtubules was low; these were counted 
only if they could be unequivocally identified. All counts were performed on 
randomly assorted photomicrographs by a single observer. Neurofilaments in 
the same axon counted on separate occasions varied by <5%. A total of 58,509 
neurofilaments were counted in 672 axons at the three levels. 

The cross-sectional area of each axon analyzed was then measured as 
described below. The variation in repeated caliber determinations on the same 
axon was <2%. The number of neurofilaments or microtubules per square 
micrometer of cross-sectional area of axoplasm, referred to as neurofilament 
or microtubule density, was then calculated from these data. Regression meth- 
ods were used to investigate the relationship between the number of neurofila- 
ments and the total axonal area at proximal, middle, and distal axonal levels 
separately. These relationships were also tested after the number of neurofila- 
ments and axonal area were re-expressed on the logarithm scale to ensure that 
the assumptions of linear regression were satisfied and, in particular, that the 
most extreme values did not disproportionately influence the regression coef- 
ficients. Tests of the equality of the slopes of the resultant regression lines was 
performed using a partial F test (8); 

Measurement of Axon Calibers 
To determine the distributions of axonal calibers at proximal, middle, and 
distal levels of the optic pathway, 8-12 nonoveriapping fields, each containing 
~500 axons were selected equally from the four quadrants of the optic pathway 
cross-section at each level. The fields were photographed and printed at a final 
magnification of 6,000. Axonal areas were measured from the prints using a 
Summagraphics Supergrid digitizer interfaced with a Perkin-Elmer 3220 com- 
puter (Perkin-Elmer Corp., Oceanport, N J). All myelinated axons in a given 
field were measured unless they were clearly cut in oblique section. The number 
of excluded axons was 10-12% at each level. The percentage of axons in each 
of a series of equally spaced size categories was determined at the three levels 
of each optic pathway. Histograms were constructed by plotting these percent- 
ages as a function of axonal caliber. A total of 2,700-3,000 axons from two 
animals was counted at each level. A two-sample Kolmogorov-Smirnov test 
(10) was used to compare the distributions of axon calibers at the three levels. 

Results 

NFPs in RGC Axons 

The NFP triplet in the mouse primary optic pathway consists 
of major 70-, 140-, and 200-kD components (Fig. 1) (2). 
These subunits were completely separated from other poten- 
tially contaminating proteins by one-dimensional SDS PAGE 
on 320-mm slab gels when gradients of acrylamide at low 
concentrations (3-7%) were used. Although the two larger 
NFPs displayed size microheterogeneity (25, 35), the micro- 

Figure 1. SDS gels of  proteins of  the mouse optic pathway and 
radiolabeled proteins comprising the slow phases ofaxoplasmic trans- 
port in RGC neurons. Optic pathways were obtained 6 d after mice 
were injected intravitreally with [3H]proline. Lane A, representing the 
electrophoretic pattern after fluorography, shows the major cytoskel- 
etal proteins in RGC axons prepared from radiolabeled optic path- 
ways by the method of  Chiu and Norton (7). Lane B illustrates 
radiolabeled protein constituents of  the SCa (group V) and SCb (group 
IV) phases of  axoplasmic transport. These gels contained 3-7% 
acrylamide gradients. Lane C shows the fluorogram of proteins similar 
to those in lane B separated in gels containing a 5-15% acrylamide 
gradient. Total proteins of the optic pathway were visualized by 
Coomassie Brilliant Blue staining of  a similar gel (lane D). Molecular 
masses (in thousands) of protein standards electrophoresed in adja- 
cent lanes are given. NFPs are indicated at 200, 140, and 70 kD, and 
the position of  protein 33 (33 kD) is shown. Microheterogeneous 
forms of  the 200- and 140-kD subunits are resolved in these gels. 
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heterogeneous forms that composed each major subunit were 
considered together in this study. 

Radiolabeled and unlabeled proteins corresponding to the 
molecular weights of the neurofilament triplet proteins were 
highly enriched in Triton-insoluble preparations of cytoskel- 
etal proteins (Figs. 1, lane A, and 2, lanes Fand  G). The 70-, 
140-, and 200-kD proteins from optic pathways cross-reacted 
with polyclonal antibodies against the 70-, 140-, and 200-kD 
NFP subunits, respectively (Fig. 2, lanes B-D). Electroblots 
of the three proteins from either cytoskeletal protein prepa- 
rations of optic pathway or unfractionated tissue also immu- 
nostained with a monoclonal antibody specific for interme- 
diate filament proteins of all classes (41) (Fig. 2, lanes E-H). 
In addition, when glial cells of the optic pathway were selec- 
tively radiolabeled in vitro, no labeled proteins migrated to 
the same position on gels as the 70- and 140-kD NFPs, and 
only minor labeling of glial protein(s) at the position of the 
200-kD NFP subunit was observed (32). Therefore, glial in- 
corporation of radioactive proline released from axonal pro- 
teins or diffusing from the eye after intravitreal injection could 
not account for the presence of labeled proteins in gel regions 

