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Axonal transport of neurofilament (NFs) is considered to be regulated by
phosphorylation. While existing evidence for this hypothesis is compelling,
supportive studies have been largely restricted to correlative evidence and/or
experimental systems involving mutants. We tested this hypothesis in retinal
ganglion cells of normal mice in situ by comparing subunit transport with regional
phosphorylation state coupled with inhibition of phosphatases. NF subunits were
radiolabeled by intravitreal injection of35S-methionine. NF axonal transport was
monitored by following the location of the peak of radiolabeled subunits
immunoprecipitated from 93 1.1 mm segments of optic axons. An abrupt decline
transport rate was observed between days 1 and 6, which corresponded to
translocation of the peak of radiolabeled subunits from axonal segment 2 into
segment 3. Notably, this is far downstream from the only caliber increase of optic
axons at 150 µ from the retina. Immunoblot analysis demonstrated a unique
threefold increase between segments 2 and 3 in levels of a ‘‘late-appearing’’
C-terminal NF-H phospho-epitope (RT97). Intravitreal injection of the phospha-
tase inhibitor okadaic acid increased RT97 immunoreactivity within retinas and
proximal axons, and markedly decreased NF transport rate out of retinas and
proximal axons. These findings provide in situ experimental evidence for
regulation of NF transport by site-specific phosphorylation. Cell Motil. Cytoskel-
eton 42:230–240, 1999.r 1999 Wiley-Liss, Inc.
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INTRODUCTION

Neurofilaments (NFs) are among the most highly
phosphorylated proteins within axons. Distinct kinases
phosphorylate the N-terminal and C-terminal portions of
NFs [Julien and Mushynski, 1983; Pant et al., 1979;
Runge et al., 1981; Schekert and Lasek, 1982; Sihag and
Nixon, 1989, 1990, 1991] and, in doing so, are thought to
modulate aspects of NF assembly and interaction with
other cytoskeletal proteins. Like all constituents of the
axonal cytoskeleton, NFs are synthesized exclusively
within the neuronal perikaryon and are subsequently
delivered to the axon by a process referred to as axonal
transport [Okabe and Hirokawa, 1992; Nixon, 1993]. The
mode of NF axonal transport has not been determined,
but, like other aspects of NF behavior, is thought to be
regulated by phosphorylation [Lewis and Nixon, 1988;

deWaegh et al., 1992; Komiya et al., 1986; Nixon et al.,
1994].

Interpretation of the nature of NF axonal transport
during the later periods of their residence within axons
remains controversial [Glass and Griffin, 1994; Lasek et
al., 1992; Nixon and Logvinenko, 1986]. However,
studies thus far commonly describe an overall slowing of
the transport rate of NFs during their continued migration
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along the axon [Hoffman et al., 1985; Lasek et al., 1992;
Nixon and Logvinenko, 1986; Watson et al., 1989]. In
myelinated axons, NFs are a major determinant of axonal
caliber [deWaegh et al., 1992; Friede and Samorajski,
1970; Hoffman et al., 1984a,b, 1985; Lasek et al., 1983;
Nixon et al., 1992; Shea et al., 1992]. The progressive
slowing of NFs during transport has been considered to
provide for the developmental increase in axonal caliber
[Hoffman et al., 1985; Willard and Simon, 1983].

Compelling evidence has been presented that phos-
phorylation regulates axonal transport of NFs. However,
such evidence unfortunately remains largely correlative
[Hoffman et al., 1985; Nixon et al., 1994], and/or has
been derived from mutant [deWaegh et al., 1992; Watson
et al., 1993; Zhang et al., 1997] and cell culture models
[Shea et al., 1992]. It would therefore be of interest to
demonstrate, in a normal animal, that in situ alterations in
NF phosphorylation alter NF axonal transport. Moreover,
site-specific NF phosphorylation would also be likely to
regulate the association of NFs with their putative
transport motor system [e.g., Lasek et al., 1992, 1993; Nixon,
1993, 1998; Baas and Brown, 1997]. We present data,
obtained in normal mice, indicating that phosphorylation
indeed regulates NF axonal transport. Portions of this study
have been presented in abstract form [Jung et al., 1997].

