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Neurofilaments Switch between Distinct Mobile and
Stationary States during Their Transport along Axons
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We have developed a novel pulse-escape fluorescence photoactivation technique to investigate the long-term pausing behavior of axonal
neurofilaments. Cultured sympathetic neurons expressing a photoactivatable green fluorescent neurofilament fusion protein were illuminated with violet light in a short segment of axon to create a pulse of fluorescent neurofilaments. Neurofilaments departed from the
photoactivated regions at rapid velocities, but the overall loss of fluorescence was slow because many of the neurofilaments paused for
long periods of time before moving. The frequency of neurofilament departure was more rapid initially and slower at later times, resulting
in biphasic decay kinetics. By computational simulation of the kinetics, we show that the neurofilaments switched between two distinct
states: a mobile state characterized by intermittent movements and short pauses (average ⫽ 30 s) and a stationary state characterized by
remarkably long pauses (average ⫽ 60 min). On average, the neurofilaments spent 92% of their time in the stationary state. Combining
short and long pauses, they paused for 97% of the time, resulting in an average transport rate of 0.5 mm/d. We speculate that the relative
proportion of the time that neurofilaments spend in the stationary state may be a principal determinant of their transport rate and
distribution along axons, and a potential target of mechanisms that lead to abnormal neurofilament accumulations in disease.
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Introduction
Long-term tracking of neurofilament protein transport in vivo on
a time scale of days or weeks using radioisotopic pulse labeling
has demonstrated that neurofilaments move slowly along axons
in an anterograde direction at average rates of ⬃0.1–3 mm/d (i.e.,
0.001– 0.03 m/s) (Nixon, 1991; Lasek et al., 1992). In contrast,
short-term tracking of single neurofilaments in cultured neurons
on a time scale of seconds or minutes using live-cell fluorescence
imaging has demonstrated that these cytoskeletal polymers actually move at fast rates, which average ⬃0.4 – 0.6 m/s, and that
their movements are both bidirectional and intermittent (Roy et
al., 2000; Wang et al., 2000; Wang and Brown, 2001; Ackerley et
al., 2003; Uchida and Brown, 2004). To reconcile these observations, we have proposed that neurofilaments move rapidly in vivo
and that their overall velocity is slow because they spend most of
the time pausing (Brown, 2000, 2003b). We refer to this as the
“stop-and-go” hypothesis.
To investigate whether the stop-and-go hypothesis can explain the kinetics of slow axonal transport in vivo, we used computational modeling to simulate the movement of neurofilaments in a radioisotopic pulse-labeling experiment (Brown et al.,
2005; Craciun et al., 2005). The kinetic parameters of the model
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were based on our detailed measurements of the short-term moving and pausing behavior of neurofilaments tagged with green
fluorescent protein (GFP) moving through photobleached gaps
in the axonal neurofilament array of cultured neurons (Wang
and Brown, 2001). Using this approach, we were not able to
match the in vivo pulse-labeling kinetics; the pulse of radiolabeled
neurofilaments moved too rapidly and did not spread enough
(Brown et al., 2005). To match the shape, velocity, and spreading
of a pulse of radiolabeled neurofilaments in vivo, we had to assume that neurofilaments can enter a second state in which they
pause for much longer periods of time. Thus, we proposed that
neurofilaments switch between distinct mobile and stationary
states, which we termed on track and off track, respectively. According to this hypothesis, neurofilaments in the on-track state
move along microtubule tracks, alternating between short bouts
of rapid movement and short pauses, which correspond to the
movements and pauses observed in our live-cell imaging studies.
In contrast, neurofilaments in the off-track state are temporarily
disengaged from their microtubule tracks and pause for long
periods of time without movement (Brown et al., 2005; Craciun
et al., 2005). Thus our short-term observations on moving neurofilaments in axons may have underestimated their true pausing
behavior.
To test this hypothesis, we have developed a novel pulseescape fluorescence photoactivation technique for observing
neurofilament transport. This technique has enabled us to investigate the long-term pausing behavior of neurofilaments in cultured neurons. Our analysis of the pulse-escape kinetics confirms
the existence of distinct mobile and stationary states. By computational simulation of the experimental data, we show that the
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neurofilaments spend ⬃92% of their time in the stationary state,
pausing on average for 60 min. Thus, the motile behavior of
neurofilaments is dominated by remarkably long pauses, and this
explains why the overall rate of neurofilament transport is so
slow.

Materials and Methods
Plasmid constructs. Rat neurofilament protein M (NFM) cDNA was excised from the pEGFP–NFM construct of Wang et al. (2000) using
BamHI and KpnI and then subcloned into the corresponding sites of the
pPA-GFP-C1 vector of Patterson and Lippincott-Schwartz (2002). The
resulting pPA-GFP–NFM fusion construct encoded photoactivatable
GFP (PA-GFP), which is the V163A/T203H variant of a codonoptimized wild-type GFP, connected to the N terminus of rat NFM by a
25 aa linker. The pDsRed2-C1 vector was purchased from Clontech
(Mountain View, CA). The pNFL vector was constructed by cloning
mouse neurofilament protein L (NFL) cDNA (GenBank accession number DQ201635) into the pEGFP-C1 vector purchased from Clontech and
then excising the GFP portion. All constructs were verified by DNA
sequencing.
Culture and transfection of neurons. Superior cervical ganglia (SCGs)
were dissected from 2- to 3-d-old Sprague Dawley rats (Harlan, Indianapolis, IN) and dissociated as described previously (Brown, 2003a).