Figure 2. Immunological identification of NFPs. Mouse optic path- 
ways or cytoskeletal proteins from this tissue prepared by the method 
of Chiu and Norton (7) were subjected to SDS PAGE (4-7% acryl- 
amide gradient). After electrophoresis, proteins were electroblotted 
onto nitrocellulose and immunostained as described in Materials and 
Methods. Before electroblotting, an adjacent strip cut from each gel 
was stained with Coomassie Brilliant Blue. Identical lanes of optic 
pathway proteins were analyzed as follows: lane A, Coomassie Blue; 
lane B, polyclonal anti-rat 70-kD NFP; lane C, polyclonal anti-rat 
140-kD NFP; lane D, polyclonal anti-rat 200-kD NFP. Total proteins 
(lanes E and H) or cytoskeletal proteins (lanes F and G) of the optic 
pathway were stained with monoclonal antibody to all classes of 
intermediate filaments (41). Lane F was underloaded with protein to 
improve visualization of the 70-kD subunit. The positions of the 
three NFP subunits are indicated. 

containing the NFPs. 

Axoplasmic Transport and Half-lives of NFP Pools 
The fate of newly synthesized NFPs in RGC axons was studied 
by two experimental approaches, the first involving analysis 
of protein movement through a standard length of axon, and 
the second involving analysis of the distribution of polypep- 
tides along axons at different times during axoplasmic trans- 
port. By the first approach, a 9-mm length of the mouse optic 
pathway, extending from the proximal optic nerve to the 
distal optic tract, was chosen as the standard "axonal win- 
dow." The rate at which NFPs enter and exit this axonal 
compartment reflects primarily their axoplasmic transport 
rate. In addition, if the initial specific radioactivity of NFPs 
synthesized in RGC perikarya is similar in groups of mice 
allowed to survive for different postinjection intervals, it is 
possible not Only to establish precise transport kinetics, but 
also to quantitate the proportion of NFPs retained in axons 
longer than would be predicted from their axoplasmic trans- 
port rates. In these experiments, variation in the intravitreal 
delivery of radiolabeled amino acid among groups of injected 
mice was reduced sufficiently to permit these additional anal- 
yses. 

Two groups of 80-100 mice injected intravitreally with 
[3H]proline were allowed to survive from 1 to 168 d after 
injection. Changes in the radioactivity associated with the 
neurofllament triplet proteins and other proteins in the 9-mm 
optic pathway segment after SDS PAGE were quantitated in 
each of 8-16 mice per time point. Radiolabeled NFPs entered 
the axonal compartment by day 1 and achieved peak levels 
by 4 d (Fig. 3). Radioactivity associated with the 70-kD 
subunit did not decrease significantly until 17 d after injection, 
when the leading edge of the protein wave began its exit from 
the axonal window (see below). By contrast, radiolabeled 
forms of the 140- and 200-kD NFPs decreased -20% (P < 
0.01) between 4 and 17 d. Loss of this fraction of 140- and 
200-kD subunits appears to reflect a pool of modified NFPs 
that is transported more rapidly than the main NFP wave. 
(25; Nixon, R. A., unpublished data). During the 3 wk after 
their arrival at the end of the 9-mm segment, the three [3H]- 
NFP subunits disappeared rapidly. Beyond 45 d after injec- 
tion, however, loss of the substantial population of radiola- 
beled neurofilament proteins still remaining in axons was 
more gradual. 

When plotted as a logarithmic function of time, the loss of 
radiolabeled neurofilament proteins from the axonal window 
between 17 and 168 d was biphasic, with each phase exhibiting 
a linear rate (Fig. 4). In the first phase of disappearance 
between 17 and 45 d, referred to as phase I, radioactivity in 
each NFP subunit declined at an exponential rate (t,~ = 20- 
22 d). The time of initial NFP disappearance, calculated by 
extrapolating the first slope in Fig. 4 to 100%, occurred at 17 
d for the 70-kD subunit and 12 d for the 200- and 140-kD 
subunits, suggesting that the leading edges of these NFP waves 
advanced at rates of 0.53 +_. 0.3 mm/d  and 0.75 __. 0.04 m m /  
d, respectively. Radiolabeled NFPs remaining in axons be- 
yond 45 d (phase II), comprising -32% of the peak radioac- 
tivity, disappeared from the axonal window with a much 
slower half-life (t,/2 = 55 d). 6-9% of the peak radioactivity in 
radiolabeled NFPs was still present in axons at 168 d after 
synthesis. Two-dimensional electrophoretic analyses of the 
proteins in optic pathways at late timepoints confirmed the 
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presence of  the neurofilament triplet proteins at their char- 
acteristic positions (data not shown), t0o 

The kinetics of  NFPs contrasted with the behavior of  many 90 
other transported proteins, as illustrated by a major 33-kD 
soluble protein constituent of  the SCb (group IV) phase of  ~, 80 
axoplasmic transport, referred to as protein 33 (Fig. 1). This s, 
radiolabeled protein appeared in axons earlier and disap- ~ ro 
peared more rapidly and completely than did the NFPs. ,~ 60 
Plotting the radioactivity of protein 33 as a logarithmic func- ~ 50 
tion of  time revealed a single rate of  disappearance with a 
half-life of  12 d (Fig. 5). The initial disappearance of  this 
protein from the axonal window at day 4 indicated that the ~s 
leading edge of  this protein wave advanced at a rate of  2.00 
_+ 0.2 mm/d.  

