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Abstract. 

 

We describe a novel mechanism for protein
kinase C regulation of axonal microtubule invasion of
growth cones. Activation of PKC by phorbol esters re-
sulted in a rapid, robust advance of distal microtubules
(MTs) into the F-actin rich peripheral domain of
growth cones, where they are normally excluded. In
contrast, inhibition of PKC activity by bisindolylmale-
imide and related compounds had no perceptible effect
on growth cone motility, but completely blocked phor-
bol ester effects. Significantly, MT advance occurred
despite continued retrograde F-actin flow—a process
that normally inhibits MT advance. Polymer assembly
was necessary for PKC-mediated MT advance since it
was highly sensitive to a range of antagonists at con-
centrations that specifically interfere with microtubule
dynamics. Biochemical evidence is presented that PKC
activation promotes formation of a highly dynamic MT
pool. Direct assessment of microtubule dynamics and

translocation using the fluorescent speckle microscopy
microtubule marking technique indicates PKC activa-
tion results in a nearly twofold increase in the typical
lifetime of a MT growth episode, accompanied by a 1.7-
fold increase and twofold decrease in rescue and catas-
trophe frequencies, respectively. No significant effects
on instantaneous microtubule growth, shortening, or
sliding rates (in either anterograde or retrograde direc-
tions) were observed. MTs also spent a greater per-
centage of time undergoing retrograde transport after
PKC activation, despite overall MT advance. These re-
sults suggest that regulation of MT assembly by PKC
may be an important factor in determining neurite out-
growth and regrowth rates and may play a role in other
cellular processes dependent on directed MT advance.
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Introduction

 

Regulation of microtubule (MT)

 

1

 

 distribution is of critical
importance for many cellular processes, including directed
cell motility, cell division, and establishment of cell polar-
ity. In the developing nervous system and during nerve re-
generation, axon growth depends on assembly of polarized
MT arrays; however, axon guidance depends on the coor-
dinated action of both MT assembly in the distal axon
shaft and actomyosin-based lamellar motility in the neu-
ronal growth cone (Lin et al., 1994; Tanaka and Sabry,

1995; Letourneau, 1996). In fact, dynamic interactions be-
tween MTs and the actin cytoskeleton appear to be a pre-
requisite for directional cell motility in general.

Neuronal growth cones (GC) have two distinct domains
created by the largely discrete localization of F-actin and
MTs. The central domain (C-domain) has a high density of
MTs and organelles and is separated from the F-actin–rich
peripheral domain (P-domain) by an interface referred to
as the transition (T) zone. F-actin–based motility in the
P-domain has been shown to result from constitutive plus-
end–directed actin assembly into networks and filopodia
at the leading edge and the concurrent action of myosin
motors capable of translocating actin networks away from
the leading edge centripetally towards the central do-
main—a process referred to as “retrograde F-actin flow”
(Forscher and Smith, 1988; Mitchison and Kirschner, 1988;
Cramer et al., 1994; Tanaka and Sabry, 1995; Lin et al.,
1996; Mitchison and Cramer, 1996). Several lines of evi-
dence suggest that F-actin networks and retrograde flow
pose a barrier to MT advance and MT-dependent or-
ganelle transport into the P-domain. For example, clear-
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ance of F-actin networks subsequent to cytochalasin expo-
sure results in rapid MT and organelle advance into the
P-domain (Forscher and Smith, 1988; Waterman-Storer
and Salmon, 1997); furthermore, recent evidence suggests
that retrograde F-actin flow can translocate MTs from pe-
ripheral F-actin domains and decreases MT plus-end as-
sembly rates in newt lung cells (Waterman-Storer and
Salmon, 1997). Finally, MT advance and retrograde flow
are inversely correlated during GC interactions either with
native target substrates (Lin and Forscher, 1995) or Ig
CAM-coated bead substrates (Letourneau et al., 1987; Lin
et al., 1996; Suter et al., 1998).

Abundant and long-standing evidence implicates pro-
tein kinase C as a regulator of cytoskeletal organization
and neurite outgrowth. For example, treatment with acti-
vators of PKC such as phorbol dibutyrate (PDBu) or 12-

 

O

 

-tetradecanoylphorbol-13-acetate (TPA) result in neurite
extension in embryonic ganglia explants (Hsu et al., 1989),
neuroblastoma cells (Fagerstrom et al., 1996), and NGF-
treated PC12 cells (Hundle et al., 1995), as well as changes
in filopodial and lamellipodial protrusions in rat cerebral
neurons and affect MT distribution in SH-SY5Y neuro-
blastoma growth cones (Rosner and Fischer, 1996). Con-
versely, PKC inhibition can result in reduced rates of neu-
rite outgrowth as well as dramatic changes in growth cone
structure, sometimes referred to as “GC collapse” (Bixby,
1989). Given that several well-known PKC substrates
(e.g., GAP-43 and MARCKS) interact with and affect
F-actin, previous studies have typically invoked PKC regu-
lation of F-actin structure and motility to explain these ef-
fects (Meiri et al., 1988; Hartwig et al., 1992; He et al.,
1997; Dent and Meiri, 1998). Microtubule-associated pro-
teins (MAPs) such as MAP1B and MAP2 and Tau (Gor-
don-Weeks, 1993; Liu et al., 1999) are also abundant PKC
substrates in axons, and phosphorylation by PKC tends to
inhibit their MT assembly-promoting activity (Mori et al.,
1991); however, the mechanism by which MAP or tau
phosphorylation promotes increased neurite outgrowth
appears to involve complex interactions between multiple
signaling pathways (Goold et al., 1999) and is not well un-
derstood. In this report, we describe a novel mechanism by
which PKC regulates MT advance by controlling assembly
of a highly dynamic pool of MTs normally residing in the T
zone. PKC activation promotes MT invasion deep into the
P-domain, where MTs are rarely found under control con-
ditions by a process that increases the lifetime of MT
growth events.

