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Abstract Local and long-distance transport of
cytoskeletal proteins is vital to neuronal maintenance and
growth. Though recent progress has provided insight into
the movement of microtubules and neurofilaments, mech-
anisms underlying the movement of actin remain elusive,
in large part due to rapid transitions between its filament
states and its diverse cellular localization and function. In
this work, we integrated live imaging of rat sensory neu-
rons, image processing, multiple regression analysis, and
mathematical modeling to perform the first quantitative,
high-resolution investigation of GFP-actin identity and
movement in individual axons. Our data revealed that fil-
amentous actin densities arise along the length of the axon
and move short but significant distances bidirectionally,
with a net anterograde bias. We directly tested the role of
actin and microtubules in this movement. We also con-
firmed a role for actin densities in extension of axonal
filopodia, and demonstrated intermittent correlation of
actin and mitochondrial movement. Our results support a
novel mechanism underlying slow component axonal
transport, in which the stability of both microtubule and
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Introduction

Actin microfilaments play key structural and signaling
roles in the development and maintenance of cell mor-
phology, motility, and function [1-5]. In neurons, through
the activity of myosin motors, actin also supports the short-
range axonal movement of many cargoes [6-9], often
complementing long-range transport upon microtubules
[10, 11]. Measurements of in vivo rates of bulk protein
transport indicate that actin, like microtubules and neuro-
filaments, is transported in the “slow component” (SC) of
axonal transport [12].

Microtubules and neurofilaments in the axonal core are
transported in the slower subpopulation of SC (SCa; [13-
16]) as small filaments, via microtubule-based motor pro-
teins in short bursts punctuated by frequent pauses [17-19].
Actin, which localizes largely to the axonal cortex and
occasionally as short filaments within the axonal core [20-
23], moves primarily, though not exclusively, in the faster
subpopulation (SCb; [14, 24]). Other SCb cargoes move
upon microtubules, independent of actin [25, 26], but
mechanisms underlying the transport of actin itself are less
clear. Biochemical studies indicate that axonal actin exists
dynamically in soluble and filamentous states [27, 28].
Although soluble actin may move through diffusion [29],
several studies indicate bulk transport of insoluble actin in a
microtubule-dependent manner [24, 30-33]. Additionally,
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actin “waves” move anterogradely in vitro and in vivo [34—
36], and patches of F-actin give rise to filopodia [20, 37].
Finally, indirect evidence suggests that mechanical defor-
mation enhances actin mobility within axons [38]. In short,
both the mechanism of actin transport, and the state of actin
during that transport remain unclear.

To better integrate the seemingly disparate evidence of
rapid transitions between actin filament states, variation in
cellular localization, and diversity of function, a mecha-
nistic understanding of the axonal movement of actin is
essential, but complex. In this study, we quantitatively
characterized axonal actin mobility using high-resolution
imaging and image processing of fluorescently labeled
actin and targeted perturbation of actin and microtubule
stability. We supplemented experimental studies with
multiple regression analysis and mathematical modeling of
actin mobility. We observed transient filamentous actin
densities that moved bidirectionally, but with an antero-
grade bias consistent with SC transport. These densities
localized with axonal filopodia, focal adhesions and mito-
chondria, and required both actin and microtubule network
stability for proper movement. Our data support a novel
mechanism of slow transport, in which both microtubules
and actin regulate the mobility of dynamic pools of fila-
mentous actin.

Results
Biological roles for actin densities

Rat sensory neurons transfected with GFP-actin were
imaged and frequent densities of GFP were noted above a
general low level of background fluorescence. These den-
sities arose and disappeared along the length of the axon
and exhibited complex trajectories during their lifetime
(Movie 1). Some moved bidirectionally with pauses, while
others remained stationary. We first evaluated their
dynamic co-localization with mitochondria and filopodia,
two structures known to interact with actin in the axon.
Stationary mitochondria co-localize with actin, are trans-
ported along the actin network by myosin, and require actin
for docking in the growth cone [37, 39-42]. Similarly,
filamentous actin densities are implicated in the formation
of axonal filopodia in chick DRG [20, 37].

Mitochondria

Cells expressing GFP-actin were labeled with a dye tar-
geting viable mitochondria (MitoTracker Red CMX Ros)
to examine the possibility that the motion of GFP-actin
correlated with that of mitochondria (Fig. 1). Kymographs
illustrated the dynamic nature of actin (Fig. la—c) as well
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Fig. 1 Actin and mitochondrial trajectories intermittently co-localize
and actin localizes to filopodia in the axon. 104 co-localization events
between actin and mitochondria were observed in axons transfected
with GFP-actin and labeled with MitoTracker Red CMX Ros. Three
sample kymographs are shown. a Correlation of actin and mitochon-
drial trajectories is intermittent. b Not all mitochondrial trajectories
may be mapped to an actin trajectory (stars) and actin puncta that co-
localize with mitochondria can still be motile. Here, an actin puncta
moves away from the mitochondrion and later returns (arrow). ¢ Not
all stationary actin densities are localized to stationary mitochondria
(arrows). d In 25 of the 48 axons examined, a subset of mobile actin
densities gave rise to filopodia that protrude from the axon. Individual
filopodia were dynamic, often protruding out of the axon at one angle,
and then moving through an arc before retracting. e Immunohisto-
chemistry showed talin localized to the base of filopodia, suggesting
that filopodia protrude from regions of stable adhesion to the
substrate. The starred filopodium at top is from another axon outside
the field of view (horizontal scale bar 5 pm in d, e. 10 pm in all
others. Vertical scale bar 1 min)