Distribution o f  Newly Synthesized NFPs along 
RGC Axons 

To investigate the biphasic nature of  NFP disappearance from 
axons, we studied how newly synthesized NFPs are distributed 
along RGC axons at intervals from 1 to 180 d after injection 
with [3H]proline. A standard 9-mm length of the optic path- 
way from each mouse was divided into eight consecutive 1. l- 
mm segments. After pools of  each segment from groups of  
from four to six mice were subjected to SDS PAGE, the 
radioactivity associated with the NFPs and other proteins was 
measured. At each postinjection interval, one or more elec- 
trophoretograms were fluorographed to verify that the bands 
identified as NFPs on stained gels corresponded to discrete 
radiolabeled bands (Fig. 6). These studies indicated that ra- 
dioactivity in gel regions containing no discrete protein bands 
was lower than in NFPs. Even at the latest postinjection time 
points, the radioactivity associated with NFPs exceeded that 
in adjacent gel regions by more than 10-fold. During the first 
30 d after [3H]proline injection, the wavefront of  radiolabeled 
NFPs progressed through consecutive optic pathway segments 
(Figs. 6 and 7, A-C). Linear regression analysis of  changes in 
the position of  the wavefront for six postinjection intervals 
between 3 and 45 d (35) revealed transport rates of  0.4-0.7 
m m / d  for each radiolabeled NFP. The arrival of  appreciable 
levels of radiolabeled NFPs in distal optic pathway segments 

Figure 3. Relative proportions of newly synthesized 
NFP subunits entering and leaving a 9-mm axonal 
window. In each of two experiments, 80-100 mice 
were injected intravitreaUy with 25 ~Ci [3H]proline. 
At different intervals after injection, optic pathways 
were dissected from groups of these mice. After SDS 
PAGE, the radioactivity associated with each NFP 
was quantitated and expressed as a percentage of 
the radioactivity present in the tissue sample at 4 d 
after injection. Each point is the mean _+ SEM (error 
bars) for 7-18 determinations. The symbols indicate 
the three NFPs 70 kD (open circle); 140 kD (open 
triangle); and 200 kD (closed circle). 
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Figure 4. Biphasic disappearance of newly synthesized neurofilament 
proteins from RGC axons. Data presented in Fig. 3 are plotted as a 
logarithmic function of time (days) after injection to reveal two 
constant exponential rates of disappearance of radiolabeled neurofil- 
ament proteins. 

coincided with the time that NFPs initially disappeared from 
the 9-mm axonal window in the earlier experiments (Figs. 4 
and 5). By 30 d, the distribution pattern suggested that the 
main wave had partially exited, leaving behind a trailing 
portion that spanned the entire optic pathway. At this time 
point, segments 7 and 8 contained twofold higher levels of  
[3H]NFPs than did the most proximal axonal sites. 

In contrast to this early redistribution, little change in the 
distribution of  radiolabeled neurofilaments persisting in axons 
occurred beyond 45 d (Fig. 7, D-F). The distribution pattern 
from 45 to 180 d after injection was characterized by a 
proximal to distal gradient of radiolabeled NFPs ranging from 
6-8% (segment 1) to 16-18% (segment 8) of  the total 3H- 

NFPs in all eight segments. The stability of  this distribution 
pattern is illustrated by the observation that the proportion of  
3H-NFPs in the optic nerve (segments 1-4) remained constant 
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at 35-40% between 45 and 180 d after injection. 
The distribution analyses indicated, therefore, that disap- 

pearance of radiolabeled NFPs in phase I (Fig. 4) coincides 

~oo 

a 8o  

~ 6o 
>__ 

'~ 4o o_ 

e~ 

N 20 

k~ 
0 4 9 17 ~0 45 76 120 

DAYS AFTER INJECTION 

Figure 5. Disappearance of  protein 33 from RGC axons after synthe- 
sis. Protein 33, a group IV (SCb) constituent, was radiolabeled as 
described in Fig. 2. In contrast to the kinetics of NFP loss, the rate of 
disappearance of this 33-kD protein (see Fig. 1) was monophasic. 
Each point is the mean __ SEM for 7-18 determinations. 

with the exit of the SCa (group V) wave from the end of the 
axonal window. By contrast, NFPs leaving the axonal window 
in phase II, disappear at a slower constant rate by a mecha- 
nism that does not alter the distribution of these proteins 
along axons. 