 

Materials and Methods

 

Cell Culture, Chemicals and Video Microscopy

 

Primary culture of Aplysia bag cell neurons and video-enhanced differen-
tial interference microscopy (VE-DIC) was performed as previously de-
scribed (Forscher et al., 1987). Appropriate stock solutions of cheleryth-
rine chloride, calphostin C, bisindolylmaleimide 1, Gö-6976, Ro32-0432,
PDBu, 4-

 

a

 

-phorbol, 1-oleoyl-2-acetyl-

 

sn

 

-glycerol (OAG), nocodazole,
taxol, vinblastine (Calbiochem) and other drugs were prepared in DMSO
and stored in 

 

2

 

20

 

8

 

C. Fresh dilutions were made before each experiment
in artificial sea water containing 2–3 mg/ml BSA as an amphipathic vehi-
cle to aid drug solubilization in the high salt medium. PDBu was used
rather than phorbol-12-myristate-13-acetate (PMA or TPA) since it is bet-
ter characterized in Aplysia (Sossin and Schwartz, 1994) and there was no
observable difference between the actions of PDBu and PMA. We mea-

 

sured the absorption profile of the various PKC activators and inhibitors
(data not shown) and have found that most of these PKC-related drugs
absorb light in the green range. When VE-DIC was performed with white
or green light, phototoxic effects were greater in the presence of these
drugs. Therefore, VE-DIC was performed with 650–750-nm light except
for calphostin C, since this compound is actually activated by 450–650-nm
light (Gopalakrishna et al., 1992).

 

Immunocytochemistry

 

After each pharmacological experiment, cells were fixed and stained for
F-actin and microtubules as described (Forscher and Smith, 1988), with
the following modifications. F-actin was labeled with alexa 568 or 594
phalloidin. For MTs, alexa 488–labeled secondary antibody was used. The
alexa dyes (Molecular Probes) were brighter, more photostable, and gave
better separation of emission spectra relative to FITC and rhodamine.

 

Retrograde Flow Measurements

 

Retrograde flow of F-actin in lamellipodia was measured using Con-
A–coated or polyethylenimine-coated 500-nm silica beads (Bangs Labo-
ratories) in the presence of 3 mg/ml BSA. Verification of beads as F-actin
markers in this system, ionizing radiation–laser trapping and measure-
ment of bead displacement were as previously described (Lin and For-
scher, 1995).

 

Analysis of MT Invasion of P-Domain F-Actin

 

MT density in the P-domain was measured by counting the number of mi-
crotubules spanning 75% of the P-domain as defined by distal and proxi-
mal borders of F-actin bundle labeling (see Fig. 3). Data was normalized
between growth cones by GC area and expressed as the number of MT/
100 

 

m

 

m

 

2

 

; i.e., MT density.

 

Biochemical Experiments on Nocodazole-sensitive 
Triton X-100 Insoluble Fraction

 

Handling of Aplysia, dissection of abdominal ganglion, Western blots, and
quantification of immunoblots were as previously described (Nakhost et
al., 1998). In Aplysia, the pleural-pedal ganglia are symmetrically paired
on either side of the animal. In all experiments, the ganglion on one side
of the animal was used as a control for the corresponding one on the other
side. The ganglia were desheathed to facilitate penetration of pharmaco-
logical agents and transferred to resting medium (the same as dissecting
medium, but with 460 mM NaCl, 11 mM CaCl

 

2

 

, 55 mM MgCl

 

2

 

;

 

 

 

as de-
scribed by Sossin and Schwartz, 1994). The ganglia were incubated in ei-
ther 1 

 

m

 

M 4

 

a

 

-PDBu (control) or 1 

 

m

 

M 4

 

b

 

-PDBu (experimental) for 1 h at
15

 

8

 

C (physiological temperature of Aplysia). The ganglia were then
washed twice with microtubule stabilization buffer (0.1 M MES, 1 mM
EGTA, 0.5 mM MgCl

 

2

 

) containing 1 mM GTP and 10% glycerol (RGG
buffer) and homogenized in 120 

 

m

 

l of RGG buffer containing protease in-
hibitors (20 

 

m

 

g/ml aprotinin, 5 mM benzamidine, and 0.1 mM leupeptin)
and 1% Triton X-100. The samples were centrifuged at 15

 

8

 

C for 1 min at
800 

 

g

 

 to remove any unhomogenized debris. The resulting homogenates
(100 

 

m

 

l) were centrifuged at 100,000 

 

g

 

 for 30 min. Supernatants were iso-
lated and added to 20 

 

m

 

l of sample buffer. Pellets were either resuspended
in sample buffer or resuspended in 120 

 

m

 

l RGG plus protease inhibitors
and divided into two 50-

 

m

 

l fractions. Subsequently, one fraction from each
of the experimental and control ganglia was incubated with 100 nM no-
codazole (in RGG plus protease inhibitors), while the other fraction was
incubated with vehicle. The samples were incubated at 15

 

8

 

C for 15 min,
and then centrifuged at 15

 

8

 

C for 30 min at 94,000 

 

g

 

. The supernatants were
removed and added to 12 

 

m

 

l of sample buffer. The pellets were resus-
pended in 72 

 

m

 

l of sample buffer. The samples were loaded onto 9% SDS-
polyacrylamide gels and analyzed by immunoblotting with antitubulin an-
tibody (clone DM 1A; Sigma-Aldrich).

