


can certainly vary (10), and hence these observations do
not exclude the possibility that molecular motors could
produce short tugs of movement on these microtubules.

In the present study, we sought to evaluate the role of
dynein-driven forces in the transport and organization of
axonal microtubules, both long and short. We used two
different approaches for suppressing dynein function, the
siRNA-based approach of depleting DHC and dynactin
disruption via overexpression of excess P50-dynamitin. In
order to perform these two approaches in parallel, we
overexpressed P50-dynamitin rather than injecting recom-
binant protein. Our primary goal was to understand
whether dynein-driven forces transport the longer micro-
tubules, and if not, whether these forces play a different
role in the configuration of the long microtubules. Another
goal was to better understand the effects of dynactin
disruption, given recent studies showing that dynactin
can potentially interact with a broad array of motor and
non-motor proteins in addition to cytoplasmic dynein (11).

Results

Inhibition of dynein-related functions by
overexpression of P50-dynamitin in cultured
sympathetic neurons

Disruption of the dynactin complex by introducing excess
P50-dynamitin into cells is a common method for experi-
mentally inhibiting dynein functions (7,8,11-13). We pre-
viously reported that an acute microinjection (at high
concentrations) of recombinant P50-dynamitin into
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cultured neurons is profoundly deleterious to axonal
outgrowth (8). Here we determined the effects of over-
expressing the protein, which is a more common
approach than microinjecting it. We found that an over-
night bout of overexpression of P50-dynamitin did not
curtail the outgrowth of axons (Figure 1). Axons were
similar in length to axons from control neurons expressing
myc-tag alone. This was also the case when neurons were
permitted to overexpress the construct for 2—4 days, after
which they were re-plated and allowed to grow axons a
second time.

The lack of inhibition of axonal growth may relate to the
fact that the protein levels we are able to achieve with the

overexpression approach are not as high as the levels
obtained by microinjection. In addition, an acute introduc-
tion of the protein may produce more dramatic effects

than a gradual accumulation of the protein. Many of the
neurons overexpressing P50-dynamitin displayed axons
with blunt swollen tips (Figure 1D), which is consistent

with a distal accumulation of organelles that would be
expected with the inhibition of cytoplasmic dynein. At

the immunofluorescence level, it was not uncommon for

microtubules to appear slightly more splayed, particularly
in their thickened distal regions and at branch points
(Figure 1E). The microtubule array was otherwise similar
to that of control axons, and the staining for filamentous

actin was indistinguishable from controls (not shown).

Before analyzing the microtubule array in finer detail, we

wished to further confirm that the dynein-related functions
were at least partially compromised. For this, we

Golgi

Figure 1: Axonal morphology and Golgi dispersion in cultured rat sympathetic neurons as a result of dynactin disruption.
Panels A and D show a control neuron and P50-dynamitin-myc-expressing neuron (high expresser), respectively, stained with an antibody
to myc. Shown here is a control neuron that was not transfected for myc, but for quantitative analyses, we routinely used control neurons
transfected to express the myc-tag. Immunofluorescence labeling for tubulin reveals microtubule organization within the control (B) and
experimental (E) neuron. Note that the distal regions of the axons and the branching regions of the P50-dynamitin-myc-expressing
neurons are sometimes thickened, with microtubules somewhat more splayed apart compared to controls (see arrows). Golgi apparatus
morphologies labeled by Golgi-58K protein immunostaining revealed compact, center-located Golgi apparatus in a control neuron (C), and
fragmented and dispersed Golgi in a P50-dynamitin-myc-expressing neuron (F). Scale bars, 20rm.
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examined the distribution of Golgi elements and neurofila-

ments, both of which are thought to depend on cytoplas-

mic dynein for their distribution. Cytoplasmic dynein is

known to be the principal motor for transporting orga-

nelles toward the minus ends of microtubules (13,14), a

function which moves organelles from the axonal tip back

to the cell body and which compresses Golgi elements

into their typical perinuclear locale (15). In cultured sympa-
thetic neurons, the intact Golgi apparatus appears as a
compact, multitubular structure located near the cell cen-

ter (Figure 1C). However, in neurons overexpressing P50-
dynamitin, the Golgi apparatus was fragmented and dis-
persed throughout the cytoplasm (Figure 1F), which is
similar to the effect observed in non-neuronal cells over-
expressing P50-dynamitin (16). All non-neuronal cells in
the cultures that highly expressed the construct displayed

a dispersed Golgi apparatus on the first day after transfec-
tion (data not shown). In contrast, only 24% of the highly

expressing neurons revealed dispersed Golgi at 24 h post-
transfection. This proportion increased to 57 and 66% at

48 and 72 h post-transfection, respectively.