Suspensions of cells from 7–10 ganglia were centrifuged at 100 ⫻ g for 5
min at room temperature and resuspended in 100 l of mouse neuron
nucleofection solution (Amaxa Biosystems, Gaithersburg, MD). The
cells were cotransfected with 5 g of pPA-GFP–NFM and 5 g of
pDsRed2-C1 by electroporation using program G-13 of an Amaxa
Nucleofector (Amaxa Biosystems) and then diluted 1:5 with Leibovitz’s
L15 medium (Invitrogen, Carlsbad, CA) containing 0.5 mg/ml BSA
(“plating medium”). After recovery at 37°C for 10 min, the cells were
plated at a density of 0.2 dissociated ganglia per coverslip onto 40 mm
round number (No.) 1.5 glass coverslips (Bioptechs, Butler, PA) that had
been coated with poly-D-lysine and laminin as described previously
(Brown, 2003a). After allowing the cells to attach for 2 h at 37°C, the
plating medium was replaced with Leibovitz’s L15 medium supplemented with 0.6% (w/v) D-glucose, 2 mM L-glutamine, 100 ng/ml 2.5S
nerve growth factor (BD Biosciences, Bedford, MA), 10% (v/v) adult rat
serum (Harlan), and 0.5% hydroxypropyl methylcellulose (Methocel;
Dow Corning, Midland, MI). The cells were maintained in this medium
at 37°C.
Culture and transfection of SW13 vim⫺ cells. SW13 vimentin-deficient
(vim⫺) cells (Sarria et al., 1990) were grown on uncoated No. 1.5 glass
coverslips in DMEM/F12 medium (Gibco Cell Culture Products; Invitrogen), supplemented with 10 g/ml gentamycin and 5% (v/v) fetal
calf serum, at 37°C in 5% CO2. For live-cell imaging, we used 40 mm
round coverslips (Bioptechs), and for immunostaining, we used 22 ⫻ 22
mm square coverslips. Once cells reached ⬃50% confluence, they were
transfected using Lipofectamine 2000 (Invitrogen) with 2 g of total
DNA in serum-free DMEM/F12 medium (Invitrogen).
Imaging and photoactivation. For live-cell imaging, the coverslips were
mounted in Hibernate-E low-fluorescence medium (Brain Bits, Springfield, IL) supplemented with 2% (v/v) B27 supplement (Invitrogen), 100
ng/ml 2.5S nerve growth factor, 2 mM L-glutamine, 0.4% (w/v) D-glucose,
and 37.5 mM NaCl (“observation medium”) in a Bioptechs FCS2 closedbath imaging chamber maintained at 37°C. The objective was maintained at 37°C using a Bioptechs objective heater. In some experiments, 2
mM sodium iodoacetate (Sigma-Aldrich, St. Louis, MO) and 5 M carbonyl cyanide m-chlorophenylhydrazone (CCCP; Sigma-Aldrich) were
also added to the observation medium. For these experiments, we allowed 30 – 60 min for the drugs to act before beginning our time-lapse
imaging. All imaging was performed using a Nikon (Garden City, NY)
TE2000 inverted microscope, with a standard 100 W mercury lamp
source and a 100⫻ Plan Apo VC 1.40 numerical aperture oil-immersion
objective (Nikon). Images were acquired with a CoolSnap HQ cooled
CCD camera (Roper Scientific, Trenton, NJ) and MetaMorph software
(Universal Imaging, Downingtown, PA). DsRed was observed with green
excitation using a tetramethylrhodamine isothiocyanate/DiI filter cube
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(model 41002b; Chroma Technology, Brattleboro, VT). Activated PAGFP–NFM was observed with blue excitation using an FITC/EGFP filter
cube (model 41001; Chroma Technology). To minimize photobleaching,
the exciting light from the mercury arc lamp was attenuated 32-fold
(⬃3% light transmission) with neutral density filters. PA-GFP–NFM was
activated with violet light using a violet filter cube (model 11005v2;
Chroma Technology). To maximize the intensity of the exciting light for
photoactivation, the neutral density filters were removed from the light
path and then replaced before subsequent imaging. The camera was exposed during photoactivation, and the resulting image was used to define
the location of the activated region in our subsequent analyses. These
procedures were followed throughout this study.
Characterization of PA-GFP–NFM in SW13 vim⫺ cells. To characterize
PA-GFP–NFM assembly, SW13 vim⫺ cells were transfected with pPAGFP–NFM and pNFL. One day later, the cells were fixed using 4% (w/v)
paraformaldehyde in PBS, stripped of their membranes using 0.25%
(v/v) Triton X-100 in PBS, and then blocked using normal donkey serum
(Jackson ImmunoResearch, West Grove, PA). NFL and PA-GFP–NFM
were visualized by immunostaining using primary antibodies against
NFL (rabbit polyclonal antibody NFLAS; 1:300 dilution; a gift from Dr.
Virginia Lee, University of Pennsylvania, Philadelphia, PA) and NFM
(mouse monoclonal antibody RMO270; 1:100 dilution; Zymed, South
San Francisco, CA). The secondary antibodies were lissamine rhodamine
sulfonyl chloride-conjugated donkey anti-rabbit IgG (diluted 1:100;
Jackson ImmunoResearch) and Alexa 488-conjugated donkey antimouse IgG (diluted 1:200; Invitrogen). Coverslips were mounted onto
slides using ProLong Antifade reagent (Invitrogen). To determine the
optimal exposure time for PA-GFP–NFM activation, SW13 vim⫺ cells
were transfected with pPA-GFP–NFM, pNFL, and pDsRed2-C1. One
day later, healthy well spread DsRed-positive cells were selected, and an
image of the PA-GFP–NFM fluorescence was acquired to record the level
of fluorescence before activation. The PA-GFP–NFM was then activated
in a cumulative manner by successive 200 ms exposures to violet light.
After each 200 ms exposure, an image of the PA-GFP–NFM fluorescence
was acquired to visualize the level of activation.