 

Microtubule Dynamics and Multimode Microscopy

 

Microtubule dynamics were assessed using the recently described fluores-
cent speckle microscopy (FSM) technique (described in Waterman-
Storer, 1998; Waterman-Storer and Salmon, 1998). Neurons were injected
with 

 

z

 

1 mg/ml rhodamine-labeled tubulin (Cytoskeleton Inc.) in injection
buffer (100 mM Pipes, 1 mM MgCl

 

2

 

, 1 mM EGTA) and allowed to re-
cover for 

 

z

 

60 min in L15–artificial sea water medium (Forscher et al.,
1987) supplemented with 3 mg/ml BSA. Under these conditions, MT
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speckles could be clearly discerned in distal axonal regions and used as fi-
duciary marks for assessment of MT growth, shrinkage, pause, and trans-
location rates and lifetimes. MT image sequences were obtained using a
Nikon Eclipse TE300 microscope equipped with a Photometrics Quantix
57 back-illuminated frame transfer cooled CCD camera and filter wheels
(Ludl Inc.) for changing both excitation and emission wavelengths and
rapid switching between fluorescence and DIC imaging modes. Meta-
morph control software (Universal Imaging Corp.) was used for instru-
ment control and image analysis. Images were recorded every 10 s using
300–500-ms integration times for fluorescent MTs and 50-ms for DIC.
Contrast of the speckles was enhanced by processing the fluorescent im-
ages sequentially with the following spatial filters: unsharp mask, low pass,
laplace edge enhancement, and a final low pass. For DIC-fluorescent
overlays, a threshold look-up table was applied to MT images before com-
bining with the DIC image to clear low level background noise.

 

Online Supplemental Material

 

Representative examples of microtubule dynamics and the structural re-
sponse of the growth cone to PKC activation are viewable as Quicktime
movies. In the single-channel microtubules dynamics examples, the open
arrow follows the distal MT end and the closed arrow is an internal refer-
ence mark. The other examples are dual channel DIC-microtubule movies
with MTs pseudocolored in green. All movies are labeled according to the
corresponding figure except the example of MT buckling. Online supple-
mental materials can be found at http://www.jcb.org/cgi/ content/full/152/
5/1033/DC1.

 

Results

 

PKC Activation Results in Microtubule Invasion of
the P-Domain

 

Fig. 1 illustrates the typical C-,

 

 

 

P-, and T-domain struc-
tures of a growth cone under control conditions (see For-
scher and Smith, 1988), note the relatively low density of
MTs penetrating into the P-domain. Fig. 2 shows the ef-
fects of PKC activation on growth cone structure and the
underlying MT and actin cytoskeleton. PKC activation

with 1 

 

m

 

M PDBu (Sossin and Schwartz, 1994) resulted in
relatively minor acute (

 

z

 

5 min) morphological effects at
the level of VE-DIC imaging, with the exception of rapid
attenuation of T zone ruffling (not shown). After 30 min in
PDBu (Fig. 2 B), C-domain organelles appeared to have
advanced slightly (A and B, dotted line) and attenuation
of ruffling persisted. Visualization of F-actin (Fig. 2 C) af-
ter 30 min in 1 

 

m

 

M PDBu revealed an intact P-domain
F-actin structure, including well-defined F-actin bundles;
however, F-actin hotspots corresponding to ruffling in the
T zone were notably absent (Fig. 2 C). Surprisingly, immu-
nofluorescent visualization of 

 

b

 

-tubulin revealed that a
striking advance of MTs into the F-actin–rich P-domain
had occurred during PDBu treatment (Fig. 2 D). This ro-
bust advance or “invasion” of the MTs into the P-domain
was unexpected, occurred as early as 5 min after 1 

 

m

 

M
PDBu application, and with doses of PDBu as low as 10
nM for 30 min (data not shown). Invading microtubules
were mostly unbundled, straight, and, in many cases, ran
along or near F-actin cables (Fig. 2, C and D, arrowheads;
see also Fig. 4, C and D). Treatment with 1 

 

m

 

M 4-

 

a

 

-phor-
bol (Fig. 2, I–L), an inactive phorbol-ester analogue, had
no observable effects on growth cone motility or structure
(Fig. 2, E–H).

To determine whether these effects were due to PKC
activation, we preincubated cells with 10 

 

m

 

M bisindolyl-
maleimide 1 (Bis 1), a specific PKC inhibitor that interacts
with the ATP binding site, for 15 min, and then added 1

 

m

 

M PDBu and 10 

 

m

 

M Bis 1 for an additional 30 min. Es-
sentially all the morphological (Fig. 2, I and J) and cyto-
skeletal (K and L) changes observed during PDBu treat-
ment were absent in the presence of Bis 1; note that only a
few MTs invade the P-domain (Fig. 2 L) and actin-based
ruffling in the T zone is still clearly present (J and K). In

Figure 1. F-actin and MT distribution in Aplysia
bag cell neuron growth cone. The growth cones
of Aplysia bag cells are characterized by a P-domain
rich in F-actin and a C-domain rich in MTs. The
T zone is characterized by ruffles containing
both F-actin and MTs. Note that although under
control conditions some microtubules invade the
P-domain F-actin, almost none reach near the
leading edge (75% threshold). Scale bar, 5 mm.
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addition, treatment with 10 

 

m

 

M Bis 1 alone for 45 min had
little or no effect on growth-cone motility or cytoskeletal
structure (Fig. 2, M–P). In summary, Bis 1 did not affect
basal GC motility, morphology, or cytoskeletal structure,
but completely inhibited PDBu-mediated changes in these
attributes.

Microtubule invasion levels (shown in Fig. 3) were
quantified by determining the density of MTs spanning
75% of the P-domain, the latter defined by F-actin label-
ing (see Materials and Methods; Fig. 3, inset). Under con-
trol conditions, there were 0.9 

 

6

 

 0.2 MT/100 

 

m

 

m

 

2

 

. After 30
min of 1 

 

m

 

M PDBu treatment, MT density increased to 6.7 

 

6

 

1.2 MT/100 

 

m

 

m

 

2

 

. In addition, chronic activation of PKC
with lower doses of PDBu (e.g., 40 nM for 16 h) had simi-
lar effects on MT distribution (data not shown). In con-
trast, after inhibition of PKC with 10 

 

m

 

M Bis 1 for 45 min,
there were 0.7 

 

6 

 

0.1 MT/100 

 

m

 

m

 

2

 

 (Fig. 3); i.e., similar to
control levels. Importantly, PDBu did not increase MT
density above control levels in the presence of 10 

 

m

 

M Bis
1. Treatment with 1 

 

m

 

M 4-

 

a

 

-phorbol for 30 min also had
no effect on the number of MTs invading the growth cone.
Treatment with 10 

 

m

 

M OAG resulted in a less robust but
statistically significant advance of MTs (3.1 

 

6 

 

0.8 MT/100

 

m

 

m

 

2

 

 crossed the 75% threshold), as expected from its
lower potency relative to PDBu. In summary, activation of
PKC was found to significantly increase the density of
MTs found in the distal P-domain. This effect was not
present with inactive phorbolester analogues and was
completely prevented by specific PKC inhibitors such as
Bis1 (Figs. 2 and 3) as well as 10 

 

m

 

M Gö-6976 or 10 

 

m

 

M
Ro32-0432 (data not shown).

