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Abstract

We probed the relationship of NF axonal transport of neurofilaments (NFs) to their phosphorylation state by comparing these
parameters in two closely-aged groups of young adult mice — 2 and 5 months of age. This particular time interval was selected since
prior studies demonstrate that optic axons have already completed axonal caliber expansion and attained adult NF levels by 2 months but,
as shown herein, continue to increase NF-H C-termina phosphorylation. NF axonal transport was monitored by autoradiographic analysis
of the distribution of radiolabeled subunits immunoprecipitated from optic axon segments at intervals following intravitreal injection of
%S methionine. Both the peak and front of radiolabeled NFs translocated faster in 2- vs. 5-month-old mice. This developmental declinein
NF transport rate was not due to reduced incorporation of NFs into the cytoskeleton, nor to an overall decline in slow axonal transport. By
excluding or minimizing other factors, these findings support previous conclusions that C-terminal NF phosphorylation regulates NF
axonal transport. © 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Like all constituents of the axona cytoskeleton, neuro-
filaments (NFs) are synthesized within the neuronal
perikaryon and are subsequently delivered to the axon by a
process referred to as axonal transport [20,26]. The mode
of NF axonal transport has not been determined, but, like
other aspects of NF behavior, is thought to be regulated by
phosphorylation [6,11,14,15,19,24,25,33,44]. Digtinct ki-
nases phosphorylate the N-terminal and C-terminal portion
of NFs [14,27,28,31,37—-39] and, in doing so, are thought
to modulate aspects of NF assembly and interaction with
other cytoskeletal proteins and their putative transport
motor [3,16,17,20,21,43].

NFs undergo a reduction in transport velocity during
development and following maturation [10,11,42]. The rate
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of NF axona transport is subject to multiple variables,
including aterations in subunit synthesis, incorporation
into Triton-insoluble structures, and C-terminal phosphory-
lation. General factors that aso can contribute to NF
transport velocity include changes in overall axonal trans-
port and axonal caliber, as well as non-specified age-re-
lated effects, such as an overall decline in metabolism. In
the present study, we probed the influence of NF C-termi-
nal phosphorylation on axonal transport by using a brief
window of time in young adult mice that excludes or
minimizes the potential contribution of the above other
factors.

2. Materials and methods

2.1. Injection of radiolabel and harvesting of tissues

Murine retinal ganglion cells were radiolabeled in situ
by injection of 70 wCi *S-methionine in atotal volume of
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0.2 .l viaapulled glass capillary pipette into the vitreous
of anesthetized mice of either 2 months or 5 months of age
as described [13,36]. Mice were sacrificed by cervical
dislocation at intervals of 6 h—60 days following injection.
Retinas were dissected away from the rest of the eye and
optic axons dissected into 9 X 1.1 mm segments on a glass
slide on dry ice. Retinas and axonal segments from both
eyes of 5 mice were pooled and homogenized in 1% Triton
X-100in 50 mM Tris (pH 6.9) containing 2 mM EDTA, 1
mM PMSF and 50 pwg/ml leupeptin at 4°C by 50 strokes
in a tight-fitting glass-Teflon homogenizer; 11 mice were
used for samples to be harvested at 60 days after injection.
The Triton-insoluble cytoskeleton was sedimented by cen-
trifugation 15,000 X g for 15 min as described [4].

2.2. Gel electrophoresis, autoradiography and immunoblot
analyses

NF subunits were immunoprecipitated from cytoskele-
tons by standard methods using a polyclona antibody
(R39; diluted 1:150) that immunoprecipitates al 3 NF
subunits followed by protein A-sepharose (Sigma) as de-
scribed [32,36]. Immunoprecipitated material was sub-
jected to SDS-gel electrophoresis on linear 7% acrylamide
gels. This antibody also immunoprecipitates fodrin and
high molecular-weight MAPs [13,36]. Electrophoretically
separated proteins were transferred to nitrocellulose or gels
were Coomassie-stained, photographed, and dried for gen-
eration of autoradiographs. Immunoblots were generated as
described previously [36]. Pre-immune sera, or commer-
cialy obtained non-immune sera, did not react with any
NF-related polypeptides, and omission of primary antibod-
ies in immunoblot analysis failed to generate reactive
Species.