as the qualitative differences in the movement of actin
densities compared to mitochondria [41, 42], and the
varying durations of co-localized trajectories between actin
and mitochondria. Actin densities not co-localizing with
mitochondria appeared particularly dynamic (Fig. 1a),
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Fig. 2 Contribution of soluble actin to the movement of actin
densities in the axon. FRAP was used to determine the contribution of
monomeric soluble actin to the movement of actin in the axon. a A
30 pum long region of the axon (indicated in green) was bleached and
observed for recovery of fluorescence. 10 x 10 pixel regions of
interest (ROIs, colored brackets) inside the axon were used to
quantify the changing fluorescent signal over time. b Fluorescence
recovery for the entire bleached region (thick green line) was used to
calculate the time constant and diffusion coefficient for actin-GFP.
Recovery was not uniform; the purple and the yellow regions
recovered fluorescence much faster than the surrounding axon (black
arrow). ¢ Higher spatial and temporal resolution show the birth and
death of an actin density (arrow). Selected frames are shown (scale
bar 5 pm). d A kymograph of the region indicated in ¢, showing the
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change in width of the particle track (white arrows) over time.
e Fluorescent intensity over time in the colored 10 x 10 pixel ROIs
shown in c. Note the increased fluorescent intensity corresponding to
the particle birth (red trace). f Lack of ribosomal co-localization with
actin. Axons were stained for RPL-4 and labeled with phalloidin
(cross symbols phalloidin, arrows RPL-4), scale bar 10 pm. g GFP-
actin puncta co-labeled with phalloidin, suggesting they are composed
of filamentous actin (cross symbols GFP-actin densities, arrows
phalloidin). Nearly all of the GFP expressing puncta were phalloidin-
positive, but some phalloidin-labeled puncta did not express GFP.
h Localization of GFP-actin densities did not change before and after
fixation. In addition, no new densities were formed, suggesting that
fixation did not result in artifactual consolidation of actin or axonal
collapse. Densities also co-localized with phalloidin, as in g

@ Springer



4208

J. Chetta et al.

GEP-Actin

—position

C maxGFP

—position

Anterograde
Run

Pause
Run

Retrograde |-

Run L
Anterograde .

Run L

o\ Anterograde
Track

Pause
Run

Retrograde
Run Retrograde

Track

though they were often motile even in regions flanking
mitochondria (Fig. 1b, arrow). Additionally, not all tra-
jectories of stationary actin densities correlated with
mitochondrial trajectories (Fig. 1c, arrows), and vice versa.
Of the 104 events during which actin shared a common
trajectory with a mitochondrion (for at least 30 s), 74 % of
the mitochondria/actin pairs were stationary (77/104), and
necessarily shared the same trajectory for the entire
imaging duration (Fig. la). The remaining pairs reflected
mobile mitochondria intermittently sharing a common
trajectory with stationary actin (14.4 %; 15/104), mobile
actin with stationary mitochondria (10.6 %; 11/104), and
mobile mitochondria and actin (<1 %; 1/104). For these
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«Fig. 3 Actin densities move dynamically in the axon. Transport

parameters were measured from kymographs of neurons with GFP-
actin, Lifeact-TagGFP2 or maxGFP and are reported in Table 1.
a GFP-actin axons showed transient dynamic puncta that moved
bidirectionally. b Lifeact-TagGFP2, which binds to filamentous actin,
exhibited punctate expression in the axon with similar dynamics to
GFP-actin. ¢ Puncta in axons with maxGFP exhibited distinct
behavior compared to GFP-actin or Lifeact-TagGFP2 axons. Hori-
zontal scale bar 10 pm. Vertical scale bar 1 min. d An example of
the type of particle movement observed in the axon (fop) and
corresponding line traces of the particle paths (bottom) for GFP-actin
expressing axons. e Particle tracks were divided into “runs” during
which the particle moved in one direction or remained paused. A
track was composed of sequential runs and categorized directionally
directed based on its net displacement (red lines). Anterograde tracks
could contain retrograde-directed runs, and vice versa. Also, a change
in velocity without a change in direction was still counted as a single
run (e.g., retrograde track)

mobile populations, actin and mitochondrial trajectories
overlapped for 53.9 £ 3.6 % of the sampling duration.
Thus, co-localization of actin and mitochondrial trajecto-
ries within the axon, though not permanent, appeared to be
persistent.

Filopodia

Only 25 of the 48 axons (54.5 %) examined developed any
filopodia. Of those, an average of 1.75 filopodia developed
per minute along the axon, comparable to previously
reported rates [37]. 51.4 % of the observed filopodia were
populated with GFP-actin densities. Filopodia containing
GFP-actin densities were slightly longer, but not signifi-
cantly so, than those without (mean £ SD 3 & 1.57 pm vs.
2.4 + 0.81 um), and there was no difference between the
total lifetime of filopodia with GFP-actin and those without
(32.4 £ 15.2 s vs. 31.8 £ 14.0 s). Similarly, there was no
difference between the time it took filopodia to reach their
maximum length (5.9 £ 4.7 s vs. 6.3 £ 4.8 s) or to retract
back into the axon (14.6 + 9.1 s vs. 13.0 £ 7.8 s). Inde-
pendent of actin content, most filopodia protruded
perpendicular to the axon [94.6° £ 29° (GFP-actin) vs.
90.6° £ 30.3° (no GFP-actin)], but it was not uncommon
for one to protrude at a more acute angle or to move with
respect to the axon, so that the angle between the two
changed, or even to fuse with neighboring filopodia, sug-
gesting active structural remodeling (Fig. 1d). In fact,
filopodia tended to protrude with their tips pointed slightly
toward the cell body, but it is unclear if this implies a
polarity within the underlying actin cytoskeleton. The focal
adhesion protein talin localized to the base of filopodia, and
in some cases, filled the bodies of individual filopodia as
well, suggesting that filopodia protrude from stable adhe-
sive islands along the axon (Fig. le). Analysis of actin and
talin localization in axons with filopodia indicated strong
and significant co-localization [Manders coefficients M1
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(talin with actin) = 0.72, M2 (actin with talin) = 0.58, and
p > 0.95 (Costes method)].

Polymerization state of actin in densities

A key and unique feature of the actin densities was their
appearance and disappearance over time. Densities arose
above, and disappeared back into, a low level of back-
ground fluorescence. Both soluble and filamentous pools of
actin exist in the axon [43-45] and so we next examined
possible contributions of these two pools to the birth, death,
composition and movement of the observed densities.

Assembly of actin densities

Fluorescence recovery after photobleaching (FRAP) within
a region of interest (ROI, e.g., green box, Fig. 2a) in the
axon was performed as an initial assessment of actin
movement. In GFP-actin expressing axons, the average rate
of fluorescence recovery was quite rapid. The time constant
for complete recovery in axons expressing GFP-actin after
bleaching was 12.8 & 8.3 s, corresponding to a diffusion
constant of 70.2 pm?/s. This is similar to previous values
reported for actin monomers in endothelial cells [46],
suggesting that the GFP-actin FRAP signal predominantly
reflected movement of soluble monomers.