MATERIALS AND METHODS

Injection of Radiolabel and Harvesting of Tissues

Murine retinal ganglion cells were radiolabeled in
situ by injection of 70 µCi35S-methionine in a total
volume of 0.2 µL via a pulled glass capillary pipette into
the vitreous of anesthetized mice as described [Nixon and
Logvinenko, 1986; Shea et al., 1997]. In some experi-
ments, 100 µM okadaic acid (OA) was included in the
injection buffer. While the final concentration of OA in
retinal ganglion cells and their axons is impossible to
determine, given an internal volume of 12–15 µL of the
eye, and making the generous allowance for only half of
this volume to be occupied by the lens, injection of 0.2 µL
of a 100 µM solution into the vitreous would result in
exposure of retinal ganglion cells to a final concentration
of 2.67–3.33 µM OA. The level of OA internalized by
retinal ganglion cells may be less. Mice were sacrificed
by cervical dislocation at intervals of 6 h to 60 days
following injection [Nixon and Logvinenko, 1986; Shea
et al., 1997]. Briefly, retinas were dissected away from the
rest of the eye and optic axons dissected into 93 1.1 mm
segments on a glass slide on dry ice. Retinas and
segments from five to 11 mice were pooled and homog-
enized in 1% Triton X-100 in 50 mM Tris (pH 6.9)
containing 2 mM EDTA, 1 mM PMSF and 50 µg/ml
leupeptin at 4°C by 50 strokes in a tight-fitting glass-
Teflon homogenizer. In some experiments, 100 µM OA

was included in the harvesting and homogenization
buffer. The Triton-insoluble cytoskeleton was sedimented
by centrifugation 15,000g for 15 min as described [Chiu
and Norton, 1982].

Gel Electrophoresis, Autoradiography
and Immunoblot Analyses

NF subunits were immunoprecipitated from cyto-
skeletons, and, in some experiments, from Triton-soluble
fractions first clarified of cytoskeletal residue by high-
speed centrifugation (100,00g,1 hr [Shea et al., 1997], by
standard methods using a polyclonal antibody (R39;
diluted 1:150) that quantitatively immunoprecipitates all
three NF subunits, a cocktail of anti-NF polyclonal
antisera (H3, M2, and L3; generated in this laboratory to
each NF subunit), followed by protein A-sepharose
(Sigma) as described [Shea et al., 1990, 1997]. Immuno-
precipitated material was subjected to SDS-gel electropho-
resis on linear 7% acrylamide gels. Gels were either
Coomassie-stained and dried to generate autoradio-
graphs, or separated proteins were transferred to nitrocel-
lulose. Nitrocellulose replicas were probed as described
[Shea et al., 1997] with R39 (diluted 1:1,000), the above
cocktail of anti-NF polyclonal antisera, monoclonal anti-
bodies directed against phosphorylated (SMI-31) or non-
phosphorylated (SMI-32) NF epitopes (Sternberger Mono-
clonals, Inc., Jarretsville, MD), a polyclonal antibody
(F34) directed against fodrin [Sihag et al., 1996], or a
monoclonal antibody (RT97; diluted 1:100) directed
against a developmentally delayed, C-terminal phospho-
epitope of NF-H [Anderton et al., 1982]. As in our
previous studies, pre-immune sera, commercially ob-
tained non-immune sera, or protein A-Sepharose alone
did not precipitate of NF polypeptides, and ommission of
primary antibodies in immunoblot analysis failed to
generate reactive species.