2.3. Densitometric analyses and calculation of transport
rates

Autoradiographs and nitrocellulose replicas were digi-
tized via a UMax scanner equipped with a transparency
adaptor operated by a Macintosh Power PC. Densitometric
analyses of digitized images were carried out via NIH
Image software by encircling the entire band with the
program’s freehand selection tool as described previously
[5]. Tota mean density, following two-dimensional auto-
mated background subtraction, was calculated for auto-
radiographs and immunoblots. Manual subtraction of back-
ground for individual bands yielded identical values as
automated subtraction. Repeated scanning of samples
yielded no appreciable variance in net densitometric val-
ues. Since the NF triplet co-migrated along optic axons,
densitometric data are presented only for NF-L for smplic-
ity only [13,17].

The transport rate of NF subunits was determined for
location of the peak and front of total subunit radioactivity
using previously established methods [2,10,42]. The loca
tion of the peak was determined by graphic representation
of relative densities of each segment (densitometric units
vs. distance in mm), followed by constructing a vertica
line which bisected 2/3 of the maximum height of the
curve and determining the intersection of this line with the
X axis as described previously [10]. The location of the
front of subunit transport was determined using these same
curves by the intersection of a line tangentia to the leading
slope with the x axis [42]. Transport rates in mm/day
were then determined as the distance migrated (mm) at a
given interval divided by the number of days in that
interval. Raw densitometric values, expressed in arbitrary
units and presented as the mean + S.D. are also expressed
as the fold increase obtained at 5 months vs. that obtained
for 2 months (obtained by dividing individua values for
segments 1-9 of 5-month-old mice by those obtained for
2-month-old mice). The relative increase in R39 and RT97
immunoreactivity along axons was obtained by dividing
densitometric values obtained for each segment by that
obtained for segment 1. Finaly, the relative increase in
RT97 vs. R39 immunoreactivity along axons was calcu-
lated by dividing (segment by segment) the relative in-
crease between 2 and 5 months for RT97 by that obtained
for R39. All gels, autoradiographs and immunoblots were
generated from pools of 5 mice per sample in each experi-
ment (except for 60 days of chase, which utilized 11 mice;
above). Both eyes were injected, and both pathways har-
vested and pooled for all mice. Multiple autoradiographs
of differing exposures were generated to insure linearity,
and all scanning and densitometric operations were carried
out within a liner range that included all pixels within a
selected band, yet did not alow saturation of any pixels,
and excluded al pixels within adjacent background areas.