Pulse-escape experiments. Pulse-escape experiments were performed
on SCG cultures between 3 and 5 d after plating. Healthy DsRed-positive
cells with long, smooth axons were selected, and the region to be activated was positioned in the center of the field of view. An image of the
DsRed fluorescence was acquired to record the location and morphology
of the axon, and an image of the PA-GFP–NFM fluorescence was acquired to establish the level of fluorescence before activation. For activation, a field-limiting diaphragm in a conjugate focal plane of the epifluorescence illumination light path was closed down to restrict the region
of illumination to a circular area in the center of the field of view, thereby
exposing only a short segment of the axon of interest. The activation was
checked by opening the diaphragm and then taking an image of the
PA-GFP–NFM fluorescence. If satisfactory, the activated region was observed by taking additional images of the PA-GFP–NFM fluorescence at
5 s, 40 s, or 5 min time intervals for a maximum of 25 frames. For movies
using either 40 s or 5 min intervals, the focus was checked using the
DsRed fluorescence and the “show live” function in MetaMorph before
acquiring each frame to compensate for any focus drift. The health and
integrity of the axons was monitored between image acquisitions using
differential interference contrast and the DsRed fluorescence. Any stage
drift that occurred during the movie was corrected for by shifting successive images relative to each other in the X and Y dimensions using the
“align stack” function in the MetaMorph software. Movies in which the
axons were observed to move laterally or change significantly in shape
were excluded from our analyses.
Quantitative analysis. For each axon, a rectangular region was drawn
around the activated region in the photoactivation image, extending four
to six pixels on either side of the central axis of the axon to include all of
the axonal fluorescence. To calculate the background fluorescence, two
adjacent rectangular regions were drawn on either side of this axonal
region, each four pixels wide. The fluorescence intensity was measured
for each region, and then the axonal fluorescence was corrected for background by subtracting the average background pixel intensity from the
average pixel intensity in the axon, and this was repeated for each image
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in the time-lapse series. In addition, we found that we also had to account
for excitation of DsRed on the PA-GFP channel. This is attributable to
the broad excitation spectrum of DsRed, and it explains the faint basal
level of diffuse green fluorescence observed throughout these axons before activation (see Fig. 1C) and outside of the activated regions in our
movies (see Figs. 2, 3). To correct for this, we calculated a backgroundcorrected preactivation fluorescence intensity on the PA-GFP channel,
and then we subtracted this intensity from the background-corrected
intensities for the axon in each frame of the time-lapse series. After this
correction for DsRed excitation cross talk, the length of the activated
region was measured along the axis of the axon, and the corrected fluorescence intensities were expressed in analog-to-digital units per micrometer of axon (ADU/m). In a few cases, a fluorescent filament moved
out of the activated region before the capture of the first image in the
series. When this occurred, we always knew that it had, because the time
between activation and acquisition of the first image was not sufficient
for even the fastest neurofilament to exit the field of view. To correct for
these early departures, we measured the fluorescence intensity of the
escaped filament as described above and then added it back to the corrected fluorescence intensity of the activated region, thereby providing us
with the true intensity of the activated region at time 0. For images that
were visibly out of focus, we estimated the fluorescence intensity for that
time interval by linear interpolation between the adjacent time intervals
in the series. If the first or last image in the series was out of focus, the
series was discarded. Fluorescence intensities in SW13 cells were quantified in a similar manner, except that the measurement regions were
polygonal in shape and were drawn to trace the outline the entire cell, and
the background regions were four to six pixels wide and were drawn to
encircle the cell.
Computational modeling. The movement of photoactivated fluorescent neurofilaments in the pulse-escape experiments was simulated using
the computational model described by Brown et al. (2005). The neurofilaments were treated as a uniform population aligned parallel to the
long axis of the axon in a continuous overlapping array. Neurofilament
length was assumed to be 4.5 m, based on our published measurements
of neurofilaments moving through photobleached gaps (Wang and
Brown, 2001), and the neurofilaments were considered to move in either
an anterograde or retrograde direction. The frequency of reversals was
given by the rate constants kar (rate of switching from anterograde to
retrograde) and kra (rate of switching from retrograde to anterograde).
We also defined an overall reversal rate constant, krev, where krev ⫽ kar ⫹
kra. To explain the moving and pausing behavior of neurofilaments, we
assumed that both anterogradely and retrogradely moving neurofilaments can engage with their tracks and exhibit bouts of rapid movement
interrupted by brief pauses or disengage from their tracks and pause for
more prolonged periods. We refer to these mobile and stationary states as
on track and off track, respectively. The rates of switching on and off
track were described by the rate constants kon and koff, respectively. The
simulations were all performed using a fixed 4.73 s time interval (Brown
et al., 2005), so we express the rate constants as events per time interval
rather than per second throughout this manuscript. Neurofilaments that
were on track were considered to move and pause according to a matrix
of transition probabilities extracted from our published experimental
data (Brown et al., 2005). The overall reversal frequency krev was estimated to be 0.001, based on our published experimental data on neurofilament reversals (Uchida and Brown, 2004). Knowing that the ratio of
anterograde to retrograde movements is 69/31 in cultured neonatal rat
SCG neurons (Wang and Brown, 2001), this means that kar ⫽ 0.00031
and kra ⫽ 0.00069 (Brown et al., 2005). Note, however, that the ratio
kar/kra has no effect on our simulations, because we tracked the rate of
neurofilament departure without regard to the direction of movement.
To equilibrate the spatial and velocity distributions of the neurofilaments within the axon before the start of our pulse-escape simulation, we
initially placed all of them at some arbitrary location within a 100 m
segment of axon and assigned them to be either anterograde or retrograde and pausing either on or off track in relative proportions dictated
by the rate constants kon, koff, kar, and kra, as described previously (Brown
et al., 2005). We then ran the simulation iteratively for some time until
the neurofilaments became uniformly distributed along the axon and
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attained a stable distribution of velocities as dictated by the transition
probability matrix. To simulate the entry and exit of neurofilaments
from proximal and distal ends of the axonal segment during this equilibration phase of the simulation, neurofilaments that reached either end
(x ⫽ 0 or 100 m) were instantly fed back into the axon at the opposite
end, which is known as a periodic boundary condition. The result using
this approach is identical to assuming an open steady-state system in
which neurofilaments enter and exit at a constant rate.