Densitometric Analyses and Calculation
of Transport Rates

Autoradiographs and nitrocellulose replicas were
digitized via a UMax scanner equipped with a transpar-
ency adaptor operated by a Macintosh Power PC. Densi-
tometric 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 previ-
ously [Cressman and Shea, 1995]. Since the NF triplet
co-migrated along optic axons, we subsequently present
densitometric data only for NF-L for simplicity only [e.g.,
Lasek et al., 1993]. Densitometric calculations using the
NF triplet yielded identical relative distributions (not
shown). The transport rate of NF subunits, expressed as
mm/day was determined for the ‘‘50th percentile’’ of
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radioactivity essentially as described previously [Hoff-
man et al., 1983] with some modifications (described in
detail in Results). The location of the 50th percentile,
herein referred to as the ‘‘peak,’’ at various times
following injection of radiolabel was operationally de-
fined as that segment into which$50% of radiolabeled
subunits had entered or traversed (e.g., Table I).

Total mean density (density per total area of immu-
noreactive band) was calculated for autoradiographs and
immunoblots. In some occasions (where indicated), inte-
grated mean density (density per area) is also presented
for immunoblots. To facilitate comparison of distribution
of radiolabeled subunits at different post-injection inter-
vals, total subunit radiolabeled recovered from the retina
and all axonal segments was defined as 100% for each
respective time interval. The relative amount of radiola-
bel in each segment was then expressed as a percentage of
the total at that interval. The distribution of fodrin was
quantified in an identical manner. For immunoblots, total
or integrated density is expressed as the fold increase
(mean6 standard error of the mean) obtained for each
axonal segment versus that obtained for the retina (ob-
tained by dividing axonal values by those obtained for
retinas). All such comparisons were performed for indi-
vidual autoradiographs and immunoblots, and resultant
respective values were then pooled. All tables and graphs
of densitometric analyses represent averages derived
from autoradiographs derived from at least two indepen-
dent experiments, and from nitrocellulose replicas of two
to five separate experiments, all of which were generated
from pools of five to 11 mice per sample in each
experiment. Multiple autoradiographs of differing expo-
sures were generated to insure linearity. Similarly, mul-
tiple protein loads, antibody concentrations, and intensity

levels during digitization were utilized in immunoblot
analyses to insure linearity.

RESULTS

Axonal transport of radiolabeled NF subunits was
monitored from 6 h to 60 days post-injection of35S-
methionine radiolabel by autoradiographic analyses of
NF subunits immunoprecipitated with a polyclonal anti-
body (R39) that immunoprecipitates all three NF subunits
regardless of phosphorylation state (Fig. 1; see also Jung
et al., 1998; Shea et al., 1997]. Consistent with previous
studies [e.g., Watson et al., 1989; Nixon and Logvinenko,
1986; Lasek et al., 1992, 1993; Jung et al., 1998],
transport of NF subunits into optic axons initiated within
hours after injection of radiolabel (Fig. 2), and the profile
of radiolabeled subunits broadened during continued
transport (Fig. 3).

Analysis of NF Transport Rate Along Optic Axons

We monitored the location of the ‘‘50th percentile’’
of radioactivity essentially as described previously [Hoff-
man et al., 1983]. The location of the 50th percentile,
herein referred to as the ‘‘peak,’’ was operationally
defined as that segment which$50% of radiolabeled
subunits had entered or traversed. The peak was recov-
ered within segment 1 by 6 h, segment 2 by 24 h, segment
3 by 6 days, segment 4 by 14 days, segment 5 by 28 days,
and segment 6 by 60 days post radiolabeling (Table I).

NF subunit transport was further analyzed by
calculating the theoretical ‘‘maximum transport rate’’ for
the peak. In these analyses, the peak of radiolabeled
subunits is assumed to have traversed most/all of the
segment in which it is recovered. We also calculated an
‘‘average transport rate,’’ where the peak is considered to
have traversed half of the segment in which it is
recovered [e.g., Hoffman et al., 1983]. For calculation of
maximum and average transport rates, the distances of
1.1 and 0.55 mm, respectfully, were therefore added to
the total distance of the 1.1 mm segments through which
the peak had migrated. Inherent in both of these calcula-
tions is the reasonable assumption that NF subunits have
traveled a finite length within that segment from which
the peak is recovered. However, since we were concerned
about any potential artifactual enhancement of apparent
transport rates, we also derived a ‘‘minimal transport
rate.’’ For calculation of this rate, no arbitrary distance
was applied for the segment in which the peak was
recovered, and the distance traversed was calculated
using only those segments which the peak had fully
traversed. As expected, minor differences exist among the
maximum, average and minimum transport rates based
on the use of different migratory distances (Fig. 4).
Nevertheless, they all demonstrate a dramatic slowing of
NF subunit transport rate during the interval from 6 h to