Contribution of Delayed Perikaryal Synthesis of NFPs 
Several observations indicated that retention of radiolabeled 
NFPs in axons is not explained by continual NFP synthesis 
in RGC perikarya from reused [3H]proline released from 
retinal proteins. After intravitreal injection, [3H]proline in 
retinal proteins reached maximal levels during the first day 
and gradually declined to relatively low levels during the next 
two months (Fig. 8). Between 4 and 17 d, the levels of  3H- 
NFPs in axons remained relatively constant despite a loss 
from the retina of 4 x 106 dpm associated with other proteins. 
By comparison, 20% of the peak level of  3H-NFPs still per- 
sisted along axons at 76 d when only 3% of the peak radio- 
activity in retinal proteins remained in the eye. As another 
example, substantial levels of  3H-NFPs (15% of peak values) 
persisted between 76 and 120 d even though 3H-labeled 

Figure 6. Distribution of radiolabeled NFPs along 
RGC axons at different times after synthesis. The 
optic pathways from mice at various intervals after 
intravitreal injection of [3H]proline were cut into 
eight consecutive 1. l-ram segments extending from 
the eye to the lateral geniculate body. The optic 
nerve comprised segments 1-4; the optic chiasm is 
primarily contained in segment 5; and segments 6-  
8 are within the optic tract. Series of eight segments 
from groups of from six to eight mice at each 
postinjection timepoint were subjected to SDS 
PAGE and fluorography. The gel regions containing 
the 200-, 140-, and 70-kD NFP subunits are dis- 
played in A, B, and C, respectively. The axonal 
distribution of the radiolabeled NFPs is shown for 
postinjection intervals of 15, 30, 60, and 120 d. 
These discrete radiolabeled bands correspond to the 
bands identified as NFPs in Figs. 1 and 2. 
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Figure 7. Quantitative distribution of radiolabeled neurofilaments along RGC axons at different times after synthesis. The optic pathways from 
mice at various intervals after intravitreal injection of [~H]proline were cut into eight consecutive 1.1-mm segments as described in the legend 
of Fig. 6. Each segment was combined with corresponding segments from six to eight mice and, after SDS PAGE, radioactivity associated with 
NFPs was quantitated for each site along the optic pathway, The radioactivity in each neurofilament subunit at 180 d ranged from 600 to 
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Figure 8. Disappearance of radiolabeled proteins 
from the retina after intravitreal injection of [3H]- 
proline. Retinas were dissected from mice described 
in Fig. 3. Trichloroacetic acid-insoluble radioactiv- 
ity (disintegrations per minute) was determined for 
each tissue sample. Each value is the mean ___ SEM 
for the 10-20 retinal samples. 

proteins in the retina did not diminish during this 44-d 
interval. Thus, there was little relationship between levels of 
radioactivity in the retina and in axonal NFPs. Furthermore, 
if delayed perikaryal synthesis were a significant factor, the 
persistance in axons of radiolabeled NFPs but only minimal 

amounts of various other major axonal proteins, including 
protein 33, would imply (hat released [3H]proline is selectively 
reused for NFP synthesis. Electrophoretic analyses of retinal 
proteins at different postinjection intervals, however, showed 
that NFPs are a progressively decreasing proportion of the 
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total retinal protein radioactivity and that the ratio of  radio- 
activity in protein 33 to that in NFPs increases more than 
threefold between 2 and 120 d in the retina. Although the 
radiolabeled proteins entering axons may be a small fraction 
of the total retinal protein, these results do not suggest that 
NFPs are selectively synthesized from reused amino acids. 

Distribution of Total NFPs along RGC Axons 
The total content of NFPs in axons reflects the steady state 
disposition of  all NFPs entering and leaving this compart- 
ment. To examine the spatial relationship of  phase I and 
phase II NFPs to the total NFP pool, we determined the 
distribution of  this total pool along RGC axons. The relative 
amount of  each neurofilament subunit in eight consecutive 
1.1-mm segments of the optic nerve and tract was measured 
after SDS PAGE by a modified Coomassie Blue dye-binding 
method (33). 

Each neurofilament subunit displayed a significant (P < 
0.001) proximal to distal gradient of  increasing content along 
the optic pathway (Fig. 9). The amount of  a given neurofila- 
ment subunit was more than 2.5-fold higher in the distal optic 
tract than in the most proximal optic nerve segment. The 
total protein content was also higher distally than proximally 
along the optic pathway; however, these differences were 
smaller than the proximal to distal increases in the total 
content of  NFPs. Expressed as a percentage of  the total 
protein, NFPs still displayed a significant graded increase in 
content (P < 0.02). These increases are somewhat underesti- 
mated since NFPs represent a significant proportion of the 
total axonal protein (7). Since the ratio of  NFP to total protein 
was lower in tissue underlying the optic tract than at any 
point along the optic pathway, contamination by this tissue 
could not explain the observed distributions. 