After equilibration, a window was identified within the axon, and the
behavior of the neurofilaments or parts of neurofilaments that lay within
that window was tracked over time to simulate the behavior of fluorescent neurofilaments as they moved out of the activated region. The
length of the window was taken to be 22.5 m, which is the average length
of the photoactivated regions for the axons that we analyzed in this study
(see Results). The total neurofilament polymer length in the window was
recorded as a function of time. For this portion of the simulation, the
periodic boundary condition was removed, and we continued to track
neurofilaments that departed from either end of the 100 m axonal
segment to allow for the rare possibility of a filament reversing and moving back into the activated region. To extract the parameters kon and koff
from the experimental data, we systematically varied their values to obtain the best possible match to the pulse-escape kinetics.

Results
Assembly of PA-GFP–NFM into neurofilaments
To investigate the long-term pausing behavior of neurofilaments,
we created a photoactivatable neurofilament protein (PA-GFP–
NFM) by fusing photoactivatable GFP to the N terminus of neurofilament protein M. To test whether the fusion protein was
capable of forming neurofilaments, we cotransfected SW13
vim⫺ cells, which lack endogenous cytoplasmic intermediate filament proteins, with NFL and PA-GFP–NFM expression constructs and then visualized the expressed proteins by immunofluorescence microscopy (Fig. 1 A). NFL and PA-GFP–NFM
coassembled fully into neurofilaments, and these filaments contained both proteins along their entire length, consistent with
previous observations that neurofilaments are obligate heteropolymers in vivo (Ching and Liem, 1993; Lee et al., 1993). Thus,
fusion of PA-GFP to the N terminus of NFM does not interfere
with the ability of NFM to assemble into neurofilaments.
Photoactivation of PA-GFP–NFM fluorescence
To characterize the photoactivation of the PA-GFP–NFM fusion
protein, we cotransfected SW13 vim⫺ cells with PA-GFP–NFM,
NFL, and DsRed constructs. The DsRed served as a diffusible
marker and permitted us to detect the transfected cells before
activation of the PA-GFP fluorescence. The PA-GFP fluorescence
was efficiently activated by exposure to violet light, using the
mercury arc lamp as a light source. On average, optimal activation was achieved with an exposure of 1000 ms (Fig. 1 B). Longer
exposures resulted in less efficient activation, presumably because of photobleaching associated with excitation of the PAGFP with violet light. Based on these data, all subsequent experiments were performed using a 1000 ms activation time.
To use the PA-GFP–NFM fusion protein to investigate neurofilament transport, we transfected dissociated neurons from
the SCGs of neonatal rats with PA-GFP–NFM and DsRed. Three
to five days later, transfected neurons were identified by their
DsRed fluorescence, and a short segment of axon ⬃20 m in
length was activated by exposure to violet light for 1000 ms (Fig.
1C). In most cases, we observed good activation. When poor
activation was obtained, it was most probably caused by low PAGFP–NFM expression in that neuron. In some cases, part of the
selected region was activated, and part was not, most likely be-
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Figure 1. Characterization of PA-GFP–NFM. A, SW13 vim⫺ cells, which lack endogenous
cytoplasmic intermediate filament proteins, were cotransfected with NFL and PA-GFP–NFM
constructs and allowed to express the proteins for 1 d. This figure shows a region at the periphery of a transfected cell that was fixed and immunostained with antibodies specific for NFL (i)
and NFM (ii). Single neurofilaments (arrowheads) can be resolved, because this region of the
cell is very thin, and the number of neurofilaments in the cell is low. NFL and PA-GFP–NFM
coassemble into neurofilaments that contain both proteins along their entire length. The diffuse fluorescence between the filaments is low, indicating that there is little unassembled
protein. B, Time course of activation of PA-GFP–NFM fluorescence in SW13 vim⫺ cells coexpressing PA-GFP–NFM, NFL, and DsRed. Transfected cells were activated with 10 successive 200
ms exposures, and an image of the activated PA-GFP–NFM fluorescence was acquired after
each exposure. The fluorescence intensity was quantified in each image and then normalized to
the maximum activated fluorescence for that cell. This graph shows the average of the normalized data for nine cells. The optimal activation time was 1000 ms, yielding an average of 97 ⫾
2% (mean ⫾ SD; n ⫽ 9) of the maximum PA-GFP–NFM fluorescence. C, Activation of PA-GFP–
NFM fluorescence in cultured SCG neurons coexpressing PA-GFP–NFM and DsRed. i, The DsRed
fluorescence before activation. ii, The PA-GFP–NFM fluorescence before activation. The faint
fluorescence in the axon is attributable to excitation cross talk caused by the broad excitation
spectrum of DsRed (see Materials and Methods). iii, The PA-GFP–NFM fluorescence after activation of a 24 m region by exposure to violet light for 1000 ms. The white arrowheads mark
the boundaries of the activated region. Scale bars: A, 5 m; C, 10 m.
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Figure 2. A neurofilament (white arrowheads) escaping from an activated region. A, An
image of the DsRed fluorescence taken before photoactivation, showing the morphology of the
axon. B–H, Excerpts from a time-lapse movie starting immediately after activation in the region
of axon marked by the black arrowheads. Images of the activated PA-GFP–NFM fluorescence
were acquired at 5 s intervals. This filament moved out of the activated region in an anterograde
direction in the first 15 s after activation (B, C), paused briefly between 30 and 60 s (D–F ), and
then resumed movement in the same direction and exited the field of view (G, H ). The diffuse
axonal fluorescence that can be seen outside of the activated region was present throughout the
axon, even before photoactivation (see Fig. 1C), and is caused by weak excitation of the DsRed
by the blue light used to excite GFP (see Materials and Methods). Proximal is left, and distal is
right. Scale bar, 10 m. See supplemental Movie 1 (available at www.jneurosci.org as supplemental material).