TABLE I. Percentage Distribution of Radiolabeled NF-L
in Optic Axons

Segment 6 h 12 h 24 h 48 h 72 h
6

days
14

days
28

days
60

days

retina 41% 15% 1% 1% 2% 2% 0% 0% 1%
op1 40% 54% 45% 43% 36% 17% 5% 5% 2%
op2 11% 22% 33% 31% 36% 25% 13% 9% 4%
op3 4% 6% 14% 18% 15%23% 21% 11% 8%
op4 1% 2% 4% 5% 6% 17%22% 14% 10%
op5 0% 1% 2% 2% 2% 10% 17%15% 16%
op6 0% 0% 0% 1% 1% 4% 10% 13%17%
op7 0% 0% 0% 0% 0% 1% 7% 12% 15%
op8 0% 0% 0% 0% 0% 1% 4% 12% 13%
op9 0% 0% 0% 0% 1% 0% 2% 10% 15%

Values represent densitometric analyses of the percentage of NF-L
within each segment, where the total radiolabel associated with NF-L
in all segments is defined as 100% for each sampling interval. The 50th
percentile, defined as that segment into which$50% of the total
radiolabeled NF-L has entered or traversed (see text), is presented in
boldface.
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60 days after radiolabel (Fig. 4). In addition to the overall
slowing observed along the entire post-injection interval,
analyses of subunit transport rate demonstrated a pro-
nounced additional slowing of transport rate between
days 3 and 6 after radiolabeling. The peak of radiolabeled
subunits entered segment 2 within 24 h and remained
there until 3 days after radiolabeling; the peak did not
transport into segment 3 until 6 days after labeling (Fig.
4). This regional decrease in subunit transport between
days 3 and 6 was further highlighted by calculating
transport rates between each segment at all time points
after radiolabeling. Subunits underwent an 87% decrease
in transport rate between 24 h and 6 days (a total interval
of 5 days) following radiolabeling, but only a 37%
decrease in transport rate between 6 an 14 days following
radiolabeling (an interval of 8 days; Table II). Impor-
tantly, while these sequential analyses and comparisons
are useful to highlight the differences in regional trans-
port rate, the same conclusion is apparent following
visual inspection of autoradiographs themselves (Fig. 2).

An Increase in NF Phosphorylation Is Spatially
Associated With the Regionalized Slowing
of Transport

The dramatic slowing of NF transport rate observed
herein occurred between segments 2 and 3 (Figs. 2, 3;

Table I, II). Since phosphorylation is considered to
decrease NF transport rate (above), we examined whether
any differences in relative phosphorylation state of NFs
could be detected in this region. Densitometric analyses
of total NF immunoreactivity in immunoblot analysis
using the phospho-independent polyclonal antibody R39
demonstrated an overall proximal-distal increase in total
NF immunoreactivity (Fig. 5) as previously described
following direct ultrastructural quantitation of NFs [e.g.,
Nixon and Logvinenko, 1986]. Similar analyses with the
relatively restrictive, C-terminal, phospho-dependent
monoclonal antibody RT97 also demonstrated an overall
proximal-distal increase in NFs phosphorylated at this
epitope (Fig. 5). We next compared the integrated immu-
noreactive densities of R39 and RT97—i.e., intensity per
area of the band rather than intensity of total band.
Comparison of integrated immunoreactive densities dem-
onstrated two significant regional increases in RT97
immunoreactivity in comparison to that of the retina—
one at the initial segment of the axon (which corresponds
to the previous demonstration of the onset of NF phosphor-
ylation and the sole increase in axonal caliber; e.g., Nixon
et al. [1994] ), and the second between segments 2 and 3
(Fig. 5). No further significant increase in RT97 inte-
grated density was observed along the length of the axon
(Fig. 5). Increased RT97 immunoreactivity over and