To ascertain whether GFP-actin FRAP was indeed
attributable to diffusion of actin monomers, a second set of
FRAP experiments were performed using axons expressing
the Lifeact-TagGFP2 construct (lifeact). Lifeact is a fluo-
rescently tagged actin filament binding protein, which does
not label monomeric actin [47]. In lifeact expressing axons,
the diffusion constant was more than threefold smaller
(21.8 um?/s) than for axons expressing GFP-actin, as
expected for fluorescence recovery based on the diffusion
of actin filaments (lifeact), rather than monomers (GFP-
actin).

Interestingly, we rarely observed the movement of GFP-
actin densities into the bleached region during the fluo-
rescence recovery period; however, in several cases, actin
densities spontaneously arose in the middle of the bleached
region, at a site that happened to be bright before photo-
bleaching, and recovered fluorescence much faster than
surrounding regions of the axon (white arrows, Fig. 2a, and
corresponding line traces indicated by black arrow in
Fig. 2b).

To further examine the dynamics of a particle’s
appearance and disappearance, movies captured at high
magnification and high frame rate were analyzed in the
absence of photobleaching. Selected frames from one of
these movies (Fig. 2c) and the corresponding kymograph
illustrate the characteristic appearance and disappearance
of a particle (Fig. 2d). ROI analysis was used to calculate

the average fluorescent intensity in sections of the axon
around this particle (colored boxes in Fig. 2¢) and line
traces (Fig. 2e) illustrate the change in average fluorescent
intensity over time for five of these regions. An obvious
spot of fluorescence, representing an increase of ~10 % in
intensity, emerged around 60 s and moved slightly in the
anterograde direction before dissipating (Fig. 2d, e). This
apparent coalescence followed by dissolution was charac-
teristic of both GFP-actin densities as well as lifeact
densities (Fig. 3), suggesting that small actin filaments may
be undergoing bouts of organization and disorganization.
The distinct narrowing of densities during coalescence
suggests a consolidation of existing fluorescence rather
than the de novo appearance of fluorescence. Nonetheless,
to examine whether densities formed from newly synthe-
sized protein translated by axonal ribosomes [48] in the
axons of untransfected cells were co-labeled with phal-
loidin and an antibody against RPL-4, a ribosomal protein.
Although both ribosomes and actin exhibited punctate
expression in the axon, there was minimal overlap between
the two [Fig. 2f, Manders coefficients M1 (ribosomes with
actin) = 0.49 and M2 (actin with ribosomes) = 0.31, and
p > 0.95 (Costes method)], suggesting that the birth of
these densities did not occur at sites of local protein syn-
thesis. Finally, to confirm that the actin densities were
composed of filamentous actin, GFP-actin transfected cells
were fixed and stained with Alexa-Fluor-594-phalloidin,
which binds only to polymerized F-actin (Fig. 2g). Regions
approximately 32 pm in length from four axons were
analyzed. The average distance between phalloidin-labeled
puncta was 1.1 pm. Almost all (97.8 %) of the GFP
expressing puncta were labeled with phalloidin, consistent
with a Manders co-localization coefficient of 0.9. Impor-
tantly, many phalloidin stained puncta did not express GFP
and there was no spatial bias to GFP associated vs. non-
GFP associated puncta, suggesting that densities containing
GFP-actin are representative of native structures. Further,
GFP-actin densities were identical before fixation, after
fixation, and after phalloidin-labeling; thus, co-localization
with phalloidin did not reflect the collapse of GFP-actin
into puncta during fixation (Fig. 2h).

Quantitative characterization of actin mobility

To further characterize GFP-actin densities, and confirm
their identity as filamentous actin, kymography was used to
quantify the movement characteristics of particles in axons
expressing one of three different fluorescent proteins: GFP-
actin, lifeact, or maxGFP. Previous results (above) showed
no differences in cellular morphology or in phalloidin-la-
beled puncta between GFP-actin expressing and non-
expressing neurons. Similarities in GFP-actin and lifeact
densities also suggested that actin densities contained
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filamentous actin, as lifeact labels only filamentous actin.
However, there was concern that GFP-actin expression
would introduce artifacts associated with actin over-ex-
pression in the axon. Thus, dynamics of GFP-actin and
lifeact densities were compared to test for differences in
their behavior. In addition, a soluble, biologically inert
fluorescent protein, maxGFP, was examined as a negative
control, to determine whether the movement of actin-GFP
(or lifeact) densities was specific to actin or due to the
general behavior of soluble axoplasmic proteins.
Qualitatively, kymographs of GFP-actin and lifeact
appeared similar to each other and distinct from those of
maxGFP (Fig. 3a-d, Movies 1, 2). Because of its com-
plexity, the trajectory of a particle over its entire lifetime
(defined to be “a track™) was traced and divided into
smaller directional trajectories (defined to be runs; Fig. 3d,
e) for quantitative analysis. Though many particles moved
directionally, they moved in a saltatory fashion; antero-
grade- and retrograde-directed tracks each spent
approximately one-third of the total track duration paused.
Similarly, particles with no net directional displacement
exhibited brief bursts of movement bidirectionally,
spending 10-15 % of the total track duration moving in
either direction. The average velocity, duration, and dis-
tance traveled by a particle in each direction are
summarized in Table 1, with particle numbers, births, and

Table 1 Physical parameters of GFP labeled particles

directional counts summarized in Table 2. There were no
significant differences between GFP-actin and lifeact for
all transport parameters measured, except for the slow drift
velocity of densities classified as stationary (Table 1).

In contrast, there were many significant differences
between GFP-actin and lifeact compared to maxGFP. The
number of overall puncta in maxGFP expressing axons
(24 £ 15) was much lower than in axons expressing GFP-
actin (61 & 31) or lifeact (60 £ 20). Also, fewer new
puncta appeared during the imaging period (13 &+ 11 for
maxGFP, 46 + 18 for lifeact, 48 4+ 27 for GFP-actin,
Table 2). In addition, over 80 % of the total combined time
for all runs in maxGFP expressing axons was spent sta-
tionary (Table 1). The most striking feature in maxGFP
expressing axons was the observation of occasional fast
cargoes (>1 m/s), which moved primarily in the retrograde
direction and resulted in a very large retrograde average
velocity, duration, and displacement (Table 1). Such car-
goes likely “hitchhiked” on or in existing retrograde
cargoes, and were observed only once in all of the GFP-
actin kymographs (974 tracks) and never in the lifeact
expressing axons. Importantly, maxGFP velocity calcu-
lated without including the fast moving maxGFP particles
was not significantly different from zero.