cause the region spanned the edge of a gap in the neurofilament
array (Wang et al., 2000).
Departure of neurofilaments from the activated regions
To establish whether we could observe neurofilaments departing
from the activated regions, we performed time-lapse imaging at
5 s intervals. The activated regions did not move en masse, but
occasionally we observed single fluorescent filaments moving out
in a rapid intermittent manner (Fig. 2, supplemental Movie 1,
available at www.jneurosci.org as supplemental material). The
pattern of movement was indistinguishable from what we have
observed for neurofilaments moving through photobleached or
naturally occurring gaps (Wang et al., 2000; Wang and Brown,
2001). In total, 10 neurofilaments departed in 25 different movies
totaling 39.6 min of observation time (average movie length ⫽
1.6 min). This corresponds to an average frequency of ⬃0.25
neurofilaments per minute during the first few minutes of obser-
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vation. Some of the filaments moved anterogradely, and some
moved retrogradely. Occasionally the filaments exhibited brief
reversals, but sustained reversals were rare. To quantify the intensity of the moving filaments, we expressed their fluorescence in
terms of ADU/m. The average intensity was 660 ⫾ 220
ADU/m (minimum ⫽ 370 ADU/m; maximum ⫽ 1300 ADU/
m; n ⫽ 34). Assuming an average neurofilament length of 4.5
m (Wang and Brown, 2001) and knowing the fluorescence intensities of the activated regions, we can estimate the number of
neurofilaments in those regions. For the axons analyzed in the
present study, the average was 21 neurofilaments per activated
region (minimum ⫽ 5; maximum ⫽ 154; n ⫽ 70).
Analysis of pulse-escape kinetics
To investigate the pulse-escape kinetics, we acquired time-lapse
movies of activated regions at 5 min intervals for 2 h (total of 25
images). To obtain finer time resolution at early times, we also
acquired a second set of time-lapse movies at 40 s intervals for
970 s (total of 25 images). By attenuating the exciting light with
neutral density filters (see Materials and Methods) and limiting
our movies to 25 images in length, we were able to avoid measurable photobleaching. Neurofilaments departed from the activated regions infrequently and at irregular intervals, resulting in a
slow and sometimes discontinuous loss of fluorescence (Fig. 3,
supplemental Movie 2, available at www.jneurosci.org as supplemental material).
To analyze the rate of neurofilament departure, we quantified
the change in the intensity of the fluorescence in the activated
regions over time (Fig. 4). The individual axons varied considerably in their starting intensities, which reflects differences in their
neurofilament content (see above). To compare the data from
different axons, we normalized the fluorescence intensities in
each time-lapse movie to the intensity of the activated region at
the start of that movie (Fig. 5). It can be seen that there was
considerable variability from one axon to the next, which is attributable to the relatively low numbers of neurofilaments in each
activated region and the stochastic nature of the neurofilament
movement. Remarkably, an average of ⬃80% of the neurofilaments remained in the activated region after 15 min (Fig. 5C),
and an average of ⬃30% remained after 2 h (Fig. 5A).
Metabolic requirement for neurofilament transport
To determine whether passive diffusion of neurofilament subunits contributed to the loss of fluorescence from the activated
regions, we treated the cells with sodium iodoacetate, which is an
inhibitor of the glycolytic enzyme glyceraldehyde-3-phosphate
dehydrogenase (Sabri and Ochs, 1971). We have shown previously that sodium iodoacetate impairs neurofilament transport
in cultured DRG neurons (Koehnle and Brown, 1999). In pulseescape experiments, we observed a partial reduction in the loss of
fluorescence (data not shown). We then used a combination of
iodoacetate and CCCP, which is a proton ionophore that uncouples oxidative phosphorylation in mitochondria and has been
shown to be effective in cultured neurons (Hollenbeck et al.,
1985; Miller and Sheetz, 2004). Cells treated with these two metabolic inhibitors showed no loss of fluorescence from the activated regions (Fig. 5B). Therefore, the loss of fluorescence from
the activated regions was attributable to active transport, and
there was no significant contribution of turnover and diffusion of
fluorescent neurofilament subunits to the pulse-escape kinetics.
These data demonstrate that the neurofilaments in these axons
are relatively stable, and they also confirm that our imaging protocol was not associated with any measurable photobleaching.

Figure 3. A pulse-escape experiment. A, An image of the DsRed fluorescence taken before
photoactivation, showing the morphology of the axon. B–H, Excerpts from a time-lapse movie
starting immediately after activation in the region of axon marked by the black arrowheads.
Images of the activated PA-GFP–NFM fluorescence were acquired at 5 min intervals for 120 min.
The loss of fluorescence was gradual and sometimes discontinuous, reflecting the small number
of neurofilaments in the activated region and the stochastic nature of neurofilament movement. In this particular example, which corresponds to the graph in Figure 4 D, most of the
neurofilaments in the activated region moved out between 60 and 80 min after activation, but
some remained after 2 h. Individual neurofilaments cannot be tracked in these movies, because
of the long duration of the time intervals. Scale bar, 10 m. See supplemental Movie 2 (available at www.jneurosci.org as supplemental material).

Computational modeling
The rate of neurofilament departure from the activated regions in
the pulse-escape experiments is determined by the velocity and
frequency of neurofilament movement. Because the velocity of
neurofilament movement is high and the frequency of neurofilament departure is low, it is clear that the pausing behavior of the
neurofilaments dominates the pulse-escape kinetics for long time
scales (hours rather than minutes) and that the actual velocity of
neurofilament movement has little influence. For example, it
takes the average moving neurofilament just tens of seconds to
exit the activated region, yet 50% of the neurofilaments remained
in the activated region for more than 1 h. Thus, these data indicate that a significant proportion of the neurofilaments pause for
very protracted periods in these axons.