 

PDBu-mediated MT Extension Does Not Result from a 
Decrease in Retrograde F-Actin Flow

 

There is evidence that P-domain F-actin and the process of
retrograde flow itself inhibits MT advance and plus-end
assembly (Forscher and Smith, 1988; Waterman-Storer
and Salmon, 1997). Thus, a possible mechanism for PDBu-
mediated MT advance was a change in retrograde F-actin
flow. Using a laser trap–assisted flow-coupled bead assay
to quantitatively assess F-actin flow rates as previously de-
scribed (Lin and Forscher, 1995), we found no evidence
for a decrease in retrograde flow of F-actin in growth
cones subsequent to PDBu treatment. Fig. 4 (A and B) il-
lustrates an example of a retrograde flow assay before and
after treatment with 1 

 

m

 

M PDBu for 30 min. Note that
flow actually increased slightly after 30 min in PDBu (6.2 

 

6

 

1.9 

 

m

 

m/min) compared with controls (4.9 

 

6 

 

1.5 

 

m

 

m/min) in
this experiment; however, this increase was not significant
over all experiments done (

 

n

 

 

 

5 

 

6; 7.9 

 

6 

 

7.0% increase in
retrograde flow after PDBu). The presence of intact F-actin
structure as well as MT extension was verified by post-
experiment fixation and MT immunofluorescence, note
that MT advance often occurred along lines defined by
F-actin cables (Fig. 4, C and D, arrowheads). These results
indicate that PKC-mediated MT extension is not due to at-
tenuation of retrograde flow. In addition, experiments to
investigate changes in the gel exclusion properties of the
P-domain using microinjected FITC-dextrans indicate that
there is little change in the functional pore size of the
P-domain after PDBu treatment, suggesting that simple al-
teration of the physical properties of the cytomatrix are

Figure 2. Activation of PKC re-
sults in MT invasion of the
P-domain. Growth cones were
treated with PDBu (A–D),
4-a-phorbol (E–H), PDBu plus
Bis (I–L), or Bis alone (M–P)
for 30 min, and then fixed and
stained for F-actin (C, G, K, and
O) and MTs (D, H, L, and P). 30
min after treatment with 1 mM
PDBu, there was slight C-domain
advance (A and B, dotted lines)
and attenuated ruffling (B).
P-domain F-actin structure (C)
was relatively unperturbed;
whereas, MT labeling (D) re-
veals a striking advance into
the P-domain. PDBu responses
were absent after exposure to
inactive phorbol ester analogue
(1 mM 4-a-phorbol, E–H) or a
15-min pretreatment with the
PKC inhibitor, 10 mM Bis 1 (I–L).
Exposure to 10 mM Bis 1 alone
(M–P) was also without effect.
White dotted lines (D, H, L, and
P) demarcate leading edge. Ar-
rowheads (C and D) indicate
MT advance along F-actin cables.
Scale bars, 5 mm (A–D, bar in
D; E–P, bar in P).
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not likely to account for the observed effects (our unpub-
lished observations, see Discussion).

 

PDBu-mediated Microtubule Extension Depends on 
Microtubule Assembly

 

To address whether MT assembly was involved, PDBu ef-
fects were assessed under conditions where MT dynamics
were damped with low concentrations of nocodazole or
taxol. We specifically chose conditions previously shown
to inhibit plus-end MT assembly without significantly re-
ducing polymer mass (Bamburg et al., 1986; Tanaka et al.,

1995; Rochlin et al., 1996) or, alternatively, to stabilize
MTs (Letourneau et al., 1987; Jordan and Wilson, 1998b).
Fig. 5, A–D, illustrates the effects of exposure to 100 nM
nocodazole on growth-cone structure and the cytoskele-
ton. Similar effects were observed after exposure to 1 

 

m

 

M
taxol (Fig. 5, E–H). Note retraction of the C-domain (Fig.
5, A and B, E and F, dotted lines) and depletion of MTs
from the T zone (D and H) observed after a 30-min expo-
sure to either nocodazole or taxol. Interestingly, despite
essentially complete separation of C and P cytoplasmic do-
mains and the underlying microtubule retraction, retro-
grade F-actin flow continued unabated (data not shown)
and P-domain F-actin remained relatively unperturbed in
both cases. These results suggest that dynamic MTs are not
necessary for maintenance of retrograde F-actin flow,
but are a prerequisite for MT advance out of the C-domain
into more distal regions. In agreement with these results,
persistent growth-cone motility and absence of P-domain
MTs were reported after treatment of 

 

Xenopus 

 

neurons
with nanomolar levels of vinblastine (Tanaka et al., 1995).
Note also the relatively high level of diffuse tubulin labeling
in nocodazole (Fig. 5 D) when compared with taxol-treated
growth cones (Fig. 5 H), where diffuse tubulin labeling is
low, as expected from the decrease in critical tubulin con-
centration.