In control neurons, neurofilaments were distributed along
the length of the axon, with the previously reported
‘natural gaps’ throughout the axon (17-19). In some
cases there was a slight enrichment of neurofilaments in
the proximal regions (Figure 2A). In contrast, the neurons
expressing P50-dynamitin-myc showed a dramatic accu-
mulation of neurofilaments in the most distal several
microns of the axon, and a corresponding decrease proxi-
mally (Figure 2B; see Figure 2C for quantitative analysis).
Neurofilament staining intensity for the entire axon was
quantified as was staining intensity for the proximal and

distal 10% of the axon. The staining intensities in the

proximal and distal 10% of the axon were divided by that

for the entire axon to obtain a measure of the relative
amount of axonal neurofilaments in these axonal regions.
The relative amounts of neurofilaments in the distal axon were

0.09 0.08 and 0.40 0.17 in control and P50-dynamitin-
overexpressing neurons, respectively. The relative amounts
of neurofilaments in the proximal axon were 0.20  0.08 and
0.08 0.06 in control and P50-dynamitin-overexpressing neu-
rons, respectively. Analyses on the population of axons studied
revealed that these differences are statistically significant
(p < 0.0001 distal, p < 0.002 proximal, t-test). These results,
which are similar to those reporte d for peripherin intermediate
filaments in PC12 cells overexpressing P50-dynamitin (20),
were consistently observed with all of the neurons overexpres-

sing P50-dynamitin, even after the first day of plating. These
results are also essentially the same as those obtained in our
earlier study in which DHC was depleted from sympathetic

neurons using siRNA (6) and are consistent with the conclu-
sion that cytoplasmic dynein transports neurofilaments retro-

gradely but not anterogradely in the axon.

A proportion of the anterograde microtubule
transport is inhibited by dynactin disruption

To assay axonal microtubule transport we used our modifi-
cation (5,6) of the photobleach approach of Wang and
Brown (4) (Figure 3A). We previously reported that deple-
tion of DHC by siRNA reduced the frequency of antero-
grade transport of short microtubules by approximately
50% while having no effect on their retrograde transport
frequency (6). Here we wished to ascertain the effects of
P50-dynamitin overexpression. Cultured neurons expres-
sing EGFP-tubulin and either a myc-tagged control vector

Figure 2: P50-dynamitin overexpres-
sion results in marked redistribu-
tion of axonal neurofilaments.
Panels A and B show neurofilament
staining in a control neuron (A) and
a neuron overexpressing P50-dyna-
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compared to the control. Similar
analyses on the population of
axons studied revealed that these
differences are consistent and sta-
tistically significant.
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comets should reflect the combined rates of microtubule
polymerization and any potential movement of the micro-
tubule (9,23).

We initially performed studies on neurons overexpressing
P50-dynamitin and observed a dramatic reduction in
comet velocity on the first day of overexpression. We
pursued this finding in detail to ascertain whether or not
the reduction in comet velocity reflected a diminution in
microtubule movement. In previous studies on EB3 or
EB1 excursions in neuronal cells, images were usually
captured every 3—4 s (9,21). The Bornens laboratory (23)
has pointed out that there are advantages in capturing
images every 1 second, which maximizes the ability to
follow individual comets with certainty. Also, taking
images every few seconds may conceal rapid instanta-
neous velocities that are not sustained longer than 1 sec-
ond. We obtained movies of EB3 excursions in various
compartments of the neuron, including the cell body, the
most proximal 10 mm of the axon, within the main shaft
of the axon, and the most distal 10 nm of the axon con-
tiguous with the growth cone. We did so in neurons
co-expressing E6FP-EB3 and either P50-dynamitin-myc
or myc alone. After imaging, cultures were immunos-
tained for myc, and as with all of the studies reported
here, data were derived only from the cells that expressed
P50-dynamitin-myc highly.