To test this hypothesis, we simulated pulse-escape experiments using computational modeling as described in Materials
and Methods. Initially, we asked what the pulse-escape kinetics
would look like if the neurofilaments moved and paused in a
manner identical to that observed in our previous live-cell imag-
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ing observations (Fig. 6 A). To simulate
this behavior, we used our published measurements of the moving and pausing behavior of neurofilaments in photobleached gaps (Wang and Brown, 2001;
Brown et al., 2005). Because those observations were performed using the same
neuronal cell type at the same age in culture and using identical culture conditions, we know that they accurately describe the motile behavior of the
neurofilaments in our pulse-escape experiments. We found that all of the neurofilaments departed from the activated regions
within 10 min, which is much faster than
we observed experimentally. This confirms that neurofilaments in these axons
spend much more time pausing than is apparent from our short-term observations.
To analyze the pulse-escape kinetics,
we performed curve fitting on the experimental data. We found that the kinetics
were biphasic and matched a doubleexponential function, with a slow exponential decline at short times and an even
slower exponential decline at longer times
(Fig. 6 B). The data could not be fitted with
a single exponential function. This indicates that there are two distinct pausing
states for neurofilaments and that these
states differ in their average pause duration. Because there is no slow moving state
for neurofilaments in these axons, these
data indicate that there must be distinct
mobile and stationary states, as predicted
in our computational modeling of radioisotopic pulse-labeling experiments in vivo
(Brown et al., 2005; Craciun et al., 2005).
To test this hypothesis, we simulated
pulse-escape experiments assuming that
neurofilaments can switch between a state
that is capable of movement, which we refer to as on track, and a state that is incapable of movement, which we refer to as Figure 4. Pulse-escape kinetics. To analyze the pulse-escape kinetics, the fluorescence intensity in the activated regions was
quantified in each frame of the time-lapse movies and expressed as ADU/m. A–E, Pulse-escape kinetics for five axons that were
off track. On-track neurofilaments were observed for 2 h using 5 min time intervals. F–J, Pulse-escape kinetics for five axons that were observed for 970 s using 40 s
considered to be engaged with their intervals (except for the first time interval, which was 10 s). The variation in the starting intensities reflects variation in neurofilacytoskeletal tracks and to exhibit the alter- ment content among the axons. Some axons showed no loss of fluorescence in the first 970 s. All axons showed at least some loss
nating movements and pauses characteris- of fluorescence after 2 h, but the decrease was slow and sometimes discontinuous, reflecting the stochastic nature of neurofilatic of our previous short-term observa- ment movement.
tions of moving neurofilaments. Off-track
neurofilaments were considered to be
ability caused by stochastic fluctuations. The number of filaments
temporarily disengaged from their tracks and to pause for protracked in our experiments, however, was much smaller and
tracted periods. Transitions between the on-track and off-track
therefore subject to significant stochastic fluctuations. To examstates in the model were governed by the on-track and off-track
ine how well our best-fit simulation matched the experimental
rate constants, kon and koff.
data, we performed 40 independent simulations with a much
As expected, kon and koff had antagonistic influences on the
smaller number of neurofilaments (1000 in the activated region)
pulse-escape kinetics, because kon dictates the probability of beand calculated the minimum and maximum values at each time
coming on track, and koff dictates the probability of becoming off
point for all of the runs (Fig. 6C). The experimental data fell
track. By systematically varying kon and koff, we were able to
within the range of the stochastic fluctuations at all time points,
match the experimental data. Figure 6C shows the best-fit simuconfirming that our best-fit simulation is a good approximation
lation, which was obtained by assuming kon ⫽ 0.0013 and koff ⫽
of the actual behavior.
0.021. This simulation was performed with a large number of
Figure 6 D–F shows how the best fit was identified and its
neurofilaments (10,000 in the activated region) to minimize vari-
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spent pausing (i.e., on and off track) was
⬃97%. The average on-track pause duration was 29 s, and the average off-track
pause duration was 61 min. The average
time that a neurofilament remained on
track before switching off track was 5.4
min. Our previous short-term observations on neurofilaments in cultured SCG
neurons have indicated that their net average velocity is ⬃0.2 m/s (excluding
pauses and considering anterograde
movements as positive and retrograde
movements as negative) (Wang et al.,
2000; Wang and Brown, 2001). Now that
we know the overall average time that the
neurofilaments spend pausing, we can estimate that their average transport rate in
these neurons is ⬃0.5 mm/d.

Discussion
The goal of this study was to test the hypothesis that there are distinct mobile and
stationary states for neurofilaments in axons. To do this, we created a photoactivatable fluorescent neurofilament protein by
fusing a photoactivatable variant of GFP to
the N terminus of neurofilament protein
M. The resulting PA-GFP–NFM fusion
protein coassembled fully with neurofilaFigure 5. Box-and-whisker plots of the pulse-escape kinetics. A, Box-and-whisker plot of the pulse-escape kinetics for 16 ment protein L in SW13 vim⫺ cells, indiaxons that were imaged for 2 h at 5 min intervals. Note that there was considerable variability, but on average, there was a steady cating that the PA-GFP domain did not
loss of neurofilaments from the activated regions. On average, 30% of the fluorescence remained in the activated regions after 2 h, interfere with assembly. To analyze neuroindicating that some neurofilaments paused for very protracted periods in these axons. B, Box-and-whisker plot of the pulsefilament pausing behavior, we expressed
escape kinetics for 16 axons that were imaged for 2 h at 5 min intervals in the presence of 5 M CCCP and 2 mM iodoacetate. On
the fusion protein in cultured sympathetic
average, there was no loss of fluorescence from the activated regions, indicating that the escape of neurofilaments from the
activated region was an active process and that there was negligible loss of neurofilament from the activated regions as a result of neurons. The fusion protein became fully
passive diffusion and that there was no detectable photobleaching. C, Box-and-whisker plot of the pulse-escape kinetics for 52 incorporated into the endogenous neuroaxons that were imaged for 970 s at 40 s intervals (except for the first time interval, which was 10 s). The key on the lower right filament array, with little diffusible pool.