We then tested whether PDBu-mediated invasion re-
quires dynamic MTs by treating growth cones with taxol or
nocodazole at or below the levels illustrated above. In the
absence of PDBu, all of the MT drugs examined (including
vinblastine and colchicine; data not shown) decreased the
density of MTs in the T zones and P-domains (as in Fig. 5,
A–H) in a dose-dependent manner. The effects of nocoda-
zole were examined quantitatively since this drug was
found to be highly potent and its mode of action is re-

Figure 3. Quantification of the MT invasion data. Bag cells were
treated with various drugs as indicated for 30 min, and then fixed
and stained for MTs and F-actin. MT density was calculated by
counting the number of MTs crossing .75% of the P-domain and
normalizing by area. *P , 0.001, Student’s t test.

Figure 4. Retrograde flow of
F-actin is not significantly re-
duced during PDBu-mediated
MT invasion of the P-domain
F-actin. (A) polyethylenimine
(PE)-coated 500-nM beads were
used to measure retrograde flow.
Sequence of images at 5-s inter-
val. (B) PE-coated beads un-
dergo continued retrograde flow
after a 30-min treatment with 1
mM PDBu. The cell was then
fixed and stained for F-actin (C)
and MT (D). Note that MT ad-
vance into P-domain F-actin has
occurred in the region of the
bead movement (D, box), and
F-actin structure is not signifi-
cantly altered (C). Arrowheads
(C and D) indicate MT advance
along F-actin cables.



 

The Journal of Cell Biology, Volume 152, 2001 1038

 

ported to be somewhat less complex and more readily re-
versible than the others (Jordan and Wilson, 1998b). Cells
were treated with 0, 10, 25, or 100 nM nocodazole 

 

6 

 

PDBu
and P-domain MT density was assessed (Fig. 5 I). In the
absence of PDBu, distal axonal MT’s (i.e., in the T zone

 

and P-domain) were highly sensitive to nocodazole, as pre-
viously reported (Bamburg et al., 1986), with inhibitory ef-
fects at doses 

 

.

 

10 nM. In the presence of 1 

 

m

 

M PDBu,
clear and highly significant (

 

P 

 

,

 

 

 

0.001) inhibitory effects
on MT extension were observed at nocodazole doses as

Figure 5. MT dynamics are nec-
essary for PDBu-mediated MT
invasion of the P-domain. (A–H)
Effects of a 30-min treatment
with 100 nM nocodazole (A–D)
or 1 mM taxol (E–H) on struc-
ture, F-actin, and MTs. Note cen-
tral domain retraction in both
nocodazole (dotted lines, A and
B, and taxol, E and F, and ac-
companying MT retraction, D
and H (dotted line indicates
proximal P-domain boundary).
C- and P-domains are clearly
separated after either treatment,
yet P-domain actin structure re-
mains intact (C and G) at the 30-
min time point. (I) Low doses
of nocodazole or taxol inhibit
PDBu-mediated MT invasion of
the P-domain. Growth cones
were treated for 30 min with the
doses of nocodazole indicated,
and then 1 mM PDBu 1 Nocoda-
zole for an additional 30 min.
Cells were fixed, stained for MTs
and F-actin, and MT density was
then assessed as in Fig 3. Note
that 10 nM nocodazole inhibited
the PDBu-mediated MT inva-
sion of the P-domain. *P , 0.001,
Student’s t test. Scale bar, 5 mm.

Figure 6. PDBu results in in-
creased assembly of nocodazole-
sensitive microtubules. (A)
Paired pleural-pedal ganglia
were incubated in either 1 mM
PDBu (1) or 1 mM of the inac-
tive isomer 4-alpha PDBu (2),
homogenized in microtubules
stabilization buffer and free tu-
bulin separated from microtu-
bules at 100,000 g. Equal propor-
tions of supernatant (Sup-I) and
pellet were separated on 9%
SDS-PAGE gels, transferred to
nitrocellulose, and immunoblot-
ted for tubulin. Results are
shown for two animals (a and b).
Results from five experiments
are quantitated in B (unpaired
results for percentage of tubulin
in pellet) and C (percent change
in tubulin in PDBu-treated gan-

glia compared with untreated control). P , 0.05, paired Student’s t test. (D) Tx-100–insoluble pellets from control (C) or PDBu (P)-treated
ganglia were incubated in 100 nM nocodazole in stabilization buffer (1) or stabilization buffer alone (2). The microtubules were resedi-
mented and equal proportions of the released supernatant (Sup-II) and pellet were separated on 9% SDS-PAGE gels, transferred to nitro-
cellulose, and immunoblotted for tubulin. Results from five experiments are quantified in (E) unpaired results for percentage of tubulin re-
leased from pellet and (F) effect of nocodazole on release of tubulin. *P , 0.05, paired Student’s t test.
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low as 10 nM and inhibition of the PDBu response was es-
sentially complete in 100 nM nocodazole. The extreme no-
codazole sensitivity observed after PDBu treatment sug-
gests that MTs assembled subsequent to PKC activation
may be highly dynamic (Jordan et al., 1992; Rochlin et al.,

1996; Challacombe et al., 1997; Jordan and Wilson, 1998a).
Low doses of vinblastine or taxol (Fig. 5 I) also inhibited
PDBu-mediated MT advance. In summary, these results
indicate that MT assembly is a necessary component of
PDBu-mediated MT advance.