One of the surprising results obtained in the various stud-
ies to date using EB1 or EB3 to visualize microtubule
behaviors in axons is that a fraction of the excursions are
directed toward the cell body, which seems inconsistent
with the results of a number of studies showing that
microtubules in axons are uniformly oriented with plus
ends distal to the cell body [see for example (24)]. We
have observed that the fraction of these retrograde excur-
sions is higher (as high as 15%) during early axogenesis
(consistent with observations from the earlier studies) but
then diminishes as the axon grows (5). In bona fide axons
with lengths on the order of 100 nm, we observed no
more than roughly 5% of the excursions in the retrograde
direction within the axonal shaft, but higher proportions in
the most distal and proximal regions. It is unclear at pre-
sent (given that the tail of the EGFP-EB3 comet is not so
easy to resolve in neurons) whether these retrograde

excursions are oppositely oriented microtubules, correctly
oriented microtubules whose ends curve backward, or
correctly oriented microtubules that are being transported
retrogradely. Because of this ambiguity, we chose to
exclude the retrograde excursions from the present ana-
lyses and focus exclusively on the anterograde excur-
sions. It is worth noting, however, that the P50-
dynamitin-myc expression did not detectably alter the pro-
portion of backward to forward comets.

In control neurons expressing myc for 15-20 h, the average
EGFP-EB3 excursion velocities for the cell body, proximal
axon, main shaft, and distal axon were 0.30 0.10,
0.30 0.10, 0.39 0.10, and 0.39 0.12, mm/second
(mean  SEM), respectively, (Table 1). Figure 4A shows
an example from the main shaft. These average velocities
are notably faster than in the neurons that had been plated
for longer periods of time (see later). The fastest velocities
for individual comets (measured over a few seconds time)
were on the order of 0.4-0.5 mm/second. When we ana-
lyzed instantaneous (second-by-second) velocities, we
found that many comets displayed one or more instanta-
neous velocity that exceeded 0.6 nm/second (Figure 4A).
In neurons expressing P50-dynamitin-myc, the average
rates of the excursions were diminished compared to

controls in all compartments of the neuron. For the cell
body, proximal axon, main shaft, and distal axon, the
average velocites were 0.21 0.06, 0.23 0.06,
0.16 0.06, and 0.17 0.06 mm/second, respectively
(Table 1). Compared to controls, these values represent
diminutions of 30, 30, 59 and 56%, respectively (all are
statistically different at p < 0.002, t-test). Figure 4B
shows an example from the main shaft. As expected,

kymographs of comets from the axons of P50-dynamitin-
overexpressing neurons show a steeper slope than
kymographs of comets from control axons (Figure 4C). In
addition, the kymographs of the P50-dynamitin-
overexpressers were more irregular than controls, often
showing intermittent patterns corresponding to a lack of

detectable motion of the comet between individual

frames of the movie.

Graphs of the instantaneous velocities demonstrate that
these effects are due to the loss of the more rapid category
of instantaneous velocities (Figure 5). Specifically, we found

Table 1: EGFP-EB3 data from control and P50-dynamitin-overexpressing neurons

Category Condition Mean velocity Standard error # of EGFP-EB3 Total # of
(mMm/second) comets measurements
Distal axon Control 0.39 0.12 19 218
P50-dynamitin 0.17 0.06 19 253
Axon main shaft Control 0.39 0.10 24 211
P50-dynamitin 0.16 0.06 20 238
Proximal axon Control 0.30 0.10 10 89
P50-dynamitin 0.23 0.06 19 136
Cell body Control 0.30 0.10 15 160
P50-dynamitin 0.21 0.06 19 118
528 Traffic 2006; 7: 524-537
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Figure 4: P50-dynamitin overexpression inhibits the fastest instantanous velocities of EGFP-EB3 excursions in short-term
neuronal cultures. Shown are still images extracted from time-lapse movies of EGFP-EB3 comets within axons and graphs of data
extracted from those movies. In control axons, individual EGFP-EB3 comets were seen to move at instantaneous comet velocities faster
than 0.6 mm/s (row A). In axons overexpressing P50-dynamitin, EGFP-EB3 excursions faster than 0.6xm/s were absent (row B). light and
dark arrows in first 3 panels of rows A/B denote initial positions and successive movements of EGFP-EB3 comets, respectively. Arrows in
graphs of row A denote instantaneous comet velocities over 0.6 mm/second. Scale bar is 1 nm. (C) Kymographs of comets from the axons
of P50-dynamitin-overexpressing neurons (right panel) show a steeper slope than kymographs of comets from control axons (left panel).
Kymographs of the P50-dynamitin-overexpressers were more irregular than controls, corresponding to a lack of detectable motion of the

comet between individual frames of the movie.

a 97% reduction (p < 0.001, chi-square test) in the number
of EGFP-EB3 comets with instantaneous velocities above
0.6 mm/second within P50-dynamitin-myc-expressing neu-
rons as compared to control neurons (Figure 5F,G). Duration
and directionality of the comets were not significantly differ-
ent in corresponding compartments of control and experi-
mental neurons (data not shown).