To track neurofilament behavior, we phoexplains the format of the box-and-whisker plots.
toactivated the fusion protein in short segments of axon by exposure to violet light.
sensitivity to kon and koff. For kon ⬍ 0.0013 or koff ⬎ 0.021, the
The activated protein had stability and brightness similar to conneurofilaments spent more time off track, resulting in a slower
ventional GFP fusions. By time-lapse imaging of the activated
decay than observed experimentally, whereas for kon ⬎ 0.0013 or
regions, we observed single green fluorescent neurofilament
koff ⬍ 0.021, the neurofilaments spent more time on track and
polymers moving rapidly and intermittently out of the activated
escaped more rapidly than observed experimentally (Fig. 6 D, E).
regions in both anterograde and retrograde directions. We call
Varying kon and koff together, keeping the ratio constant at kon/koff
this method the pulse-escape technique to distinguish it from our
⫽ 0.0619 (i.e., 0.0013/0.021), had little effect on the slope at very
previous approaches, in which we observed neurofilament moveearly times (⬍2 min), because the early kinetics are dominated by
ment in naturally occurring or photobleached gaps (Wang et al.,
neurofilaments that are already on track at the time of activation,
2000; Wang and Brown, 2001).
and the proportion of on-track neurofilaments is fixed by the
Although the pulse-escape technique can be used to track the
ratio kon/koff (Fig. 6 F). At later times, we observed a substantial
movement of single neurofilaments on a time scale of seconds or
effect on the slope, because the magnitude of kon and koff affects
minutes, its real power comes not from tracking the individual
the frequency of cycling on and off track, and this in turn deterneurofilaments that depart from the activated regions but rather
mines the duration of the off-track pauses, which dominate the
from tracking the proportion that remains. In this way, we can
long-term behavior. Reversals had little effect on the simulations,
observe the activated regions at intervals of minutes instead of
because they are so rare. Thus, our model can match the experiseconds, and this permits us to observe the population behavior
mental data, and the values of kon ⫽ 0.0013 and koff ⫽ 0.021 make
of neurofilaments on a time scale of several hours without meathe best fit.
surable photobleaching. Using this approach, we found that the
By tracking the behavior of the neurofilaments in our best-fit
rate of neurofilament departure was much too slow to be acsimulation, we were able to calculate their pause durations and
counted for by the short-term moving and pausing behavior that
overall transport rate. On average, the filaments spent ⬃92% of
we have documented previously. To explain the pulse-escape kithe time off track and ⬃8% of the time on track. Because the
netics, it was necessary to assume that the neurofilaments can
on-track neurofilaments in our model pause for ⬃70% of the
time (Brown et al., 2005), this means that the overall average time
switch between distinct mobile and stationary states, which we
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Figure 6. The pulse-escape kinetics reveal two distinct pausing states for neurofilaments. Comparison of experimental and simulated pulse-escape kinetics. The experimental data for 0 –20 min
are the average of the 52 axons imaged at 40 s intervals (Fig. 5C), and the experimental data for 20 –120 min are the average of the 16 axons imaged at 5 min intervals (Fig. 5A). A, A simulation
assuming that the neurofilaments are always on track (10,000 neurofilaments in the activated region). All neurofilaments departed within 10 min, which is much faster than the experimental data.
B, Double-exponential curve fit of the experimental data. The decay rate at short times (0 –20 min) is fitted with a decay constant of 0.017 min⫺1 (dashed line), whereas at long times (20 –120 min),
it is fitted with a decay constant of 0.01 min⫺1 (solid line). C, Optimized “best-fit” simulation assuming that neurofilaments can be either on track or off track (kon ⫽ 0.0013; koff ⫽ 0.021; 10,000
neurofilaments in the activated region). The dashed lines show the range of values obtained from 40 statistically independent simulations, each with 1000 neurofilaments in the activated region.
The upper line represents the maximum value obtained, and the lower line represents the minimum. D, Effect of varying koff on the pulse-escape kinetics (keeping kon ⫽ 0.0013; 10,000
neurofilaments in the activated region). Note that the simulation with koff ⫽ 0 is equivalent to assuming that the neurofilaments spend all of their time on track. E, Effect of varying kon on the
pulse-escape kinetics (keeping koff ⫽ 0.021; 10,000 neurofilaments in the activated region). F, Effect of varying kon and koff, keeping the ratio kon/koff constant (0.0013/0.021 ⫽ 0.0619; 10,000
neurofilaments in the activated region).

refer to as on and off track. Neurofilaments in the mobile state
exhibit rapid bidirectional movements interrupted by short
pauses characteristic of the short-term behavior that we have
documented previously, whereas neurofilaments in the stationary state pause for long periods of time without any movement.
By tracking neurofilament behavior in our best-fit simulation,
we showed that the neurofilaments spent 92% of their time off
track and 8% of their time on track. The on-track pauses were
short, averaging ⬃30 s. Because the average time spent on track
was 5.4 min, this indicates that the average on-track filament
underwent several bouts of movement interrupted by brief
pauses before switching off track. Once off track, the neurofilaments paused without movement for a very long time, averaging
⬃1 h. Combining the time spent pausing on and off track, the
neurofilaments paused for an average of 97% of the time, which
agrees well with our predictions based on computational model-

ing of radioisotopic pulse-labeling experiments in vivo (Brown et
al., 2005; Craciun et al., 2005). Thus, neurofilament transport is
dominated by remarkably long pauses, and this explains why the
overall rate of movement is so slow.