Figure 7. PDBu increases MT growth lifetimes. (A) DIC-MT (MT pseudocolored red) overlay showing the distribution of MTs in a liv-
ing control growth cone. (B) Invasion of MTs into the periphery of the same growth cone after 30 min in 500 nM PDBu. (C) Another
example of a PDBu-treated growth cone showing codistribution of MTs and actin cables (arrowheads). Scale bar, 10 mm. (D–G) Time
lapse montages (10-s intervals, box lengths: D, 8.3 mm; E, 13.3 mm) of MT behavior visualized by FSM under control conditions (D and
E) and after PDBu exposure (F and G). Red triangles indicate the same fluorescent speckle over time; green triangles mark speckle at
distal MT end. Note the period of rapid MT growth (green arrowheads) accompanied by retrograde translocation (red arrowheads) in
G (box lengths: F, 17.3 mm; G, 18.5 mm). (H–I) MT growth lifetime histograms under control conditions (H) and after PDBu treatment
(I). Bin 0 indicates MTs that were paused throughout the 240-s sampling interval used to generate histograms. Note that the sampling
interval was 10 s; therefore, there is some uncertainty in the lifetime of MTs in the 10 s bin; i.e., lifetimes $10 to ,20 s.
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PDBu Treatment Increases the Nocodazole-sensitive 
Tubulin Pool

To assess PDBu effects on microtubule assembly using an
independent methodology, biochemical experiments were
performed on Aplysia central nervous system tissue. De-
tecting changes in soluble tubulin biochemically in the face
of high baseline levels was not possible due to signal-to-
noise problems. However, given the apparent high sensitiv-
ity of newly assembled MTs to nocodazole, we tested
whether PDBu would increase the nocodazole-sensitive
MT pool as an alternative approach. Experiments were per-
formed on paired nervous systems from the same animal
treated with either 1 mM PDBu or 1 mM of the inactive iso-
mer 4-a phorbol. Ganglia were lysed in microtubule stabili-
zation buffer, and free tubulin and microtubules were sepa-
rated by sedimentation. We found a small but significant
increase in the percentage of tubulin found in the pellet af-
ter PDBu treatment (Fig. 6, A–C). To determine whether
this increase was due to assembly of nocodazole-sensitive
microtubules, we assessed the amount of tubulin released
from pellets by 100 nM nocodazole. Nocodazole induced a
significant increase in the amount of tubulin released from
pellets prepared from PDBu-treated ganglia (Fig. 6, D–F);
furthermore, the amount of tubulin released by nocodazole
approximately matched the increase in tubulin sedimented
after PDBu (Fig. 6 C). Paradoxically, treatment with low
doses of nocodazole alone resulted in a small decrease in
the amount of tubulin released from the Triton-insoluble
pellet (Fig. 6, D and E). Similar effects have been reported
in Xenopus extract preparations (Canman and Bement,
1997); however, this effect is not well understood and more-
over was not observed in the presence of PDBu. Overall,
these biochemical results are consistent with PDBu increas-
ing assembly of a dynamic (i.e., nocodazole-sensitive) pool
of microtubules and support our in vivo findings that PDBu
results in nocodazole-sensitive MT advance.

MT Advance Results from Increased MT Growth 
Lifetimes after PKC Activation

To directly address the mechanism of the PKC effects de-
scribed above, we assessed microtubule dynamics before
and after treatment with PDBu using FSM. This relatively
new microtubule marking technique (Waterman-Storer et
al., 1998; Waterman-Storer and Salmon, 1998) permits
rapid assessment of the critical dynamic parameters of MT
behavior, including assembly, disassembly, and transloca-
tion (sliding) rates as well as MT lifetimes in each state.
Fig. 7 shows DIC-MT overlays illustrating the distribution
of MTs before (A) and after (B) PDBu exposure with re-
spect to growth-cone structure. Fig. 7 C is another growth

cone in PDBu illustrating extended undbundled MTs typi-
cally observed after PDBu treatment. Note the spatial
overlap between MTs and actin cables that extend into
filopodia (Fig. 7 C, arrowheads), as observed in fixed cells
(compare Fig. 4, C and D). Representative MT behavior
under control conditions is illustrated in the time-lapse im-
age montages shown in Fig. 7, D and E. MTs underwent
stochastic bursts of growth and shortening (green arrow-
heads indicate the penultimate plus-end speckle) superim-
posed on relatively short MT translocations in both direc-
tions, as indicated by speckles maintained within the body
of MTs over time (red arrowheads). Under control condi-
tions, microtubule growth, shrinkage, and sliding activity
occurred within the transition zone with only occasional
MT excursions into the P-domain. In contrast, after PDBu
exposure, MTs often extended deep into the P-domain
and occasionally reached the leading edge of the growth
cone. This extension resulted from an increase in MT
growth lifetimes as shown in the MT growth lifetime histo-
grams in Fig. 7, H and I, under control conditions and after
PDBu treatment. Note the presence of MT growth life-
times in excess of 80 s in PDBu (Fig 7 I) and the nearly
twofold increase in mean MT growth lifetime (Fig. 8 A).
An example of a prolonged MT growth lifetime in PDBu
is shown in Fig. 7 F. The increase in growth lifetimes in
PDBu was accompanied by a 1.7-fold increase in the MT
rescue frequency and an approximately twofold decrease
in catastrophe frequency (Table I). Rates of MT growth
and shortening increased slightly after PDBu treatment
(Table I), but these changes were not statistically signifi-
cant. Anterograde and retrograde translocation rates re-
mained unchanged (Table I).

Interestingly, after PDBu treatment, MTs penetrating
the P-domain sometimes underwent prolonged periods of
retrograde translocation, apparently in conjunction with
retrograde F-actin flow. An example of this phenomenon
is illustrated in Fig. 7 G, where a MT continuously translo-
cates in the retrograde direction (red marks) while still
growing at a rate that matched or exceeded the rate of ret-
rograde transport. This resulted in the distal tip of the MT
maintaining its position near the leading edge despite the
opposing retrograde F-actin flow. To analyze the contribu-
tion of MT translocation in the observed effects, the per-
centage of time MTs spent moving in the anterograde or
retrograde direction or in a nonmoving state was assessed
under control conditions and after PDBu treatment. We
found MTs spent significantly more time undergoing ret-
rograde movement after PDBu treatment and a propor-
tional decrease in the amount of time MTs were not mov-
ing (Fig. 8 B). It should be emphasized that net MT
extension occurred despite the increase in retrograde MT

Table I. Microtubule Dynamic Parameters

Growth Shortening
Anterograde 
translocation

Retrograde 
translocation 

Catastrophe 
frequency Rescue frequency

mm/min min21

Control 7.14 6 0.33 211.75 6 0.55 5.35 6 0.5 24.09 6 0.39
1.21 Total
0.98 Peripheral*

1.44 Total
1.88 Peripheral*

PDBu 7.75 6 0.38 214.65 6 1.71 5.00 6 0.46 24.39 6 0.34
0.62 Total
0.58 Peripheral*

2.42 Total
2.37 Peripheral*

*Catastrophe and rescue frequencies calculated for MTs persisting in the peripheral domain for at least 90 s of total elapsed time. 
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translocation described here. PDBu had insignificant ef-
fects on anterograde MT movements.