Multiple regression analysis revealed a strong model fit
(r* > 0.79), and emphasized key parameters contributing

GFP-actin Lifeact MaxGFP Nocodazole Latrunculin
Anterograde duration (s) 28.79 £+ 2.45 25.39 + 1.89 29.51 + 1.96 36.97 + 8.66 41.65 + 4.64
NS NS NS p = 0.006*
Anterograde distance (ptm) 1.73 £ 0.16 1.28 £ 0.10 2.30 + 0.38 221 £0.25 2.69 £+ 0.36
p = 0.08" NS p = 007" p = 0.005%
Anterograde velocity (pm/s) 0.06 £ 0.005 0.05 £ 0.004 0.08 + 0.02 0.07 + 0.01 0.07 + 0.006
NS NS NS NS
Stationary duration (s) 35.61 + 4.84 46.60 + 8.75 130.67 £+ 12.39 67.70 £+ 14.64 87.86 £ 23.25
NS p=36x107"%= p = 0.01* p = 0.002*
Stationary distance (pum) 0.03 £+ 0.02 —0.02 &+ 0.005 0.05 £+ 004 0.12 £+ 0.09 —0.08 + 0.08
NS NS NS p=0.07*
Stationary velocity (pum/s) 0 £ 0.00 —0.001 % 0.000 0.001 £ 0.001 0.002 £ 0.001 0.002 £ 0.000
p = 0.007* p = 0.08" p = 0.01* p = 0.01*
Retrograde duration (s) 26.29 + 2.84 22.06 £ 1.74 43.10 £+ 4.54 3290 £+ 3.44 3528 +5.24
NS p = 0.002% NS p = 0.08"
Retrograde distance (pm) —1.51 £ 0.16 —1.26 + 0.18 —14.70 + 3.36 —1.91 £ 0.23 —3.10 + 0.81
NS p=4x10"** NS p = 0.006*
Retrograde velocity (1m/s) —0.06 &+ 0.003 —0.06 + 0.004 —0.24 + 0.04 —0.06 £ 0.008 —0.08 + 0.01
NS p=8x107%* NS p = 0.01%

Transport parameters for puncta in axons expressing GFP-actin (974 puncta in 16 axons), Lifeact (290 puncta in 5 axons), and maxGFP (394
puncta in 5 axons), and in GFP-actin axons after treatment with nocodazole (789 puncta in 9 axons) or latrunculin (370 puncta in 6 axons). Data
is expressed as mean == SEM. A ¢ test with Bonferroni’s correction was used to determine significant differences compared to untreated GFP-
actin axons (p values are reported for all comparisons; * significant difference from GFP-actin (p < 0.0125), * strong trend (p < 0.1); NS no

significant difference)

@ Springer



Bidirectional actin transport is influenced by microtubule and actin stability 4211

Table 2 Track numbers and directional populations per axon for all experimental groups

Number of tracks Number of new tracks Retrograde tracks Stationary tracks Anterograde tracks

Actin-GFP 60.81 £ 9.89 47.8 £ 8.67 21.06 £ 3.18 15313 £ 3.42 2444 £ 484
Lifeact-GFP 60.08 £ 8.84 46.4 £ 8.18 19.04 £+ 3.81 22.08 £ 4.63 18.96 £ 3.75
GFP 24.63 £ 4.34%* 13.3 £ 3.15% 8 + 1.36% 8.44 £+ 1.73* 8.19 + 2.08*
Nocodazole 30.78 £ 3.93* 27.7 £ 3.9% 10.11 £ 2.16* 5.33 £ 1.69* 15.33 £+ 1.82%
Latrunculin 36.67 £ 3.70% 29.7 + 2.90%* 16.17 £ 2.09 4 £+ 1.39% 16.5 £ 1.52%
Values are reported as mean = SEM. Sample sizes are as for Table 1
* Significant difference from Actin-GFP (t test with Bonferroni’s correction)
Table 3 Beta weights of parameters from regression analysis

GFP-actin Lifeact MaxGFP Nocodazole Latrunculin
Average total velocity 0.2412 0.2488 0.6024 0.2161 0.2372
Total time 0 0 —0.0332 0 —0.033
Average anterograde velocity 0.1544 0.1291 —0.0279 0.1792 0.1739
Time anterior 0.4833 0.4171 0.0895 0.4676 0.3244
Average stationary velocity 0.0396 0.1036 —0.0111 0.0615 0.0946
Time stationary 0.0089 0.0502 0 0.0479 0
Average retrograde velocity 0.1204 0.1704 0.0184 0.0616 0.3253
Time retrograde —0.4103 —0.4863 —0.386 —0.3933 —-0.3112
Goodness of fit (%) 0.7901 0.8059 0.8107 0.7339 0.7134

The relative importance of parameters to the overall anterograde displacement of actin particles was analyzed by multiple regression analysis

to particle movement. This analysis also indicated differ-  reagents, nocodazole, latrunculin, and jasplakinolide,

ences between GFP-actin and lifeact expressing axons and
those expressing maxGFP (Table 3). The net displacement
of particles in GFP-actin expressing axons was most
dependent on the time spent moving either in the antero-
grade or retrograde direction (i = 0.48 and —0.41,
respectively), followed by the overall average velocity
(f = 0.24) and lastly by the average velocity in the
anterograde and retrograde directions (f = 0.15 and 0.12,
respectively). The § weights were similar for particles in
lifeact expressing axons. Conversely, for maxGFP
expressing axons, the displacement was dominated by the
average velocity (f = 0.60) and the time spent moving in
the retrograde direction (f = —0.39), again reflecting
contributions of the apparently artifactual fast retrograde
pool. Collectively, these results indicated a strong simi-
larity in the movement of GFP-actin and lifeact, which was
distinct from maxGFP, providing further evidence that
GFP-actin densities were filamentous.

Cytoskeletal influences on actin mobility

Having characterized the identity and movement of GFP-
actin densities, we next investigated cytoskeletal regulation
of the observed motion by perturbing polymerization of
tubulin and actin. Pharmacological perturbation of these
proteins was performed using the well-characterized

enabling temporal control and target specificity.