The idea that neurofilaments may be stationary in axons for
long periods of time was first proposed twenty years ago by Nixon
and Logvinenko (1986) based on their analysis of radioisotopic
pulse-labeling kinetics in mouse optic nerve. These authors proposed that neurofilaments can become deposited into a stationary population during their transport along axons and that this
stationary population slowly exchanges with the moving population over time. Since its inception, the Nixon and Logvinenko
(1986) study has attracted considerable controversy. Much of the
debate has centered on technical details of the radioisotopic
pulse-labeling experiments, particularly the use of onedimensional SDS-PAGE to separate the radiolabeled proteins.
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Lasek et al. (1992) have argued that some faster-moving cytosolic
proteins comigrate with neurofilament proteins by onedimensional SDS-PAGE, giving the appearance of two kinetic
states for neurofilaments, when in fact there is only one. Using
two-dimensional gels, these authors did not detect a distinct stationary component. In response, Nixon (1998) has argued that
the study by Lasek et al. (1992) did not have sufficient incorporation of radiolabel into transported protein to observe the stationary phase. The two studies also differed in the radioisotopically labeled amino acid that they used, which can affect the
specific activity of neurofilament proteins relative to any comigrating cytosolic proteins. Although the controversy over neurofilament transport in optic nerve remains unresolved, our modeling studies indicate that the basic notion of Nixon and
Logvinenko (1986) that neurofilaments can be stationary for long
periods of time and that they can switch between distinct mobile
and stationary phases is correct.
If axonal neurofilaments can enter a kinetically distinct stationary state during their transport along axons, why did we not
detect this state in our previous live-cell imaging studies? The
answer appears to be that our previous studies were confined to
short-term observations of neurofilaments moving through naturally occurring or photobleached gaps in the neurofilament array, and thus we were only able to track neurofilaments that
moved during the observation period. Neurofilaments that remained paused outside of the gaps throughout the observation
period could not be tracked because they could not be resolved
from their neighbors. In fact, our present data indicate that the
average off-track pause duration for neurofilaments in cultured
neonatal rat sympathetic neurons is ⬃1 h, whereas the average
duration of our movies of gaps has typically been on the order of
5–15 min. Thus, the gap method for observing neurofilament
transport preferentially reveals the behavior of on-track neurofilaments and greatly underestimates the long-term pausing behavior (supplemental Movie 3, available at www.jneurosci.org as
supplemental material). In contrast, the pulse-escape technique
described in this study permits us to track the long-term behavior
of the neurofilament population on a time scale of hours, not
minutes, and therefore can reveal both the on-track and off-track
behavior (supplemental Movie 4, available at www.jneurosci.org
as supplemental material).
As their names suggest, we speculate that the on-track and
off-track states correspond to neurofilaments that differ in their
proximity to, or association with, the tracks along which they
move. Considerable evidence now suggests that these tracks are
microtubules (Shah et al., 2000; Wagner et al., 2004; Francis et al.,
2005; He et al., 2005). Thus, it is interesting to note that morphometric studies on axonal cytoskeletons in vivo have demonstrated
that neurofilaments generally outnumber microtubules, at least
in large myelinated axons, with estimates of the neurofilament/
microtubule ratio ranging from 7/1 to 97/1, depending on the
neuronal cell type (Price et al., 1988; Reles and Friede, 1991). In
these axons, it is clear that not all neurofilaments can be adjacent
to a microtubule. Thus, it is attractive to speculate that mobile
and stationary neurofilaments may differ in their proximity to
their microtubule tracks: mobile neurofilaments may be capable
of movement because they are adjacent to their tracks, whereas
stationary neurofilaments may be incapable of movement because they are temporarily stranded some distance away (Fig. 7).
It is known that neurofilaments are space-filling structures
that function to increase axonal cross-sectional area. In support
of this, axons in mutant animals that lack neurofilaments or the
NFM tail domain fail to attain their normal caliber (Sakaguchi et
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Figure 7. Distinct on-track and off-track states for neurofilaments in axons. Schematic diagram of our working model for neurofilament transport. Neurofilaments can switch between
two distinct states, a mobile state, in which they are engaged with their microtubule tracks and
alternate between short bouts of rapid movement and brief pauses, and a stationary state, in
which they are disengaged from their microtubule tracks and pause for protracted periods
without movement. We propose that the relative proportion of the time that neurofilaments
spend in the on-track and off-track states is the principal determinant of their overall transport
rate and distribution along axons.

al., 1993; Zhu et al., 1997; Garcia et al., 2003; Rao et al., 2003).
Conversely, in diseases such as ALS and giant axonal neuropathy,
neurofilaments can accumulate excessively, leading to massive
balloon-like axonal swellings (Delisle and Carpenter, 1984; Donaghy et al., 1988; Sasaki et al., 1990). Thus, it is clear that axons
must have mechanisms to tightly regulate their neurofilament
content. One way to achieve this is to locally regulate the rate of
neurofilament transport. For example, if neurofilaments enter a
region of axon more rapidly than they leave, then the neurofilament content in that region will increase. In contrast, if neurofilaments leave more rapidly than they enter, the neurofilament
content will decrease. Because neurofilaments switch between
mobile and stationary states during their journey along the axon,
any mechanism that locally recruits more neurofilaments into the
mobile state will deplete neurofilaments from that region of
axon, and any mechanism that recruits more neurofilaments into
the stationary state will cause them to accumulate (Nixon, 1998).
Thus, we speculate that the mechanisms that convert neurofilaments between their mobile and stationary states may be the
principal targets of regulatory mechanisms that dictate neurofilament number and distribution along axons, and may also be the
principal targets of mechanisms that lead to neurofilament misaccumulation in disease.
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