The distribution pattern of total NFP paralleled that of 
newly synthesized NFPs in phase II (Fig. 9). A correlation of  
0.97 (P < 0.001) was calculated when the total NFP content 
of  each optic pathway segment was regressed against the 
radioactivity of  NFPs at 120 d after injection. 

Distribution of Neurofilaments along RGC Axons 
If NFPs exist primarily or exclusively as stable polymers in 
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axons (28), their distribution should parallel the spatial pattern 
of  neurofilaments along axons. Therefore, to determine 
whether or not neurofilaments are present in increased num- 
bers at distal axonal sites, morphometric analyses of  neurofil- 
ament density along the length of  axons were undertaken. 
Axonal levels at 1, 4, and 7 mm from the eye, representing 
proximal, middle, and distal sites of RGC axons, were ex- 
amined. At each level, axons were selected randomly, but in 
approximately equal numbers, from each quadrant of  the 
cross-section. The total neurofilament cross-sections per axon, 
the total cross-sectional area of the axon, and the total area 
occupied by membranous structures (i.e., vesicles, mitochon- 
dria, and agranular reticulum) were measured for each axon. 
The proportion of  the total axonal area occupied by membra- 
nous structures was similar at proximal, middle, and distal 
levels of  the optic pathway (5.72, 4.07, and 5.53%, respec- 
tively). 

Regression analyses (Fig. 10) revealed that the number of 
neurofilaments was positively correlated with the total axonal 
area at proximal, middle, and distal axonal levels (r = 0.90, 
0.94, and 0.94, respectively); however, the slopes and inter- 
cepts of these lines differed. The equations describing these 
relationships were y = 221x - 10.289 at 1 mm from the eye 
(proximal optic nerve); y = 266x + 5.535 at 4 mm (distal 
optic nerve); and y = 31 lx  - 2.423 at 7 mm (distal optic 
tract). Comparisons of  these equations indicated that the 
density of  neurofilaments in axons (neurofi|aments/total ax- 
onal cross-sectional area) increased at distal sites along the 
optic pathway. Neurofilament densities at the l -mm level 
were significantly different from those at the 4- or 7-mm levels 
(P < 0.001). The differences among levels involved axons of 
all calibers; therefore, the higher neurofilament densities of 
axons at distal optic pathway sites did not result from a skewed 
selection of  axons for morphometric analysis. Proximal to 
distal differences, however, were greater for small axons than 
larger ones. For example, axons with areas of  <0.6 microns 
composed 80% of the total axonal population and ~50% of 
the total axonal area. In this population, neurofilament den- 
sity was twofold higher at the 7-mm level than at the l-ram 
level (P < 0.001). Neurofilament density 4 mm from the eye 
exhibited an intermediate value. For the total axonal popu- 
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Figure 9. Distribution of  NFP subunits along mouse 
RGC axons. Optic pathways cut into eight consecutive 
1. l-mm segments as described in Fig. 6 were subjected 
to one-dimensional SDS PAGE. The dye-binding ca- 
pacity of the three NFP subunits in each segment, which 
reflects relative protein content, was determined by 

E spectrophotometry after quantitatively extracting the 
dye from protein bands cut from gels stained with 

j Coomassie Brilliant Blue. Each point is the mean _ 
SEM for four determinations. The 200 kD (open circle), 

o 140 kD (open triangle), and 70 kD (closed circle) NFP 
o--9 subunits are shown. For comparison, the dotted line 

(open square) indicates the total [3HI-disintegrations 
per minute associated with the three neurofilament 
protein subunits at 120 d after intravitreal injection of 
[3H]proline. 
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lation, neurofilament density at distal axonal levels was 75% 
higher than that at proximal sites (P < 0.001) and 15% higher 
than at middle levels (P < 0.001 vs. the proximal level; P < 
0.02 vs. distal level). 

Regional Variation of Axon Caliber in the Mouse 
Optic Pathway 

Fiber number is constant along the optic nerve and only 
slightly higher in the optic tract than in the optic nerve as a 
result of commissural fibers connecting brainstem nuclei. 
Therefore, if the caliber of individual axons varied along their 
length, this would be reflected in changes in the distribution 
of axon calibers in the total axonal population at different 
levels along the optic pathway. As shown in Fig. 11, the 
distributions of axonal calibers in a representative portion of 
the total axonal population were remarkably similar at prox- 
imal, middle, and distal levels of the optic pathway. Although 
comparisons between proximal and distal levels revealed a 
barely significant difference (Kolmogorov-Smirnov test, P < 
0.05) in the caliber distributions, the net shift was small and 
in the direction of increased caliber distally. The total cross- 
sectional area per 1,000 axons at 1 mm from the eye was 
2.5% lower than that at 4 mm and 4.7% higher than that at 
7 ram. These results strongly suggest that axonal caliber at 
different levels of individual RGC axons is relatively constant. 
The increased neurofilament density observed at distal axonal 
levels was, therefore, not due to an overall reduction in axonal 
calibers but rather reflected an absolute increase in neurofil- 
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Figure 11. Distribution of axon caliber sizes at three levels along the 
optic pathway. These histograms compare the caliber distributions of 
transversely cut axons at distances along the optic pathway of 1, 4, 
and 7 mm from the eye. The mean number of axons in each size 
class, expressed as a percentage of the total, is plotted as a function 
of axonal diameter. About 2,700 axons were analyzed at each level 
in two animals. 