Nocodazole

We first examined the role of microtubule-based transport
on actin mobility by exposing cells to 10 uM of the
microtubule destabilizing agent nocodazole, a concentra-
tion that induced growth cone collapse within 5 min, but
preserved axonal geometry. Untreated axons exhibited
even tubulin staining (Fig. 4a) but treatment with noco-
dazole produced rapid and severe disruptions in the
continuity of the microtubule cytoskeleton within 20 min
(Fig. 4b). Despite these changes, axons were not globally
destabilized and did not retract or bead, rendering them
appropriate for mobility analysis (Fig. 4f, Movie 3).
Nocodazole treatment resulted in a slightly increased
average net displacement for actin densities compared to
those in untreated axons (Fig. 4h). However, this increase
was neither significant, nor were there significant changes
in most directional parameters (Fig. 4i—k) or proportions of
particle directionality (Fig. 41). A significant increase in
anterograde movement duration was observed (Table 1),
but was offset by a significant increase in retrograde run
length (Table 1). Changes in these two parameters as well
as pause duration (Table 1) following microtubule
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disruption suggest that microtubule stability may influence
the movement of individual actin densities, but that its
aggregate influence is subtle. Consistent with measured
parameters, multiple regression analysis suggested an
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increased importance of anterograde-directed velocity and
decreased importance of retrograde time and velocity in
accounting for the net displacement of particles compared
to untreated axons (Table 3).
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«Fig. 4 Both microtubule and actin stability are important for actin
mobility. Cells were stained for filamentous actin and tubulin.
a Untreated. b After nocodazole (10 uM) treatment. ¢ After latrun-
culin (10 pM) treatment. d Jasplakinolide (10 uM) caused GFP-actin
to form dense stationary puncta. e Latrunculin and jasplakinolide
induced changes in growth cone morphology and actin disruption
(scale bars 10 pm). Kymography was used to analyze the dynamics
of GFP-actin particles after exposure to either f nocodazole, or
g latrunculin. h Exposure to nocodazole increased anterograde-
directed average net displacement in the axon, while exposure to
latrunculin resulted in a retrograde-directed average net displacement.
Average net displacement was calculated and influenced based on
several measured parameters: i average particle velocity in a track,
j average track duration, and k average distance traveled by a particle
over the course of a track. Mathematically, average net displacement
may be divided by the imaging period (6 min, in this case) to
calculate net velocity. 1 Finally, treatment with either nocodazole or
latrunculin decreased the total number of actin particles in axons, but
had little effect on the direction of tracks. Asterisk indicates
significance (p < 0.0125, Student’s ¢ test with Bonferroni’s correc-
tion). Full data sets, including sample sizes and significance, are
provided in Tables 1, 2

Latrunculin

We next evaluated the role of the structural integrity of the
actin cytoskeleton on actin transport. Axons were exposed
to 10 pM latrunculin, which, by binding to actin mono-
mers, prevents the polymerization of actin filaments and
disrupts the actin cytoskeleton [49]. Phalloidin staining of
cells treated with latrunculin for 10 min revealed hetero-
geneous distribution of actin, with regions of the axons
either void of actin or containing actin-enriched puncta as
well as severely disrupted lamella (Fig. 4c). Additionally,
the axonal microtubule network was also disrupted
(Fig. 4c); there were regions of the axons devoid of
microtubules and there was evidence of microtubules
pushing out through the side of the axon (Fig. 4c, white
arrow), emphasizing the interconnected nature of the actin
and microtubule networks [50]. Despite these structural
changes, many densities were still intact, and no global
destabilization or retraction was observed (Fig. 4g, Movie
4). In contrast to nocodazole treatment, latrunculin treat-
ment resulted in a large retrograde average net
displacement (Fig. 4h), driven by significant increases in
the duration (35 vs. 26 s), distance (3.1 vs. 1.5 um) and
velocity (0.08 vs. 0.06 pm/s) of retrograde-directed tracks,
as well as a retrograde directionality for stationary tracks
(Fig. 4i—k; Table 1). Latrunculin treatment also induced an
increase in the duration (42 vs. 29 s) and distance (2.7 vs.
1.7 um, Fig. 4i—k; Table 1) of anterograde-directed tracks,
but did not have a significant effect on anterograde
velocity. Results of multiple regression analysis support
these observations as well; by far the most significant
contributor to the observed dynamics was the retrograde
velocity. Additionally, the importance of time spent in the
anterograde direction was reduced compared to untreated

or nocodazole treated axons. Finally, treating axons with
latrunculin reduced the overall number of particle tracks.
However, as for nocodazole, this reduction was primarily
in paused tracks, with no directional bias (Fig. 41).

Jasplakinolide

To further test the role of actin integrity on actin transport,
neurons were exposed to 10 uM jasplakinolide, which pro-
motes actin polymerization in cells by enhancing the rate of
filament nucleation in a manner that depends on the concen-
tration of monomeric actin [51, 52]. Treatment with
jasplakinolide had a dramatic effect on actin in the axons
(Fig. 4d). Almost immediately upon addition of the drug,
large fluorescent accumulations appeared, which did not
move for the remainder of the imaging time; there was a
complete cessation of all activity. Growth cones were also
severely compromised, collapsing rapidly to a dense fluores-
cent point (Fig. 4e). The rapid rate at which accumulations
formed is consistent with the large pool of soluble monomeric
actin implied by rapid FRAP (Fig. 2). In combination with the
results following latrunculin treatment, these data suggest that
actin polymerization and filament turnover both govern the
formation and movement of actin densities.