Studies on other cell types have reported a similar diminu-
tion in comet velocity in response to dynactin disruption
and have attributed it to an effect on microtubule polymer-
ization (25). We reasoned that, if the slowing of the
comets were actually caused by a reduction in the trans-
port of the microtubules, the effects on comet velocity

should persist over the same timetable as the effects on
the transport of short microtubules during the dynactin
disruption regime. Moreover, reductions in comet velocity
should be observed when DHC is depleted by siRNA.
To investigate, we assessed comet velocities in
the axons of neurons that had undergone the same
re-plating regime as we used for the microtubule

Traffic 2006; 7: 524-537

transport studies. Neurons overexpressing P50-dynamitin
showed EB3 comet velocities that were similar to control
neurons [velocity SEM % 0.149 0.0049 mm/second
(P50-dynamitin-myc) and 0.157 0.0034 nm/second
(control); p > 0.1, two-tailed student t-test]. In neurons
treated with DHC siRNA over a similar timetable, EB3
excursion velocities were increased slightly but signifi-
cantly (13.7%) when compared to control excursion
velocities [velocity SEM ¥ 0.182 0.0059 nm/second
(DHC) and 0.157 0.0034 mm/second (control); p < 0.001]
(Figure 6). This slight increase in the rate of the comets is
similar to that observed when actin was disrupted by
latrunculin in an earlier study (5) and may relate to a pre-
ference for the microtubules to track along other microtu-
bules in the absence of actin and also in the absence of
dynein.

In light of these results, there is no evidence of a per-
sistent diminution in comet velocities with either experi-
mental treatment over a similar timetable in which the
transport of short microtubules continued to be
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Figure 5: P50-dynamitin overexpression decreases the velocities of EGFP-EB3 excursions in short-term neuronal cultures by
selective depletion of fastest instantaneous velocities. In all regions of the axonal shaft (A—C) and within neuronal cell bodies (D), P50-
dynamitin overexpression greatly reduced the frequency of EGFP-EB3 comet instantaneous velocities faster than 0.6 mm/second. Blue
lines and bars are control data and red lines and bars are experimental (P50-dynamitin-overexpressing cells) data in all graphs. (E) displays
axon and cell body data combined, showing the overall differences in instantaneous velocities between controls and P50-dynamitin-
overexpressing neurons. (F) is a histogram of all EGFP-EB3 comet instantaneous velocities, clearly displaying a reduction in the frequency
of comets moving at velocities above 0.6 nm/second within neurons overexpressing P50-dynamitin (red bars) as compared to control
neurons (blue bars). In control neurons, 15.7% of the EGFP-EB3 excursions were faster than 0.6 nm/second, whereas in P50-dynamitin-
overexpressing neurons only 0.5% of the EGFP-EB3 excursions were faster than 0.6 nm/second, reflecting a 97% reduction (statistically
significant difference; p < 0.001, chi square test) in the frequency of fastest comets (G).

compromised. On this basis, we would surmise that
comet velocities are particularly fast in freshly plated neu-
rons because of rapid microtubule polymerization rates
and that dynactin disruption has a transient effect to
diminish these rapid polymerization rates.

Effects of DHC depletion or dynactin disruption on the
alignment of microtubules and their invasion into
filopodia

One of our most curious findings is the fact that axons
grew at fairly normal rates, at least in the culture dish on
favorable substrates, when P50-dynamitin was over-
expressed or when DHC was depleted, even for a period
of days. This was also the case when the treated neurons
were re-plated after 1-2 days and allowed to grow axons
anew (see earlier). However, when the neurons were
re-plated after 3—-4 days of DHC depletion, the results