aNent numbers. Using the equations describing the relation- 
ship between neurofilament number and axon caliber and the 
data on axon caliber distributions, we calculated the absolute 
number of neurofilaments per 100 axons to be 6,241, 9,225, 
and 10,208 at 1, 4, and 7 mm from the eye, respectively. This 
proximal to distal ratio of neurofilaments (1 to 1.75) was 
similar to the 1 to 1.9 ratio of total NFP content at the 
corresponding optic pathway levels in Fig. 9. 

Discussion 

Moving and Stationary Pools of NFPs in RGC 
Neurons 

Our results indicate that newly synthesized NFPs contribute 
to at least two pools in RGC axons, which are distinguishable 
by their temporal-spatial distribution along axons and kinetics 
of disappearance from axons. Our evidence is consistent with 
the notion that these two pools comprise a moving phase and 
a relatively stationary phase of neurofilaments and that both 
pools may contribute to the axonal neurofilament lattice 
along RGC axons. 

Before they disappeared from axons, most radiolabeled 
proteins exhibited the characteristic time-dependent redistri- 
butions along axons that are expected of axoplasmic transport 
waves. The rate at which NFPs advanced, 0.5-0.7 ram/d, was 
similar when calculated either from movement of the leading 
edge of the radiolabeled wave or from the time of initial 
disappearance of NFPs from a 9-mm axonal window. This 
value is similar to rates of NFP movement within the SCa 
(group V) phase of axoplasmic transport that have been 
observed in RGC neurons of other species (1, 24, 29). Radio- 
labeled protein 33, by contrast, was transported at a typical 
SCb (group IV) rate (13, 24). Its arrival at the most distal 
segment of optic tract in distribution profile studies coincided 
with its first detectable loss from the 9-ram axonal window. 
The similar transport rates measured by these two approaches 
suggested, therefore, that the initial phase of disappearance of 
a protein from the axonal window (phase I) reflects movement 
beyond the distal limit of this window at a characteristic 
axoplasmic transport rate. 

Protein 33 and other radiolabeled proteins (unpublished 
data) displayed only a single phase of disappearance. If it is 
assumed that this loss represents the exit of a moving wave, 
the exponential kinetics describe a waveform with a relatively 
steep advancing front and a long trailing portion that de- 
creases gradually (Nixon, R. A., manuscript in preparation). 
The pattern predicted by these kinetics, therefore, resembles 
the observed distribution profiles of protein 33 and other SCb 
polypeptides (Nixon, unpublished data; 6, 13) as these pro- 
teins reach the distal end of the optic tract. The exponential 
disappearance rate of NFPs in phase I suggests a similar 
pattern; however, the shape of this waveform may be partly 
obscured by phase II NFPs. 

A second pool of newly synthesized NFPs (phase II) was 
retained in axons after phase I NFPs should have been entirely 
eliminated from the axonal window. This time was estimated 
to be a maximum of 75 d based upon extrapolating curves 
describing the disappearance of phase I NFPs. Reuse of [3H]- 
proline released from catabolized retinal proteins resulting in 
delayed export of radiolabeled NFPs from RGC perikarya 
could not account for either the high levels of radioactivity 
associated with axonal NFPs after long postinjection intervals 
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or the selective retention of NFPs and certain other proteins 
in axons. 