Discussion

PDBu Stimulated PKC Activity and
Growth-Cone Structure

The effects of PDBu on MTs appear to be specifically due
to PKC-regulated events since multiple activators such as
PDBu, TPA, or OAG had similar MT assembly-pro-
moting effects that could be completely blocked by spe-
cific PKC inhibitors and not observed with the inactive
PDBu analogue, 4-a-phorbol. Although phorbol esters are
known to cause activation of proteins other than PKC,
such as chimaerin, Munc 13-1, Unc13, or Ras-GRP (Ron
and Kazanietz, 1999), none of these proteins are kinases
and therefore their activity should not be sensitive to ATP
site-active PKC inhibitors such as Bis 1 used in this study.
In contrast to activation, inhibition of PKC with Bis or re-
lated compounds was surprisingly without observable ef-
fects. This could indicate that a minimal level of basal PKC

activity is required for the maintenance of GC structure
under the conditions employed here. This finding appar-
ently contradicts the “growth-cone collapse” due to PKC
inhibition after introduction of protein kinase C pseu-
dosubstrate peptides reported earlier (Theodore et al.,
1995). Indeed, we observed effects similar to “growth-
cone collapse” when we tested inhibitors such as chel-
erythrine or calphostin C that interact with regions of PKC
other than the C3 (ATP binding) domain (our unpub-
lished observations). Caution should be exercised, how-
ever, in interpreting effects of these agents on growth cone
structure, given that chelerythrine is reported to have di-
rect effects on MT polymerization, and calphostin C has
unpredictable phototoxic effects due to light-stimulated
oxidative damage to PKC (Gopalakrishna et al., 1992;
Wolff and Knipling, 1993). It has also been suggested that
the regulatory domain of PKC, especially the pseudosub-
strate, the C1 domain, and part of the V3 region, may be
necessary and sufficient for sustaining neurite outgrowth
(Zeidman et al., 1999). These observations are consistent
with the aforementioned disruption of growth-cone struc-
ture after introduction of excessive pseudosubstrate pep-
tide into growth cones (Theodore et al., 1995). The differ-
ence in the effects of ATP- and pseudosubstrate-based
inhibitors may lie in the fact that addition of pseudosub-
strate may increase availability of the regulatory domain
for interactions while inhibiting the ATP transfer function
of the kinase, whereas ATP-based inhibitors will only in-
hibit ATP transfer without affecting availability of the reg-
ulatory domain. It should be noted that our culture condi-
tions (i.e., serum-free defined medium and poly-L-lysine
substrate) minimize cross-talk between cell adhesion mol-
ecule and growth factor signaling pathways, which could
have a significant effect upon the ultimate response of the
neurons to PKC activation. These factors should be kept
in mind when comparing the responses reported here to
those observed in more complex systems.

MT Extension after PKC Activation Depends on 
Polymer Assembly

Previous studies on the effects of nocodazole in cells have
demonstrated that concentrations in the 4–400-nM range
inhibit MT dynamics without resulting in significant loss of
MT polymer mass (Rochlin et al., 1996; Jordan and Wil-
son, 1998b; Jordan and Wilson, 1999). In the current study,
similar treatments with extremely low doses of nocodazole
and other inhibitors that interfere with MT polymerization
potently inhibited PDBu-stimulated MT extension (Fig.
5), indicating that MT assembly is necessary for the effects
reported here. Furthermore, our biochemical experiments
showed an increase in MT polymer mass after PDBu treat-
ment, and this MT polymer was also sensitive to depoly-
merization by low doses of nocodazole (Fig. 6). In support
of the current findings in neurons, PDBu has also been re-
ported to increase MT polymerization in macrophages
(Robinson and Vandre, 1995).

To directly address the role of MT assembly, we mea-
sured MT dynamics using the FSM MT marking tech-
nique. This is a powerful new technique pioneered by
Waterman-Storer and Salmon (1998) for investigating cy-
toskeletal protein dynamics in living cells, which enables
independent assessment of the contribution of polymer as-

Figure 8. Quantification of MT assembly versus translocation dy-
namics. Data compiled from four control and four PDBu-treated
growth cones. DIC and fluorescence images were collected at 10-s
intervals for 240 s. A total of 41 control and 37 PDBu MTs were
analyzed. (A) PDBu treatment significantly increases the length
of time MTs spend in growth phase, *P , 0.00004, paired stu-
dent’s t test. (B) Percentage of time MTs undergo retrograde or
anterograde translocation and time not moving under control con-
ditions and after PDBu. The actual time MTs undergo retrograde
translocation increases significantly (P , 0.01, paired Student’s t
test) in control (27 6 3 s) versus PDBu treatment (50 6 6 s).
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sembly dynamics and polymer translocation events. FSM
analysis revealed that MT polymerization is indeed af-
fected by PDBu treatment; specifically, the duration of
typical MT assembly events were increased approximately
twofold (Fig. 7, H and I). This increase in MT growth life-
times was accompanied by a 1.7-fold decrease in catastro-
phe and approximately twofold increase in rescue fre-
quencies (Table I). It should be noted that control rescue
frequencies may be underestimated due to the difficulty in
detecting rescue events occurring in relatively short MTs
near the C–T-domain interface, where MT density is high
(see Tanaka and Kirschner, 1991). To investigate this is-
sue, a subpopulation of long MTs with ends already in the
P-domain under control conditions were analyzed (Table
I). In this population, the catastrophe frequency still de-
ceased 1.7-fold in PDBu relative to controls; however, the
rescue frequencies increased only z1.3-fold. This smaller
PDBu effect on peripheral (i.e., long) versus total MTs
might result from inefficient detection of rescue events
when assessed in the total MT population; however, we
cannot rule out differences in MT behavior in the transi-
tion zone versus P-domain. These fundamental domain-
specific issues are currently under investigation. Finally,
actual rates of MT growth and shortening were not af-
fected by PDBu (Table I), making changes in tubulin
dimer concentration an unlikely mechanism for the ob-
served MT advance.