Evaluation of directional changes using
mathematical modeling

Treatment with nocodazole and latrunculin resulted in
opposite changes to the directional displacement of actin
particles. These contrasting responses were partially
explained by differences in the contributions of specific
transport parameters (Table 1). However, inspection of
individual parameters and regression analysis cannot cap-
ture the significance of transitions of actin densities
between the pools of stationary, anterograde-, or retro-
grade-directed particles, which could also drive directional
biases. Thus, a simple reaction kinetics model was built in
which rate constants, representing transition probabilities,
were used to shift numbers and proportions of particles in
each directional pool (Fig. 5c, cf. [53]), towards calcula-
tion of simulated average net displacement. Iterating the
model through various combinations of a broad range of
rate constants allowed identification of strong and, impor-
tantly, unique model fits, based on the minimization of
error between model and measured displacement and
directional particle numbers. For actin particles in
untreated axons, the model found rate constants that fit
with an extremely small mean square error (MSE; 0.010,
~0.08-0.36 %). In these axons, the rate constants suggest
that for both retrograde- and anterograde-directed particles,
the likelihood of stopping is approximately twice as great
as the likelthood of a stationary particle initiating
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Fig. 5 Proposed mechanism for
actin mobility in the axon (a,
b) and schematic of kinetic
reaction model of particle
movement (c, e). a Bundling of
actin filaments, not
polymerization seems to be
responsible for the appearance
of actin densities. b This study
suggests that (1) stability of
both microtubules and actin is
important in axonal actin
transport. (2) Actin does not
behave as a conventional cargo.
Actin densities are caught in a
sort of tug-of-war between the
actin-associated myosins and
actin-binding microtubule
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movement in either direction (Fig. 5e). Modeling of data
from nocodazole treated axons also obtained a strong fit
(MSE = 0.048, ~0.25-3.8 %). Compared to untreated
axons, the likelihood of anterograde to stationary conver-
sion decreased slightly, while the retrograde to stationary
conversion likelihood remained unchanged. Additionally,
stationary particles were much more likely to transition to
the free pool than in untreated axons, and were also more
likely to transition to this pool than to begin to move in
either direction. Consistent with experimentally measured
parameters, these results suggest an axon with overall
decrease in actin densities, but an increased tendency of
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particles to move in the anterograde direction. Finally,
modeling of data from latrunculin-treated axons resulted in
a comparatively larger, but still reasonable MSE (0.316,
~1.2-14 %). This analysis showed a decrease in most rate
constants, suggesting that transitions between directional
pools have decreased. The notable exception was the large
increase in the likelihood of anterograde-directed particles
to stop moving. Such a difference would amplify the
impact of observed increases in retrograde velocities and
durations (Table 1), to further explain the retrograde-di-
rected bias of actin particles following latrunculin
treatment that we observed experimentally.
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Discussion

In cultured sensory neurons expressing GFP-actin,
numerous fluorescent densities were observed, which
moved bidirectionally in the axon. The function of these
densities is likely to be diverse; we observed them to co-
localize dynamically with both mitochondria and filopodia,
and immunohistochemcial staining showed co-localization
of these densities with adhesion proteins, but not with
ribosomes. Our analysis suggests that these densities are
composed of filamentous actin, and that their turnover is
governed by filament bundling rather than de novo syn-
thesis or in situ polymerization. Further, our quantification
of their movement represents the first detailed analysis of
actin transport in the axon. It is known that microtubules
and neurofilaments, both SCa cargoes, move as filaments
several microns in length at fast instantaneous velocities
punctuated by frequent pauses [17-19]. Cytosolic SCb
cargoes, however, form transiently associated multiprotein
complexes which display a net anterograde drift [54]. Our
results suggest that actin follows neither of these para-
digms. Rather, we suggest that the bidirectional movement
of filamentous actin densities is facilitated by both actin-
and microtubule-based systems and occurs at rates con-
sistent with slow axonal transport of bulk populations of
actin (Fig. 5a, b).

Composition and formation of actin densities

Several results indicate that actin densities are composed of
filamentous actin (Fig. 5a). Densities were labeled with
either phalloidin or lifeact (Figs. 2, 3). The number and
dynamics of events were similar in axons expressing lifeact
compared to GFP-actin (Tables 1, 2). Additionally, FRAP
and dynamic microscopy of GFP-actin and lifeact support
coalescence and dissolution of filaments rather than poly-
merization as the mechanism for density formation
(Fig. 2). Inhibiting actin polymerization with latrunculin
decreased the total number of densities (Fig. 41), likely due
to a decrease in the number of filaments available for
coalescence, but, importantly, did not change the dynamics
of coalescence. The transient nature of actin densities
suggests they arise from unincorporated actin filaments, but
they could also represent filaments within the actin cortex.
Electron microscopy studies show self-contained densities
of F-actin lateral to the microtubule core as well as short
actin filaments within the core [20-23].

FRAP experiments were used to determine the contri-
bution of diffuse GFP-actin to directional transport of
densities. Calculated diffusion constants were higher for
GFP-actin compared to lifeact, consistent with reported
biphasic recovery rates representing recovery due to dif-
fusion of monomers (fast) compared to filament turnover

through polymerization (slow) [46, 55]. The absence of a
directional bias in the recovery of fluorescence for both
GFP-actin and lifeact suggests that neither diffusion nor
polymerization directly contributes to net transport rates.
However, these processes likely play an indirect role by
setting local concentrations of G- and F-actin, which ulti-
mately drive filament polymerization. Lastly, the poor co-
localization between actin puncta and ribosomes argues
against a role for the formation of densities at sites of local
protein synthesis [48].

Actin densities as a slow component cargo

Kymography has been used previously to analyze the
transport of soluble SCb cargoes. Although diffuse actin
particles appear qualitatively similar to previously studied
proteins, quantitative transport profiles are dramatically
different [25, 26, 54]. It is not unreasonable that the
dynamics we observe are governed by a mechanism unique
to actin, as actin itself is not responsible for SCb transport
[26]. In our experiments, GFP-actin puncta exhibited a net
anterograde displacement corresponding to a velocity of
approximately 3 mm/day. If we considered the average
displacement of only anterogradely directed particles, we
calculated a velocity of ~ 8.5 mm/day, which matches the
upper limits of published bulk SCb transport rates. These
are comparable to rates found in classical radio-labeling
studies for SCb cargoes, which have fundamental
methodological differences from our approach. In previous
studies, radiolabeled amino acids were injected into neu-
ronal cell bodies prior to quantification of their axonal
distribution at subsequent time points. This approach nec-
essarily established a proximal to distal gradient of labeled
protein, in contrast to our system, where fluorescently
labeled actin was distributed throughout the cell and was
observed to move bidirectionally based on the contribu-
tions from mobile particles as well as the directional drift
of stationary particles. Our approach also offers additional
insight into mechanisms by which actin mobility is regu-
lated. Based on our regression analysis, the two most
important factors in determining the displacement of actin
particles were the time spent moving in both the antero-
grade and retrograde directions. The similar magnitudes of
these two variables highlight the non-processive and bidi-
rectional movement of actin densities.

