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Protein kinase C activation decreases peripheral 
actin network density and increases central 
nonmuscle myosin II contractility in neuronal 
growth cones
Qing Yang, Xiao-Feng Zhang, David Van Goor, Ashleigh P. Dunn*, Callen Hyland, Nelson Medeiros, 
and Paul Forscher
Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, CT 06511

ABSTRACT Protein kinase C (PKC) can dramatically alter cell structure and motility via effects 
on actin filament networks. In neurons, PKC activation has been implicated in repulsive guid-
ance responses and inhibition of axon regeneration; however, the cytoskeletal mechanisms 
underlying these effects are not well understood. Here we investigate the acute effects of 
PKC activation on actin network structure and dynamics in large Aplysia neuronal growth 
cones. We provide evidence of a novel two-tiered mechanism of PKC action: 1) PKC activity 
enhances myosin II regulatory light chain phosphorylation and C-kinase–potentiated protein 
phosphatase inhibitor phosphorylation. These effects are correlated with increased contrac-
tility in the central cytoplasmic domain. 2) PKC activation results in significant reduction of 
P-domain actin network density accompanied by Arp2/3 complex delocalization from the 
leading edge and increased rates of retrograde actin network flow. Our results show that 
PKC activation strongly affects both actin polymerization and myosin II contractility. This syn-
ergistic mode of action is relevant to understanding the pleiotropic reported effects of PKC 
on neuronal growth and regeneration.

INTRODUCTION
The protein kinase C (PKC) family of serine/threonine kinases plays 
a central role in regulation of many cellular processes (Nishizuka, 
1986; Larsson, 2006; Rosse et al., 2010). Original PKC family mem-
bers include calcium-dependent conventional isoforms (cPKC) and 
calcium-independent novel isoforms (nPKC). Both cPKC and nPKC 
are activated by the second messenger diacylglycerol downstream 
of phospholipase C (Liu and Heckman, 1998; Nishizuka, 1988). 
Numerous studies demonstrate that PKC contributes to changes in 
morphology and migration in a variety of cell types, including 
smooth muscle cells (Hai et al., 2002), neutrophils (Downey et al., 
1992), fibroblasts (Dugina et al., 1987), and epithelial cells (Xiao 
et al., 2009).

Recent studies also place PKC downstream of repulsive neu-
ronal guidance signals, such as myelin-associated glycoproteins 
(Hasegawa et al., 2004), Nogo (Domeniconi et al., 2005), chondroi-
tin sulfate proteoglycans (Sivasankaran et al., 2004), and ephrin 
(Wong et al., 2004). In agreement with the repulsive trend, PKC 
activation has been associated with growth cone collapse in cervi-
cal ganglion explants (Ozsarac et al., 2003), retraction responses 
in dorsal root ganglia (DRG; Bonsall and Rehder, 1999) and hip-
pocampal neurons (Mattson et al., 1988), and decreased neurite 
sprouting in neuroblastoma cells (Cressman and Shea, 1995). PKC 
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2002) and occasional intrapodia actin structures (yellow arrow; 
Rochlin et al., 1999).

Treatment with the PKC activator phorbol 12,13-dibutyrate 
(PDBu; 100 nM, 10 min) resulted in a dramatic reorganization of ac-
tin filaments characterized by widening of the P domain and elonga-
tion of peripheral structures, disappearance of intrapodia, constric-
tion of the C domain (yellow dotted lines), and buildup of actin in 
the proximal contractile node region (Figure 1A, right; Burnette 
et al., 2008). Differential interference contrast (DIC) imaging showed 
that PDBu application induced contraction of the C domain and 
proximal extension of the P domain within minutes (Supplemental 
Figure S1A, left and middle). This effect was reversed when a PKC 
inhibitor, bisindolylmaleimide-1 (BIS; 10 μM), was added in the con-
tinued presence of PDBu (Supplemental Figure S1A, right). Either 
BIS or a structurally distinct PKC inhibitor, Go6976 (10 μM, 10-min 
pretreatment), completely blocked the actin reorganization associ-
ated with PDBu treatment (Supplemental Figure S1B). Bisindolylma-
leimides and indolocarbazoles (such as Go6976) are two of the most 
commonly used PKC-specific inhibitors (Martiny-Baron et al., 1993; 
Wu-Zhang and Newton, 2013). These agents inhibit both classical 
and novel isoforms of Aplysia PKC by competing with ATP binding 
(Manseau et al., 2001) and are well characterized in bag cell neurons 
(Kabir et al., 2001). Because BIS and GO6976 had essentially identi-
cal inhibitory effects, we chose to use GO6976 for the remaining 
studies.