3. Results

Immunoblot analyses of optic axons with an antibody
(R39) that recognizes al NF subunits (Fig. 1), and analy-
ses of Coomassie-stained gels of immunoprecipitated NF
subunits (Fig. 2) demonstrated an increase in NFs along
the length of murine optic axons at both 2 and 5 months of
age. This increase was paralleled by an increase in phos-
phorylated (200 kDa) NF-H as reveaded both by
Coomassie-staining and by R39 immunoreactivity (Figs. 1
and 2), indicating that the proximal—distal increase in total
NFs was accompanied by an increase in phospho-NFs.
Total NF levels and distribution, as ascertained by
Coomassie staining of NF-L in immunoprecipitates did not
change appreciably between 2 and 5 months of age (Fig.
2). These findings are in agreement with the previous
ultrastructural demonstration that the full complement of
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Fig. 1. NFs undergo an increase in C-terminal phosphorylation between 2 and 5 months of age. Panel A: Nitrocellulose replicas were immunostained with
R39, which visualizes al NFs regardless of phosphorylation state, and RT97, which recognizes a developmentally delayed NF-H C-termina
phospho-epitope; only the 200-kDa region is presented. The accompanying graphs present the distribution (expressed in arbitrary densitometric units) of
RT97- and R39-immunoreactive NF in optic axonal cytoskeletons at 2 and 5 months of age. Total 200 kDa NF-H undergoes a modest increase by 5
months of age, while RT97-immunoreactive NF-H undergoes a much larger increase. Panel B: Graphs compare the relative distribution of R39 and,
separately, RT97 at 2 and 5 months of age. Values were obtained by dividing the above arbitrary densitometric units obtained for each segment by the
value obtained for segment 1. Calculations were carried out separately for each experimental determination, and the data were then pooled to obtain mean
and standard deviations for each time point. Note the significant increase in RT97 immunoreactivity within the proximal region of axons. Panel C:
Comparison of the relative increases in R39 and RT97 immunoreactivity between 2 and 5 months (calculated by dividing densitometric values obtained for
pools of segments at 5 months by those obtained at 2 months), and the relative increase in RT97 immunoreactivity vs. R39 immunoreactivity (calculated
by dividing the above ratio for RT97 by that obtained for R39). Presentation in this manner highlights that, while both R39 and RT97 immunoreactivity
increase between 2 and 5 months, a pronounced increase in RT97 immunoreactivity occurs within proximal axons.

adult NFs are present by 2 months of age, and that NFs
undergo a proximo-distal increase [22,25]. However, an
increase in 200 kDa NF-H was detected between 2 and 5
months of age as visualized by immunoreactivity with the
polyclonal, phospho-independent anti-NF antibody R39
(Figs. 1 and 2). An even more marked increase in
immunoreactivity with an antibody (RT97) directed against
a developmentally-delayed NF-H C-terminal phospho-epi-
tope [1] was observed between 2 and 5 months of age (Fig.
1). NF-H bearing the RT97 epitope demonstrated an ap-

proximately 3-fold increase in RT97 immunoreactivity with
segment 1, 5-fold within segment 2, and approximately
2-fold increases in segments 3-7 (Fig. 1). These data
indicate that NFs underwent significantly more C-terminal
phosphorylation by 5 months of age vs. that present at 2
months of age. Comparison of the relative increases in
RT97 and R39 immunoreactivity demonstrated that the
most pronounced developmental increase was observed
within the most proximal axond region (i.e., the first few
axonal segments; Fig. 1).
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Fig. 2. Immunoprecipitation of NFs and autoradiographic analysis of NF
axonal transport. Panels present Coomassie blue-stained gels and resultant
autoradiographs of material immunoprecipitated by R39 from cytoskele-
tons of axonal segments of 2- and 5-month-old mice that were intravitre-
aly injected with *S-methionine radiolabel 3 days previously. The
migratory positions of fodrin, 200 kDa NF-H, 145 kDa NF-M, 70 kDa
NF-L and (in Coomassie-stained gels) antibody fragments derived from
immunoprecipitation are indicated. Note the similar levels of NFs at 2
and 5 months of age.