Mechanisms underlying the movement of actin
densities

A role for microtubules in actin transport

Typically, cargo transport by kinesin or dynein relies on
motors moving upon stationary microtubule tracks. If actin
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was transported in this way, nocodazole treatment should
inhibit its transport bidirectionally. Instead, mobility of
individual particles increased bidirectionally (increased
anterograde duration and retrograde distance, Table 1),
with no decrease in overall mobility (Fig. 4). This is also
supported by the results of the kinetic model; particles were
no more likely to move in the anterograde direction as
opposed to the retrograde direction from a standstill,
despite slight differences between the processivity of
anterograde-directed particles (kforl/krevl ratio) and ret-
rograde-directed particles (kfor2/krev2 ratio). These results
suggest that actin does not bind as a cargo to a conventional
microtubule-based motor or as a hitchhiker on conven-
tional vesicular cargoes or neurofilaments. This response
also differs from other SCb cargoes, which are unaffected
by actin disruption, but cease movement bidirectionally
after microtubule destabilization, presumably due to the
absence of tracks for kinesin and dynein motors [26].

The lack of impaired mobility following nocodazole
treatment is reminiscent of the response of mobile micro-
tubules, whose anterograde movement is enhanced after
microtubule destabilization. This change is likely due to
decreased microtubule connectivity in the axonal core with
dynein anchored to actin serving to push short micro-
tubules in the anterograde direction [56, 57]. Consistent
with such a model, we have found that actin densities in
axons exposed to the dynein inhibitor EHNA exhibited
increased retrograde-directed motion (unpublished data).
In light of this preliminary data along with structural and
biochemical evidence for actin densities interacting with
microtubules (discussed below), directly testing the possi-
bility of actin hitchhiking on dynein-driven MTs will be an
interesting future research direction.

A role for actin in actin transport

In addition to a role for microtubules, several results also
support a role for actin integrity in the movement of actin
densities. First, the calculated velocities are slower than
those predicted for typical microtubule-based transport
paradigms. GFP-actin particles moved in both directions
with average velocities of 0.06 pm/s, identical to the
velocity reported for movement of pigment granules car-
ried along actin by myosin in fish melanocytes [58].
Second, in the same studies noted above, retrograde
microtubule-based transport of other proteins is not affec-
ted by interfering with either dynein or actin [56, 57], but in
our experiments, latrunculin significantly enhanced retro-
grade displacement of actin puncta (Table 2). Additionally,
the results of our mathematical model suggest that latrun-
culin treatment reduces the overall mobility of the
particles, with a particular impact on anterograde-directed
puncta. Lastly, the cessation of movement following
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treatment with jasplakinolide raises the interesting possi-
bility that polymerization and actin network integrity serve
as a brake to the movement of actin particles. This would
be consistent with a previous study in Xenopus melano-
phores, which showed that jasplakinolide inhibits the
movement of vesicle-bound cargoes moving upon actin
filaments [59].

Interactions between actin and microtubule-based
transport systems

These pharmacological experiments, which enabled tight
temporal control over filament state not possible through
genetic manipulation, suggest a functional connection
between actin and microtubules. Both nocodazole and
latrunculin treatment increased the duration and distance
traveled by particles, in both directions. The fact that
destabilization of either component freed actin particles to
move further and for a longer time suggests that both
microtubule and actin network integrity inhibit the move-
ment of actin densities. This is likely a direct result of the
active force generating components and other cross-linking
proteins engaging in a sort of tug-of-war over actin den-
sities [60, 61], such that when one “loses its grip,” the actin
is free to move for a short time, before it is re-bound and
frozen again. Such interactions between MTs and actin are
consistent with structural and biochemical studies. Electron
microscopy reveals that actin associates closely with MTs
in the axon [20-23]. Additionally, the microtubule asso-
ciated proteins, MAP2c, doublecortin, podl and the
formins have all been shown to mediate actin dynamics,
raising the intriguing possibility that MTs could serve as a
nucleation site for actin densities [62—64].

Functional pools of actin

Actin transport occurs because a supply of actin is required
for a number of biological functions at specific locations
along the axon. Our results have been pooled to draw the
most conservative and general conclusions regarding
mechanisms of movement. There is, however, a strong
likelihood of functionally distinct populations within the
pool of polymerized actin and the stability and mobility of
actin densities are likely influenced by their functional role
within the axon. We have built upon previous work to
probe a subset of actin-related functions, providing evi-
dence that filamentous actin densities give rise to filopodia
(Fig. 1), and may also associate with mitochondria (Fig. 1)
[20, 37]. Additionally, immunolabeling shows that actin
densities co-localize with the focal adhesion protein talin
(Fig. 1), as expected [65]. Surprisingly, there is minimal
co-localization with ribosomes (Fig. 2); the literature sug-
gests a much stronger association between the two based
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on the importance of actin in transporting ribosomes and
maintaining their distribution along the length of mature
axons [66, 67], as well as, conversely, axonal ribosomes
contributing to the synthesis of axonal actin [68-70].
Quantification of dynamic associations between actin and
ribosomes or focal adhesion proteins along the length of
axons would elucidate these functional relationships.

Quantitative approaches to studying actin transport

GFP-actin represents a challenging cargo to analyze due to
the complexity of its movement patterns as well as con-
siderable background fluorescence, presumably from
soluble GFP-actin. These challenges were overcome both
through higher-resolution microscopy as well as generation
of accurate kymographs via validated methods [71]. The
extraction of dense datasets allowed us to incorporate
deeper statistical evaluation of data, through multiple
regression analysis, as well as the application of a simple,
yet informative, rate kinetics model of actin transport. Such
efforts may no doubt be expanded to include stochastic
statistical models and simulations that may more effec-
tively capture the variability in our datasets.

Summary and conclusions

Our data provide a quantification of the identity, dynamics
and possible functional roles for filamentous densities of
GFP-actin in the axon. The emergence of densities appears
to be due to bundling of polymerized actin filaments, rather
than de novo translation (Fig. 5a). Further, these densities
moved in short but significant bursts at net velocities
commensurate with slow component transport rates.
Unlike other SCb cargoes, perturbation of cytoskeletal
integrity revealed that actin movement appears to be
dependent on both actin and MT cytoskeletal networks.
Further, these two networks appear to serve as a brake on
movements mediated by each other, likely through the
activity of motor and static cross-linking proteins as well
as intermediaries such as neurofilaments (Fig. 5b). Con-
siderable research remains to determine the specific
identity of these and other proteins that influence actin
transport globally or within specific functional pools.
However, this work establishes a fundamental quantitative,
mechanistic framework upon which additional genetic,
biochemical, and biophysical experiments and models may
be layered and interpreted.