The kinetics and axonal distribution of radiolabeled NFPs 
that disappear in phase II indicate that this pool constitutes a 
stationary or exceedingly slow-moving structure in RGC ax- 
ons. The presence of appreciable levels of 3H-NFPs in the 
proximal l mm portion of optic nerve 180 d after synthesis, 
for example, implies that these NFPs, if moving, advance at 
a rate that is >100-fold slower than the SCa (group V) rate of 
axoplasmic transport. At this rate, they would not reach 
synaptic terminals during the life of the animal. Entry of a 
fraction of newly synthesized NFPs into a stationary com- 
partment is supported by the stability of the axonal distribu- 
tion of phase II NFPs. Between 45 and 168 d after [3H]proline 
injection, radiolabeled NFPs maintained the same nonuni- 
form distribution along axons despite a 50% decrease in the 
absolute level of radioactivity associated with NFPs. By con- 
trast, if phase II NFPs moved as a typical axoplasmic transport 
wave, the loss of 3H-NFPs should have displayed different 
kinetics in proximal segments than in distal segments of the 
optic pathway, as observed in the case of protein 33. The 
nonuniform axonal distribution of neurofilaments, total 
NFPs, and phase II 3H-NFPs represents a third line of evi- 
dence favoring a stationary component of the neurofilament 
lattice along axons. Under steady state conditions (implying 
relatively constant neurofilament proteins synthesis), a freely 
moving wave of protein would be expected to be uniformly 
distributed along axons. Although proximal to distal decreases 
of NFP content might arise from protein degradation, modi- 
fication, or uniform deposition of neurofilaments during 
transport, a proximal to distal increase in steady state NFP 
content is difficult to explain on the basis of a change in NFP 
transport or metabolism. The properties of phase II NFPs and 
their relationship to the total NFP pool are most easily ex- 
plained, therefore, by nonuniform deposition of a portion of 
the moving wave of NFPs into a stationary nonuniform 
structure along RGC axons. 

Contribution of  Stationary NFPs to the 
Axonal Cytoskeleton 

The relationship of a pulse-labeled population of NFPs to the 
steady state level of NFPs in axons depends on two factors: 
the size of the newly synthesized pool and the rate of turnover 
or residence time of the proteins in axons, which may involve 
proteolysis or elimination by axoplasmic transport. The ob- 
servations that radiolabeled NFPs establish a stable axonal 
distribution by 45 d and disappear at a constant rate suggest 
that this fraction, ~32% of the total pool of newly synthesized 
NFPs, is primarily associated with the stationary phase. This 
percentage may be even higher if the loss of some NFPs 
associated with phase II is obscured at early time points by 
the kinetics of phase I in Fig. 4. Provided that all NFPs are 
synthesized in RGC perikarya from the same precursor pool 
of [3H]proline and thus have the same specific activity, the 
relative sizes of the two axonal NFP pools in the steady state 
may be estimated from their respective levels of radioactivity 
and their half-lives within axons. Since phase II NFPs turn- 
over at least 2.75-fold more slowly than phase I NFPs, the 
former pool is estimated to be 1.3-fold larger in the steady 
state (i.e., 2.75 x 0.32 vs. 1.00 x 0.68). An even larger ratio 
of stationary to moving radiolabeled NFPs and a shorter half- 
life for phase I NFPs would be expected if the contribution of 

phase II to the phase I rate were subtracted. These calculations, 
therefore, suggest that, under steady state conditions, more 
NFPs in RGC axons may be relatively-stationary than are 
associated with the pool undergoing continuous translocation 
by axoplasmic transport. 

Turnover of  the Stationary Neurofilament Network 

The substantial loss of NFPs in phase II despite a stable 
nonuniform axonal distribution indicates that these proteins 
disappear at similar rates along the length of the axon. Mech- 
anisms of turnover that are compatible with this observation 
include the release of radiolabeled NFPs from the stationary 
compartment and subsequent transport to the synapse. If 3H- 
NFPs were slowly released in proportion to the total NFP 
content at each axonal site, the net redistribution of the phase 
lI NFP pool would be small. Alternatively, a uniform turnover 
rate of phase II NFPs along axons could also be achieved by 
local proteolysis. Proteolytic enzymes with high affinity for 
NFPs, including calcium-activated neutral proteinases, are 
present along axons (30, 31, 33, 35, 36, 39, 43). One calcium- 
activated neutral proteinase that selectively converts the 145- 
kD NFPs to major 143- and 140-kD forms appears to be 
active along axons in vivo (35, 36). Evidence suggesting that 
NFPs are degraded by calcium-activated proteinases in axons 
undergoing Wallerian degeneration in vivo has also been 
reported (44). The ability of axonal proteinases to degrade 
NFPs in normal axons in vivo, however, is not known. 

Regional Specialization of  the Axonal Cytoskeleton 

The observation that the density of neurofilaments varies 
along the axonal length adds to other evidence that the 
neurofilament lattice in retinal ganglion cell axons is region- 
ally specialized. At more distal axonal levels where neurofil- 
aments are increased in density, NFP subunits display greater 
chemical microheterogeneity (14, 35, 37), and certain post- 
translational processing mechanisms for NFPs appear to be 
more active, including selective limited proteolysis of the 145- 
kD NFPs (35) and phosphorylation (37). These interrelation- 
ships may suggest a possible role for these posttranslational 
modification mechanisms in the deposition or subsequent 
organization of newly synthesized NFPs into the stationary 
axonal cytoskeleton. 