We next examined whether differences were observed
in NF axonal transport between 2 and 5 months of age. NF
axona transport was monitored at intervals by autoradio-
graphic analyses following intravitrea injection of ¥s
methionine radiolabel and immunoprecipitation of NF sub-
units. Consistent with previous studies [13,16,17,22,36,42],
transport of NF subunits into optic axons initiated within
hours after injection of radiolabel into both 2- and 5-
month-old mice, and the profile of radiolabeled subunits
broadened during continued transport at each age (Fig. 2).
NF transport rates were monitored by following the loca
tion of the peak and the front of the wave of radiolabeled
NF-L as described previously [2,10]. Both the peak and the
front of radiolabeled NF-L advanced more rapidly in 2
month-old mice vs. 5-month-old mice as revealed both by
visual inspection (Fig. 3) and by densitometric analyses of
autoradiographs (Fig. 4). At day 6 after injection, for
example, the front of radiolabeled NF subunits in 5-month-
old mice had traveled only into segment 7, while that of
2-month-old mice had reached segment 9 (Fig. 4). Al-
though groups of mice were harvested and NFs subjected
to radiography at 60 days following injection, this time
point was not included in densitometric analyses, since
visual inspection of autoradiographs demonstrated that the
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Fig. 3. Distribution of radiolabeled NF subunits along optic axons. Panels
present autoradiographic analyses of the distribution of radiolabeled NF-L
aong optic axons from 2- and 5-month-old mice harvested at intervals
following intravitreal injection of radiolabel as indicated. The accompany-
ing graphs present densitometric analysis of the distribution of radiola-
beled NF-L from 2- and 5-month-old mice harvested at the indicated
intervals following labeling; values for each segment are expressed as a
percent of the total radiolabeled subunits at each sampling interval. As
shown previously, newly-synthesized NF subunits enter axons within
hours and undergo continued transport along axons. Visual inspection of
autoradiographs, as well as densitometric analyses, reveals that NF
subunits undergo more rapid transport in optic axons from 2-month-old
mice as compared to 5-month-old mice.

peak of radiolabeled subunits had reached the axon termi-
na's before this time (Fig. 3).
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Fig. 4. Anaysis of NF transport in optic axons. Graphs present the
migration of the peak and front of the wave of radiolabeled NF-L in optic
axons from 2- and 5-month-old mice, expressed as the distance migrated
vs. post-injection interval calculated according to previous studies as
described in Section 2. The inset in the graph of the peak distribution
more clearly presents days 1 and 2 following radiolabeling. Data for the
peak is presented up to day 28 only, since by day 60 (the next time point
examined), the peak had traversed the axonal length. Similarly, data for
the front is presented only up to day 6, since 2-month-old mice had
reached the terminal axonal segment by this time. Comparison of migra-
tion of both the pesk and the front of the wave of radiolabeled NFs
reveals that NFs are transported more rapidly in 2- vs. 5-month-old mice.
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Fig. 5. Axona transport of fodrin does not decline between 2 and 5
months of age. Panels present autoradiographic analyses of fodrin and
NFs immunoprecipitated from optic axons of 2- and 5-month-old mice 6
days after injection of radiolabel. The accompanying graphs present
densitometric analyses of the distribution of these proteins expressed in
arbitrary densitometric units. Note that the relative distribution of fodrin
does not vary appreciably between 2 and 5 months of age, while that of
NF-L (derived from the identical samples) undergoes a significant slow-
ing in transport. The identity of fodrin was confirmed by immunoblot
analyses with an anti-fodrin antibody (not shown; see Refs. [13,40)).

These differential NF transport rates were not artifactu-
ally generated by any difference in incorporation of NFs
into the cytoskeleton, as no difference was observed in
total radiolabeled NFs recovered within cytoskeletons along

Table 1

the entire axonal length during these analyses. total
densitometric values of newly synthesized NFs was 276 +
60 (mean + S.E. of the mean; arbitrary densitometric units)
for mice a 2 months of age and 271 + 36 for mice at 5
months of age (p < 0.94; Student’s t-test, vaues calcu-
lated using 8 groups of 5-11 mice for each age). The
slowing observed for NF transport between 2 and 5 months
of age was not a reflection of an overall decline in slow
axonal transport, since fodrin exhibited an apparently iden-
tical transport rate at 2 and 5 months of age (Fig. 5).