Fig. 1. Characterization of anti-NF polyclonal antibody R39. Panels
present nitrocellulose replicas of homogenates of optic axon cytoskel-
etons and autoradiographs of material immunoprecipitated by R39
from optic axon cytoskeletons 7 days after radiolabeling. As described
previously [e.g., Shea et al., 1997], R39 specifically recognizes the NF
triplet and fodrin in immunoblot analyses, as demonstrated by compara-
tive probing of nitrocellulose replicas of optic axons with R39,

polyclonal antisera directed against individual NF subunits (H3, M2
and L3), monoclonal antibodies directed against phosphoepitopes of
NFs (SMI-31, RT97), and a polyclonal antibody (F34) directed against
fodrin, as indicated. Autoradiographs of material immunoprecipitated
from radiolabeled cytoskeletons and post-immunoprecipitated material
demonstrate that R39 quantitatively immunoprecipitates all three NF
subunits and fodrin.
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Fig. 2. Autoradiographic analysis of NF axonal transport. Panels
present autoradiographs of material immunoprecipitated by R39 from
cytoskeletons of retinas (R) and axonal segments (1–9) from 12 h to 60
days post-injection of radiolabel. The migratory positions of 200 kDa

NF-H, 145 kDa NF-M, 70 kDa NF-L and fodrin (f) are indicated.
Radiolabeled subunits enter axons within hours after radiolabeling and
undergo continued transport along axons.
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above the increase in total 200 kDa immunoreactivity
indicates the presence of more of this phospho-epitope
per subunit. These analyses indicate that NFs undergo a
dramatic increase in site-specific NF-H C-terminal phos-
phorylation at segment 3. The spatial correlation of this
increase in phosphorylation with the observed dramatic
slowing of transport rate of radiolabeled NFs leaves open
the possibility that NF transport is selectively slowed
within this region as a consequence of site-specific
phosphorylation.

Inhibition of Phosphatase Activities Increases NF
Phosphorylation and Induces Premature
Slowing of NF Axonal Transport

We further probed this possibility by in situ inhibi-
tion of phosphatase activities. This was accomplished by
intravitreal injection of OA, previously shown to influ-
ence NF phosphorylation in culture [Sacher et al., 1992;
Shea et al., 1993]. Immunoblot analyses of retinas and
optic axons harvested 7 days after OA injection demon-
strated a marked increased in RT97 immunoreactivity
within retinas and proximal axonal segments (Fig. 6).
This effect resulted from in situ inhibition of phosphatase
activities rather than artifactual prevention of NF dephos-
phorylation during isolation, since inclusion of 100 µM
OA in the buffer during harvest of uninjected samples did
not increase RT97 immunoreactivity (Fig. 6).

In situ inhibition of phosphatase activities by OA
injection also inhibited NF axonal transport (Fig. 7). Prior

studies have demonstrated that OA inhibits NF assembly
in cultured neurons [Sacher et al., 1992], but does not
reduce axonal NFs [Shea et al., 1992]. However, analysis
of Triton-soluble fractions confirmed that this was not
due to inhibition of NF assembly or incorporation into the
cytoskeleton, nor to alterations in steady-state NF levels
within cytoskeletons (Fig. 7). Moreover, densitometric
analyses revealed that similar levels of radiolabeled NF
subunits were present within retinal cytoskeletons (con-
firming their assembly) in the presence and absence of
OA at day 1, yet twice as much radiolabeled NF subunits

Fig. 3. Distribution of radiolabeled NF subunits. Distribution of
radiolabeled NF-L among cytoskeletons from retinas and axonal
segments expressed as the percentage of radiolabeled NF-L immunopre-
cipitated from retinas and each axonal segment, with the total
immunoprecipitated NF-L defined as 100% for each time point. As
described in previous studies (see text), the peak of transported
subunits broadens during continued transport.