Molecular Form of  Transported NFPs 

Our evidence supports the idea that NFPs or neurofilaments 
are not assembled into a mature neurofilament network when 
they leave the RGC perikaryon but rather enter the axon 
either as independently moving neurofilaments or as a highly 
deformable structure organized by means of relatively weak 
interactions. The progressive broadening and trailing of the 
NFP wave during axoplasmic transport observed in this and 
other studies (see below) suggests that the association of some 
neurofilaments with the moving wave may be overcome by 
competing interactions with stationary axonal structures. As 
a result, these neurofilaments disengage and trail behind the 
wavecrest. Similar interactions have been proposed to account 
for the broadening of protein waves moving in other phases 
of axoplasmic transport (46, 48). If these interactions were 
extensive or of a specialized nature, the neurofilaments might 
then be expected to become incorporated into the stationary 
neurofilament lattice. This model of neurofilament transport, 
therefore, emphasizes that if neurofilaments are organized 
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into a macromolecular structure during transport, this orga- 
nization must be sufficiently plastic to enable neurofilaments 
to leave the moving wave and interact for varying lengths of  
time with stationary structures. Since NFPs do not move 
coordinately with tubulin in mouse RGC axons (Nixon, R. 
A., and C. A. Marotta, manuscript in preparation), the final 
organization of  the neurofilament-microtubule lattice proba- 
bly develops only after the NFPs reach their destination in 
axons. 

Functional Implications of Moving and 
Stationary Neurofilaments 
Neurofilaments are believed to serve as a three-dimensional 
structural lattice that helps stabilize the axonal cytoplasmic 
matrix (22, 23, 45). If  transported and relatively stationary 
neurofilaments participate in this function, the respective 
properties of  these two pools may confer on the cytoskeleton 
somewhat different potentials for stability and plasticity. Be- 
cause of  its slow rate of  turnover, the stationary neurofilament 
lattice can provide axons with a signifcant degree of  stability 
even if neurofilament synthesis or transport were temporarily 
altered or interrupted. The presence and size of  the stationary 
neurofilament lattice in different neurons, therefore, may 
define the relative permanence, as opposed to plasticity, of  a 
given axonal shape, direction, or spatial orientation as the 
neuron matures. In addition, a stationary network of  neuro- 
filaments is well suited as a scaffold to organize or anchor 
cellular constituents into a precise topography within the 
axoplasm. A similar role has been suggested for intermediate 
filaments in certain other cell types (20, 23, 45). 

Compared with the stationary neurofilament network, neu- 
rofilaments moving at slow axoplasmic transport rates repre- 
sent a more rapid mechanism for modifying axonal geometry. 
Since moving neurofilaments are continually replaced as a 
function of  the transport rate and length of  the axon (16, 21, 
31), alterations of  the axonal cytoskeleton could be effected 
within a few weeks in most central neurons by a change in 
the. rates of  NFP synthesis or axoplasmic transport. Indeed, 
final axon diameter appears to be a feature of axonal shape 
that is determined partly by neurofilaments in the SCa wave. 
In axotomized and regenerating peripheral axons, increases 
or decreases in fiber caliber accompany changes in the delivery 
(synthesis or transport) of neurofilaments and occur in a 
seriate pattern with a time course that corresponds to the SCa 
rate of  axoplasmic transport (16). In RGC axons, the presence 
of  a sizable pool of  continually moving neurofilaments and 
the high correlation between neurofilament number and axon 
caliber at a given level are compatible with this role for 
neurofilaments. The additional observation, however, that 
neurofilament density may vary nearly twofold along the 
length of an axon displaying uniform caliber suggests that 
other factors may also influence axon caliber in RGC neurons 
(11, 12, 42). 

Generality of Stationary Neurofilaments-- 
Relationship to Previous Studies 
In view of  these possible roles, the proportion of neurofila- 
ments that are stationary might be expected to vary in differ- 
ent neuron types or at different stages of  neuron maturation. 
Morphometric studies of  axotomized peripheral motor neu- 
rons, for example, suggest that most neurofilaments may be 
moving at slow axoplasmic transport rates in the largest 

caliber axons (16, 17). Peripheral axons differ from most 
central axons in having much greater diameters and lengths. 
These or other factors are believed to be related to the possible 
need for a large moving phase in peripheral neurons (30). In 
addition, the high ratio of  neurofilaments to microtubules in 
very large peripheral axons (17) suggests further quantitative 
and possibly functional differences between the neurofilament 
networks in these fibers and in RGC axons. 

The possibility that a stationary neurofilament network in 
neurons is a widespread occurrence, however, does not con- 
flict with previous observations on the axoplasmic transport 
of  NFPs. In various neurons, cytoskeletal proteins trail behind 
the moving wavefront during axoplasmic transport (1, 6, 9, 
29, 47, 50) and appear to be retained in axons as observed in 
this study; however, the existence, size, and half-life of  a 
stationary component has not been previously investigated. 
If, as we suspect, the stationary neurofilament lattice is a 
characteristic of  other neurons, the integration of  transported 
NFPs into this structure and the dynamic balance between 
moving and stationary elements may he relevant to the regen- 
erative capacity of  neurons and the vulnerability of  axons to 
degeneration in pathological states. 
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