530

were quite different. [Quantitative analyses using

Western blotting and immunofluorescence indicate that

DHC levels are down by at least 70% by day two after

introduction of the siRNA and continue to diminish over

days 3 and 4 to 80-90% diminution (6)]. DHC-depleted
neurons re-plated after 3—4 days had significantly shorter
axons than control neurons, with about 70% diminution of

the total axonal length (Figure 7A—C). Immunofluorescence
labeling of microtubules and actin filaments revealed that
control axons contain a tight bundle of well-aligned micro-
tubules in the axonal shaft (Figure 7D,E). Axonal microtu-
bules became splayed apart in the growth cone, and some
of these microtubules invaded filopodia along actin bun-
dles (Figure 7D,E). In DHC-depleted neurons, the micro-
tubule arrays were highly abnormal in the distal regions of
the axons (Figure 7F-I), appearing twisted and curled. In
fact, in many cases the microtubules crossed one another
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Figure 8: Effects of dynactin disruption on axonal out-
growth: quantification of axonal outgrowth when dynactin
is disrupted by P50-dynamitin overexpression, with or with-
out suppression of microtubule dynamics by 16 nm vinblas-
tine (student’s t-test, two-tailed, *p < 0.05). After exposing
the neurons to laminin for 6.5 h, there was a 15% diminution in

axonal length comparing controls with P50-dynamitin-overexpres-
sing neurons, but this difference did not meet the criteria of

statistical significance. When neurons were exposed to vinblas-
tine, the axonal growth was slowed, such that we had to wait

overnight to obtain accurate measurements of axonal length.
(Without the vinblastine, overnight was too long because the
axons obtained such great lengths, they were impossible to
measure). Under these conditions, there was a 60% (statistically
significant; student’'s t-test, two-tailed, p < 0.05) diminution in
axonal length between the axons extended by control
neurons, and those extended by P50-dynamitin-overexpressing
neurons. Thus, the effects of the two treatments on axonal

growth produce a greater effect in combination than they do
individually.

concerted fashion, but could theoretically contribute to the
advance of the microtubule array down the axon. To test
this possibility, we took advantage of the approach
recently used by the Popov and Bornens laboratories to
study microtubule behaviors in frog axons (9) and
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migratory cells (23). These authors reasoned that EB
‘comets’ at the tips of microtubules undergoing assembly

move at rates that represent a combination of microtubule

polymerization and any potential transport that the
microtubule might undergo during the bout of

polymerization. In the studies on frog axons, it was
concluded that comet velocities are not rapid enough to
suggest the transport of microtubules. Even so, it is

known that the rates of microtubule transport and poly-

merization can vary (10), and hence the possibility
remained for motors such as cytoplasmic dynein to gen-
erate short tugs of motion. To investigate this and related

aspects of microtubule organization, we analyzed neurons
in which dynactin had been disrupted by overexpression
of P50-dynamitin, or within neurons that had been
depleted of DHC by siRNA.

Dynactin disruption has recently lost some of its credibility
as a reliable method for studying dynein functions
because the components of dynactin are now known to

interact with other molecular motors as well as non-motor

proteins relevant to microtubule behaviors (11,32-34).
Nevertheless, our studies indicate that the effects of

dynactin disruption are very similar to the effects of DHC
depletion on a number of parameters such as Golgi dis-
tribution, neurofilament transport and microtubule trans-
port. Therefore, it was initially provocative that an
overnight bout of P50-dynamitin overexpression produced
a marked diminution in the rates of EB3 comets in the
axon. However, this effect was not sustained past the first

day of P50-dynamitin overexpression and was not
observed in neurons depleted of DHC. In fact, comet
rates were actually slightly faster in DHC-depleted growth
cones compared to controls. This is particularly note-
worthy in light of the fact that the frequency of transport

of the short microtubules was compromised in these

same axons in which the rates of the EB3 comets were

either normal or slightly faster than normal. Thus, we
conclude that the transient slowing of the comets during

early phases of dynactin disruption is not due to a diminu-
tion in polymer movement, but is rather due to a slowing

of the rapid rates of microtubule polymerization in these
early axons.

If our ‘cut and run’ model is correct, the long microtubules
are subjected to dynein-driven forces, but these forces are
unable to overcome the ‘drag’ on the microtubules that
prevents them from undergoing transport. It seems rea-
sonable to posit that such forces might play other roles in
the configuration of the microtubules, if not to transport
them. Studies from our laboratory suggest that the short
microtubules can move either by force generation against
other microtubules or against the actin cytoskeleton (5).
On this basis, it seems logical to surmise that
cytoplasmic dynein might generate forces between long
microtubules and other long microtubules as well as
between long microtubules and the actin cytoskeleton. A
few years ago, we reported that an abrupt disruption of
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