Fig. 4. Regional slowing of the transport rate of NFs in optic axon
cytoskeletons. Panels present the maximal, average and minimum
transport rate (expressed in mm/day) of the peak (50th percentile) of
cytoskeletal radioactive NF-L from 12 h to 60 days calculated as
described in Materials and Methods. As described previously (see text),
the transport rate of NFs undergo a progressive slowing during
continued transport. In addition, a major inflection in the curve of
transport rate was noted between days 3 and 6 (arrows), indicating an
additional, localized slowing in transport rate.
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were retained within OA-treated vs. control retinas at day
6 (indicating impaired translocation out of retinas; Table
III). Notably, even if NF assembly and incorporation had
been significantly impaired, which they are not, altered
distribution of radiolabeled NFs along axons, as seen in
Figure 7, would nevertheless indicate that OA impairs
axonal transport. Analysis of non-immunoprecipitated
homogenates, and of co-precipitated fodrin indicated that
this effect was not due to overall inhibition of axonal
transport (Fig. 7; Table IV). Premature slowing of NF
subunit transport, coupled with increased proximal NF
phosphorylation, suggests that a regional increase in
phosphorylation is responsible for the dramatic decrease
in NF transport rate observed under normal conditions
between segments 2 and 3.

DISCUSSION

We have analyzed the early events in axonal
transport of radiolabeled NF subunits in murine optic
axonsin situ.Our studies have provided both correlative
and experimental evidence that phosphorylation events
regulate NF axonal transport. Despite that the majority of
NF-H subunits entering optic axons have incorporated
sufficient phosphate groups to migrate at 200 kDa on SDS
gels, the increase in reactivity with the phospho-
dependent antibody RT97 at segment 3 reflects ongoing
phosphorylation during axonal transport [see also Komiya
et al., 1986; Nixon et al., 1987]. Increased proximal NF
phosphorylation at this epitope following intravitreal
injection of a phosphatase inhibitor implies that the
kinases necessary to mediate this phosphorylation are
present and active within retina and proximal regions, but
that phosphatase activities normally preclude accumula-
tion of this epitope. This interpretation augments the
recent clinical demonstration for increased kinase activity

in the pathogenesis of Amyotrophic lateral sclerosis
[Lanius et al., 1995] and the experimental demonstration
that kinase activation can induce similar inclusions in
cultured motor neurons [Dorodchi and Durham, 1996].
Alternatively, or in addition, the normal relatively fast
transport rate of subunits out of the retina and along the
proximal 2 axonal segments may preclude significant
phosphorylation at the RT97 epitope in these regions.
This latter possibility is consistent with previous consider-
ations that the extent of NF-H phosphorylation with
perikarya is a function of residence time [Black and Lee,
1988; Koliastos et al., 1989; Shea et al., 1990].

Importantly, the overall behavior of NF subunits in
our hands does not differ appreciably from previous
reports in murine optic axons. We observed a similar
broadening of the peak of radiolabeled subunits during
continued transport, and similar overall peak transport
rates from 3 to 60 days as reported in previous studies in
this system [Lasek et al., 1992; Nixon and Logvinenko,
1986]. These and other [Watson et al., 1989] studies have
also noted that subunits underwent initial rapid transport
within axons. However, since these previous studies were
oriented towards analysis of events occurring during
relatively later intervals in subunit transport, early time
points were not extensively analyzed. Our comparison of
segment-to-segment transport rates during early NF axo-
nal transport, coupled with analysis and manipulation of
NF steady-state phosphorylation state within proximal
axonal segments, has provided novel insight into the role
of phosphorylation in NF axonal transportin situ.