Comparison of relative transport rates at within each
sampling interval (calculated by dividing the distance which
the peak has traveled during that interval by the number of
days in that interval; Table 1) demonstrated that, as ex-
pected, NF subunits in both 2-month-old and 5-month-old
pools of mice underwent progressive proximal—distal
slowing in transport rates along their respective axona
lengths [10,11,42]. While the front of the radiolabeled NF
wave undergoes overall transport more rapidly than does
the peak [17], a similar situation was observed for the front
of the wave at 2 vs. 5 months of transport (Table 1). In
addition, however, we noted that the transport rate of the
peak in 5-month-old mice maintained an average rate of
approximately 85% that of 2-month-old mice for the entire
axonal length (Table 1). That is, transport of NFs in
5-month-old mice at the first day examined, and within the
first segment of optic axons, was approximately 85% that
of 2-month-old mice, with no further decline in relative
transport rate between 2- and 5-month-old mice along the
entire axona length. Similarly, the front of the wave
transported at an average of approximately 88% slower in
5-month-old vs. 2-month-old mice; this developmental re-
duction was apparent in the first segment, and remained
essentially the same relative rate, for the entire axona
length (Table 1).

Comparétive distance traveled and axonal transport rates of 2-and 5-month-old mice

The migratory distance of the peak and front at each time point was derived as described previously (see Section 2). Rates presented for each interval were
calculated by dividing the distance traveled within a given interval by the number of days in that interval. Comparative rates of 5-month-old vs.
2-month-old mice were obtained by dividing rates for each interval at 5 months/rates at 2 months X 100. Vaues are presented up to day 28 for the peak
and day 6 for the front, since by the next respective time point examined in each case, the peak and front had exited the axon

Timepost  Peak values* Front values**
injection  pjstance (mm) Rate (mm/day) Rate, 5vs.2  Distance (mm) Rate (mm/day) Rate, 5 vs. 2
2months  Smonths  2months 5 months  Months (%) 2months  Smonths  2months 5 months  Months (%)
0.25 13 11 5.20 4.40 85 4 35 16 14 88
0.5 14 1.25 2.80 2.50 89 5 44 10 8.8 88
1 15 13 1.50 1.30 87 5.3 5 53 5 94
2 1.75 14 0.88 0.70 80 6 53 6 53 88
3 19 17 0.63 0.57 89 6.3 5.4 3.15 2.7 86
6 2.8 2.35 0.47 0.39 84 9 75 3 25 83
14 3.9 35 0.28 0.25 20

28 5.8 5 0.21 0.18 86
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4. Discussion

We describe herein a developmental decrease in NF
axonal transport within optic axons that is correlated with
an increase in a developmentally delayed, NF-H C-termi-
nal phospho-epitope. This modest decrease observed herein
would certainly be greater had we utilized a larger range of
mouse ages. However, we purposely selected a short de-
velopmental window in order to isolate as best as possible
NF C-term phosphorylation as a potentia regulatory influ-
ence on NF transport. In this regard, we were unable to
initiate these studies prior to the appearance of RT97, since
this epitope is prominent as early as 1 month of post-natal
development (not shown), yet optic axons have not com-
pleted their caliber increase before at least 1 month [30].
Instead, we initiated our studies at 2 months of age, well
after the time at which optic axons had aready attained
adult proportions, and chose a relatively close final point
(5 months) in efforts to preclude overall age-related effects
that may contribute to a reduction in transport velocity. As
described previoudly for mature peripheral nerves [42],
NFs in these mature optic axons underwent a progressive
slowing of transport velocity aong the length of axons.
This proximal—distal slowing was identical in both ages
examined, but was accompanied by an additional overall
decline in NF transport rate between 2 and 5 months of
age. The extent of this decline (approximately 15%) was
relatively modest in comparison to the developmental de-
clines observed in peripheral nerve [10,11]. However, even
during peripheral nerve development, the most dramatic
developmental decline occurred during the earlier stages
examined (e.g., 3—10 weeks of age), with a 6-fold decrease
in the rate of decline during occurring during the later
stages examined (10—20 weeks), despite an ongoing linear
increase in axonal caliber [10]. This latter observation
indicates that caliber increase alone cannot account fully
for the developmental decline in NF transport [42]. Obser-
vation of progressive slowing of NF axonal transport in
mature axons indeed eliminates the contribution of certain
developmental effects; however, in these latter studies, the
potential effects of phosphorylation were not directly mea-
sured [42].