Changes in rates of MT translocation are clearly not in-
volved since retrograde and anterograde sliding rates were
unaffected (Table I). In fact, the proportion of time MTs
spent undergoing translocation in the retrograde direction
was actually increased in PDBu (36% vs. 49% for control
vs. PDBu, respectively) despite net MT advance. How can
this paradox be resolved? Retrograde F-actin flow appears
to act as a barrier to MT advance (Forscher and Smith,
1988), and retrograde translocation of MTs in peripheral
F-actin domains has been described in nonneuronal cells
(Waterman-Storer and Salmon, 1997). The current study
supports these findings and suggests that when MTs extend
into the P-domain, they do so predominantly by exhibiting
prolonged bursts of assembly that exceed the rate of F-actin
flow (e.g., Fig. 7 F). After extension, a MT can maintain its
position in the P-domain by assembling at a rate that
matches retrograde flow (e.g., Fig. 7 G); however, if MT
assembly stops or slows below the rate of retrograde flow,
the MT will be translocated rearward out of the P-domain.
After PDBu treatment, the increased length of MTs within
the P-domain promotes chances for MT-actin filament in-
teractions, and this in turn may result in the increase in ret-
rograde translocation events observed (Fig. 8 B). This
scenario is consistent with the effects observed after stabi-
lizing MTs with taxol; specifically, MTs were cleared from
both the peripheral domain and transition zone, presum-
ably via interactions with retrograde flow (Fig. 5 H). This
explanation suggests a role for the actomyosin-based pro-
cess (Lin et al., 1996) of retrograde F-actin flow in clearing
MTs from the P-domain; however, it does not rule out par-
ticipation of other molecular motors in the variety of MT
translocation events observed (a detailed analysis of MT
behavior in this system will be published separately).

Whether PDBu-stimulated MT advance results from di-
rect effects on the MTs themselves, indirectly from alter-

ation of F-actin structure, or from changes in MT–F-actin
interactions remains to be determined. PDBu treatment
does in fact affect F-actin structure; for example, in the in-
hibition of actin-based ruffling seen in Fig. 2 B. Several
lines of evidence, however, suggest that the structure of
the P-domain cytomatrix remains largely intact after
PDBu treatment. First, the large (100–150-nm diameter)
organelles typical of the C-domain do not significantly ad-
vance into the P-domain in PDBu. This is in contrast to
treatment with cytochalasin, which disrupts peripheral
F-actin and results in organelle advance into the P-domain
(Forscher and Smith, 1988). Second, previous studies sug-
gest that the P-domain pore size or gel exclusion limit is
70–100 nM (Popov and Poo, 1992), which is considerably
larger than the z25-nm diameter of a single MT, indicat-
ing that individual MTs would not be excluded from the
P-domain simply on the basis of cross-sectional area alone.
In agreement with this, we found that 2,000,000 kD FITC-
dextran (z60-nm stokes radius) gained diffusional access
into the P-domain and, furthermore, the distribution of
this probe did not appear to change with PDBu treatment
(our unpublished observations). Taken together, these ob-
servations suggest that organelles are simply sterically ex-
cluded from the peripheral domain by an F-actin–based
barrier and the mechanism for MT exclusion from the
P-domain is more complex.

What potential effector proteins might be involved? Re-
cent evidence suggests the four parameters of MT dynam-
ics (growth, shortening, catastrophe frequency, and rescue
frequency) can be altered independently of one another in
vivo (Desai and Mitchison, 1997; Andersen, 2000), so the
situation is potentially complex. With that said, the current
data does point to a mechanism involving modulation of
the frequency of MT catastrophe and/or rescue events by
PKC. Potential candidates are proteins that regulate MT
catastrophe frequency such as Op18/stathmin (Belmont
and Mitchison, 1996; Di Paolo et al., 1997), kinesin family
members KIN 1 (Desai et al., 1999) and XKCM1 (Wal-
czak et al., 1996; Tournebize et al., 2000), or XMAP310, a
MT rescue-promoting factor (Andersen and Karsenti,
1997). On the other hand, phosphorylation of MAPs by
PKC is well known to promote their dissociation from
MTs, MT unbundling, and decreased MT stability (Mori et
al., 1991; Gordon-Weeks, 1993; Goold et al., 1999), all of
which are consistent with the results presented here. These
lines of inquiry deserve further attention.

Implications of the Present Study

Previous analysis of PKC’s regulation of neurite out-
growth have focused primarily on changes in F-actin struc-
ture and actin polymerization dynamics. Our findings sug-
gest an additional mechanism for regulating the overall
rate of axon growth through modulation of MT dynamics.
PKC activation results in a net increase in MT polymeriza-
tion via a pronounced increase in MT growth lifetimes,
thus promoting MT extension into the P-domain. MT in-
vasion of the P-domain could contribute to increased rates
of neurite outgrowth we and many others have observed
with chronic PKC activation (Hsu et al., 1989; Hundle et
al., 1995; Fagerstrom et al., 1996). Interestingly, recent evi-
dence suggests that dynamic MTs are necessary for deliv-
ery and incorporation of new membranes into the distal
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axon (Zakharenko and Popov, 1998). Thus, PKC activa-
tion, by promoting MT growth, could also facilitate tar-
geted delivery of membrane components.
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