The increase in axonal caliber at the laminar
cribrosa has been reported to decrease NF axonal trans-
port rate [Griffin et al., 1978, 1983; Hoffman et al., 1985].
However, this increase occurs within the first 150 µ of the
axon, and the axonal caliber does not undergo any further
increase along the entire axonal length [Nixon and

TABLE II. Translocation of the Peak of Radiolabeled Subunits From Segment
to Segment Along Optic Axons

Interval after
injection of
radiolabel

Location
of peaka

at start of
interval

Location
of peak
at end of
interval

Minimal
distance
traveled
during

intervalb

Transport rate
(mm/day)
of peak
during
interval

Percent
decline vs.
previousc

interval

Average
decline/dayd

during
interval

1 day Retina segment 2 1.1 mm 1.1 — —
1–6 days segment 2 segment 3 1.1 mm 0.22 87% 17%
6–14 days segment 3 segment 4 1.1 mm 0.14 37% 4.7%

14–28 days segment 4 segment 5 1.1 mm 0.08 42% 3%
28–60 days segment 5 segment 6 1.1 mm 0.03 63% 2%

aDefined as that segment into which$50% of radiolabeled subunits had entered or traversed (see Table I).
bIncludes no arbitrary distance for the segment in which the peak was recovered.
cCalculated by dividing the rate of the current interval by that of the previous interval.
dCalculated by dividing the decline during each interval by the total days in that interval.
These analyses demonstrate that, while NF subunits undergo a progressive slowing, the most pronounced slowing
within axons is observed at the transition between segments 2 and 3.
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Logvinenko, 1986; Nixon et al., 1994]. Accordingly, the
caliber increase within the initial segment is likely to
foster slowing of NF transport rate as subunits initiate
axonal transport. However, it is unlikely to be able to
contribute to additional downstream changes in NF
transport rate between segments 2 and 3 (i.e., over 2 mm
downstream of the caliber increase).

NFs undergo axonal transport over a broad range of
rates, which has been interpreted to reflect differential
association and dissociation of individual NFs with a
putative transport motor. That is, the fastest moving NFs
would represent those spending relatively more time in
association with the motor, while the slowest moving NFs
represent those that have dissociated from the motor for
relatively longer periods [Lasek et al., 1992, 1993; Nixon,
1993; Baas and Brown, 1997]. The gradual increase in
NFs along optic axons ([Nixon and Logvinenko, 1986;
Nixon et al., 1992] and shown herein immunologically)
could be accomplished by gradual dissociation of NFs
from this transport system. Differential association of
subunits with a transport motor, and the inverse correla-
tion of this association with extensive C-terminal NF-H
phosphorylation, provides a mechanism for the persis-
tence of a portion of radiolabeled subunits along the axon
substantially after the majority of subunits have exited the
axon [Lasek et al., 1992, 1993; Nixon and Logvinenko,
1986]. Our observation that hypophosphorylated subunits
underwent transport at more rapid rates, and were not
affected byin situ phosphatase inhibition to the same
degree as were extensively phosphorylated subunits,
suggests that multiple phosphorylation events are re-
quired to dissociate NFs from the transport mechanism.
This conclusion is supported by the more rapid axonal
transport of less phosphorylated variants along optic
axons observed herein and in a previous study [Lewis and
Nixon, 1988]. In addition, while increased NF phosphor-
ylation in some studies decreased slow axonal transport
[Lewis and Nixon, 1988; Griffin and Watson, 1988], NF
phosphorylation instead increased transport in studies in
the Trembler mutant mouse [deWaegh et al., 1992]. These
divergent results prompted the suggestion that the relation-
ship between NF phosphorylation and axonal transport is
likely to be complex; some phosphorylation event(s) may

Fig. 5. Regional increase in site-specific NF phosphorylation in
proximal optic axons. Panels present nitrocellulose replicas of cytoskel-
etons from retinas and optic axon segments probed with R39 and RT97
as indicated. The accompanying graphs present the fold increase
(calculated for each segment with respect to retinal values) in the total
density and integrated density for 200 kDa NF-H for each antibody.
Consistent with previous studies (see text), visual inspection and
densitometric analyses of replicas reflected a proximal-distal increase
in total NF content and an accompanying increase in the RT97
phospho-epitope of NF-H. By contrast, comparison of integrated
(mean intensity per area) R39 and RT97 immunoreactive densities
demonstrated two significant regional increases in RT97 immunoreac-
tivity—one at the initial segment of the axon in comparison to that of
the retina, and the second between segments 2 and 3, with no further
significant increase in RT97 phosphorylation along the length of the
axon; no such increases were noted for R39. These analyses indicate
that NFs undergo a significant increase in site-specific phosphorylation
at segment 3 beyond the increase in total NFs.