The major factors which may influence NF axonal
transport include: (1) NF synthesis and incorporation into
the axonal cytoskeleton [11], (2) overall axona transport
rates [11], (3) increases in axona caliber [10,11], (4)
overal axonal NF levels [25], and (5) NF C-terminal
phosphorylation [2,19,25,42]. The results of this study
eliminate most of these possibilities as follows: (1) No
change was observed in levels of NFs incorporating into
the cytoskeleton; (2) no decline in overal dow axona
transport has occurred between 2 and 5 months of age,
since fodrin did not undergo a decline in transport rate
during this interval; (3) murine optic axons have under-
gone caliber expansion by 30 days of post-natal develop-
ment [30]; and, finally, (4) direct quantification of NFs in

ultrastructural analyses has reported that no increase in
NFs occurs beyond 2 months of age [30], which was
corroborated herein by electrophoretic analyses of total NF
protein. However, a major developmenta increase in C-
terminal NF-H phosphorylation, reflected by RT97 im-
munoreactivity, did occur between 2 and 5 months of age.
These findings collectively support the notion that C-termi-
nal NF-H phosphorylation regulates axonal transport.

Comparison of the initial rate of NF transport (i.e.,
within the first day) demonstrated that NF subunits in
5-month-old mice aready exhibited a transport rate ap-
proximately 85% of that of 2-month-old mice. Calculation
of transport rates along the axonal length in mm/day for
each time interval examined further revealed that 2- and
5-month-old mice essentially maintained that same relative
rates, that is, 5-month-old mice continued to undergo
transport at an average rate of 85% of that of 2-month-old
mice along the entire axonal length. These calculations
suggest that the factors influencing the difference in trans-
port rate between 2- and 5-month-old mice are encoun-
tered within the retina or within the most proximal region
of optic axons. While C-terminal NF phosphorylation initi-
ates within retinal ganglion neuronal perikarya [36], the
proximal region of optic axons has previously been noted
as the region in which NFs undergo a dramatic increase in
site-specific C-terminal NF-H phosphorylation, which is
reflected by an increase in the RT97 epitope [25]. This
regional increase in C-terminal phosphorylation has been
considered to play an important role in decreasing loca
NF transport [25]. Comparative immunoblot analyses
demonstrated that, during the time period examined herein,
RT97 underwent its most profound increase within the
proximal region of optic axons. One interpretation of the
findings of this study is that one or more C-terminal NF
phosphorylation events, which correlate with increased
RT97 immunoreactivity, have a negative impact on NF
axonal transport velocity. In support of this conclusion,
inhibition of phosphatase activities within optic axons
increases RT97 immunoreactivity within retina and proxi-
mal axons and slows transport [14]. Moreover, in recent
studies demonstrating that kinesin participates in NF trans-
port in optic axons, RT97-immunoreactive NFs were selec-
tively not associated with kinesin, suggesting that site-
specific C-terminal phosphorylation events may dissociate
NFs from their putative transport motor [43].

While increased NF phosphorylation in some studies
was correlated with decreased slow axona transport
[8,9,25], it was correlated with increased transport in others
[6,41]. These divergent results prompted the suggestion
that the relationship between NF phosphorylation and ax-
ona transport is likely to be complex, such that some
phosphorylation event(s) may foster association between
NFs [7,18,19,25,34,35], while other event(s) may regulate
the coupling of NFs with the transport motor [6]. However,
a role for NF-H phosphorylation in dissociation from a
motor complex and/or increased NF-NF association is
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consistent with the recent demonstration that NF transport
velocity is dightly but significantly faster in mice lacking
NF-H [45].
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