Materials and methods

See supplementary material for complete materials and
methods.

Tissue culture and expression of fluorescent proteins

Cells from dissociated dorsal root ganglia (DRG) from 2-
to 5-day-old rats were transfected with either GFP-actin,
lifeact-tagGFP2, or maxGFP using an Amaxa Nucleofector
II or lentivirus. Animal work was approved by the IACUC
at the University of Maryland and the University of Cali-
fornia, San Diego.

Chemical perturbation

For pharmacological cytoskeletal perturbation experiments,
cells were imaged for 6 min in normal media. The drug was
then added to the dish and the same axon was imaged for an
additional 20 min with movies then divided into three
6-min segments, each of which was analyzed indepen-
dently. The segment that provided the largest change in the
particle average net displacement was used for comparison
to untreated axons. Although the magnitude of the net dis-
placement varied between the three time segments, the
direction of the change was consistent within each drug
(10 M nocodazole—maximum change 6—12 min. 10 pM
latrunculin—maximum change 0-6 min).

Immunocytochemistry

Cells were fixed in 4 % PFA in PBS, permeabilized with
0.2 % Triton X-100 in PBS, incubated in blocking buffer
(10 % FBS, 3 % BSA in PBS), and either stained with pri-
mary and secondary antibodies, or with phalloidin. While
formaldehyde does not optimally preserve microtubules
compared to glutaraldehyde, we accepted the slight loss of
quality to enable direct comparison with axons single-la-
beled with phalloidin. This did not influence our assessment
of relative microtubule integrity across drug treatments.

Live imaging of actin and mitochondria

For tracking the movement of individual actin densities,
images were captured using widefield fluorescence at 40x
magnification every 5 s in an environmental chamber
which controlled temperature (37 °C), humidity, and car-
bon dioxide (5 %). Mitochondria were labeled as
previously reported using MitoTracker Red CMX-Ros
[38], and imaged at a similar frame rate as actin, thus
precluding the observation of very fast moving mitochon-
dria [41, 42]. Additional movies for specific experiments
were captured at a higher frame rate (1/600 ms) using a
100x objective. Care was taken to image axons with free
growth cones, and which were not undergoing active bouts
of elongation. Transport was imaged in axonal regions at
least 5 pm from the growth cone; growth cones were not
analyzed.
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For FRAP experiments, a 30 um long region of interest
(ROI) in the axon was bleached using multiple high laser
power scans from an argon laser and fluorescence recovery
imaged at 63x magnification in an environmental stage
enclosure at 37 °C and 5 % CO,. Images were captured
every 1.2 s for the first minute and every 5 s until intensity
in the bleached region recovered to that of surrounding
unbleached regions. Fluorescence in the bleached region
was normalized using an ROI in an unbleached region. The
time constant, tau, and diffusion constant, D, for recovery
were calculated by fitting the data with an exponential
curve. Multiple small ROIs within the bleached region
were also analyzed for spatial differences in recovery rate.

Filopodial dynamics

62 filopodia were observed and analyzed in 25 untreated
GFP-actin expressing axons, in regions away from the
growth cone. The time at which a filopodium first pro-
truded from the axon, as well as when it reached its
maximum length and had retracted completely back into
the axon were recorded. Maximum length and the protru-
sion angle were also measured.

Image analysis

Kymographs were used to quantify particle motion in the
axon using an image processing algorithm [71]. Individual
particle trajectories on kymographs were traced manually,
and due to their complex nature, the entire particle path
was termed a “track,” composed of shorter connected
directional “runs.” Tracks were categorized by the net
displacement of the particle (Fig. 3b). Particles with a net
displacement of less than 0.3 pm were considered sta-
tionary, and anterograde- or retrograde-directed tracks
were labeled as such. Parameters from each category of
track in each experiment were averaged, to produce an
average duration, distance, and velocity for each direction
(anterograde, retrograde, and stationary) in an axon. These
nine parameters were then averaged over all axons from a
given treatment group for statistical comparison (Table 1).
Total particle number, number of particle births (new
particles emerging during the course of a movie), and
directional populations were also determined for each
experimental group (Table 2).

The average net displacement for all particles in an axon
was also calculated; the sum of the net displacement of all
tracks was divided by the number of tracks. This calcula-
tion, which was insensitive to variation in particle lifetime,
or complexity of trajectory, also enabled us to extrapolate
activity over a 6-min imaging window to that of bulk
movement over a longer duration, often reported as a net
velocity.
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Co-localization analysis

Mitochondrial co-localization with GFP-actin was per-
formed based on cargo trajectories in kymographs. Cargoes
were considered to co-localize for durations during which
trajectories overlapped. Co-localization was assessed using
the method of Manders [72], with Manders coefficients M1
and M2 reflecting overlapping pixels above a threshold
specific for each color channel relative to the other. Costes’
method [73] was used to confirm the validity of the co-
localization approach.

Statistics

To test for statistically significant differences in mean
parameters, two-tailed heteroscedastic Student’s ¢ tests was
used, with Bonferroni’s correction to account for multiple
comparisons with the GFP-actin group; p values were
required to be less than the adjusted « = 0.0125 to be
considered significant.

Multiple regression analysis

Multiple regression analysis was performed on the z-scored
data of all individual traces within an experimental group as
performed previously [74]. Net displacement was regressed
against the independent variables average velocity, total
duration, anterograde velocity, anterograde duration, sta-
tionary velocity, stationary duration, retrograde velocity,
and retrograde duration. Higher p-weight magnitudes
indicate a stronger contribution to the regression model, and
p-weight sign indicates direction of correlation.

Modeling

Actin transport was modeled using reaction kinetics to
simulate transitions between anterograde, retrograde, and
stationary actin puncta states. An additional “free pool”
state was added to account for the observed disappearance
of actin. Transition from all non-stationary states had to
pass through the stationary state (Fig. 5c).
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