Fig. 6. Inhibition of phosphatase activities increases NF phosphoryla-
tion in situ. Panels present nitrocellulose replicas probed with RT97 of
cytoskeletons of retinas and segments 1–5 of optic axons 6 days
following injection of OA or solvent (control). Note that OA markedly
increased RT97 immunoreactivity within retinas and segments 1 and 2.
Inclusion of 100 µM OA during homogenization (‘‘OA in buffer’’) of
uninjected retinas and optic axons did not increase RT97.
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Fig. 7. Phosphatase inhibition slows axonal transport of NFs in optic
axons. Panels present autoradiographs of immunoprecipitates from
Triton-insoluble cytoskeletons, Triton-soluble fractions, and non-
precipitated homogenates from retinas (R) and the first five segments of
optic axons 1 and 6 days after intravitreal injection of 100 µM OA or
solvent (control) along with radiolabel. Accompanying graphs present
densitometric analyses of the distribution of NF-L in immunoprecipi-
tates from cytoskeletons or of slices of the total lanes of homogenates.
Note that OA delayed NF transport, but did not exert a similar effect on
the total profile of radiolabeled proteins in optic axons. Note that OA
did not induce accumulation of either newly synthesized subunits or

total subunits within Triton-soluble fractions, indicating that the
inhibition of NF transport in the presence of OA is not artifactually
derived from inhibition of NF assembly; this is further supported by the
observation of similar levels of radiolabeled NF subunits within retinal
cytoskeletons, which by definition confirms that they have undergone
assembly and incorporation into Triton-insoluble structures. The rela-
tively large amount of 200 kDa NF-H that remains within Triton-
soluble retinal fractions as immunoprecipitated by R39 has been
described previously [Shea et al., 1997]; note that similar levels of this
isoform are present within both OA-treated and untreated retinas.



foster association between NFs, while other event(s) may
regulate the coupling of NFs with their putative transport
motor [deWaegh et al., 1992; for review, see Pant and
Veeranna, 1995]. Our findings are fully consistent with
this interpretation. Moreover, our data do not exclude that
possibility that regionalized phosphorylation of one or
more intermediate ‘‘carrier’’ proteins is responsible for
dissociating NFs from the transport complex and there-
fore decreasing NF transport. We stress, in this regard,
that RT97 immunoreactivity only provides an index of
increased C-terminal NF-H phosphorylation and confor-
mational alteration of aspects of the C-terminal region of
NF-H [for review, see Nixon, 1993, and refs. therein]. It
cannot be extrapolated that phosphorylation at the epitope
that confers RT97 immunoreactivity represents the same
phosphorylation event responsible for dissociating NFs
from the putative transport system. In this regard, how-
ever, one phosphatase targeted by OA is PP2a, the
phosphatase responsible for dephosphorylating C-termi-
nal NF-H regions phosphorylated by the neurofilament

kinase cdk5 [Pant et al., 1997; Veeranna et al., 1995].
These findings leave open the possibility that cdk5-
mediated phosphorylation of NF-H sidearms regulates
dissociation of NFs from the transport mechanism.

In the present study, detailed analyses of the early
stages of NF axonal transport has provided novel correla-
tive and experimental evidence that phosphorylation
regulates NF transportin situ. Complete analysis of
responsible transport systems, kinases/phosphatases, and
further studies of site-specific C-terminal NF phosphory-
lation will provide further insight into the nature and
extent of this regulation.
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