To test whether the foregoing effects depended on MT dynam-
ics, we pretreated cells with Taxol (1 μM, 30-min pretreatment), 
which inhibits MT dynamic instability and results in rapid clearance 
of MTs from the P domain without significantly altering actin-based 
motility (Kabir et al., 2001; Suter et al., 2004). Taxol pretreatment 
completely blocked PDBu-induced MT advance, as previously re-
ported, but did not affect actin network reorganization (Supplemen-
tal Figure S2), indicating that these PKC effects on actin filament 
structure do not depend on MT dynamics or peripheral MT–actin 
interactions.

At the ultrastructural level, the P domain of control or Go6976-
treated growth cones (Figure 1B, top) contained bundles of uni-
polar actin filaments comprising filopodia (arrowheads) and iso-
tropic networks of short filaments in the veil regions (asterisks), 
similar to that previously described (Lewis and Bridgman, 1992; 
Schaefer et al., 2002). High magnifications (Figure 1C, left) show 
that control veils contain a dense network of actin filaments. To 
quantify actin network density, we measured the amount of fila-
ment-free space in 1-μm2 regions of interest (ROIs) near the lead-
ing edge and thereby defined network mesh size and mesh count 
parameters (see Materials and Methods). Mesh space accounted 
for only ∼17% of the total area under control conditions (ROI simi-
lar to yellow box in Figure 1B), indicating a densely packed actin 
filament network (Figure 1D). In contrast, actin veil network den-
sity progressively decreased and mesh area increased to ∼60% in 
PDBu-treated growth cones (Figure 1, B–D). This was accompa-
nied by a significant increase in average mesh element size and a 
significant decrease in mesh count (Figure 1D) after a 10-min 
treatment with 100 nM PDBu. Filopodial bundles also elongated 
(Figure 1, B, bottom, and C) with PKC activation. In contrast, 
treatment with the PKC inhibitor Go6976 (10 μM, 10 min) slightly 
but significantly decreased total mesh area and mesh count 
(Figure 1D).

Collectively our results suggest two main effects of PKC activa-
tion on the structure and distribution of actin filaments in growth 
cones: 1) C-domain compression and 2) depletion of actin veil net-
works in the P domain.

activation also induced axon loss at the neuromuscular junction of 
neonatal rats (Lanuza et al., 2002). In complementary studies, PKC 
inhibition increased neurite outgrowth (Hasegawa et al., 2004) 
and prevented growth cone collapse (Wong et al., 2004; Conrad 
et al., 2007) in vitro, improved axon regeneration after injury 
(Sivasankaran et al., 2004), and prevented dendritic spine loss due 
to stress (Hains et al., 2009) in vivo.

Cell and growth cone motility ultimately depend on the coordi-
nated behavior of cytoskeletal proteins, including actin filaments 
and microtubules (MTs; Rodriguez et al., 2003). Many studies de-
scribe strong morphological effects of PKC; however, how PKC acti-
vation affects the cytoskeletal protein dynamics that mediates these 
morphological changes is not well understood. Quantitative analy-
sis of actin filament dynamics as a function of PKC activity has not 
been reported and could further our understanding of relevant cell 
biological mechanisms.

In the marine mollusk Aplysia, there are two phorbol ester–
responsive PKC isoforms: Apl I, a cPKC homologue, and Apl II, an 
nPKC homologue (Kruger et al., 1991). Both are abundantly ex-
pressed in the nervous system and exhibit activity-dependent as-
sociation with actin filaments and MTs (Sossin et al., 1993; Nakhost 
et al., 1998, 2002). Previously, we reported that PKC regulates MT 
dynamic instability in Aplysia bag cell neuronal growth cones 
(Kabir et al., 2001). Specifically, PKC activation decreased MT ca-
tastrophes and increased rescue frequencies, resulting in longer 
MT lifetimes and MT advance into the growth cone peripheral (P) 
domain. We also noted that PKC activation markedly affected ac-
tin filament structure, but we did not pursue this further. We return 
to the question of how PKC activity affects actin dynamics and 
structure in the present study. Addressing these issues could have 
translational impact, given that PKC activity has been implicated 
as a negative factor in nerve regeneration (Sivasankaran et al., 
2004).

Using a combination of immunocytochemistry, electron micros-
copy (EM), and quantitative fluorescent speckle microscopy, we 
provide evidence that PKC regulates actin filament dynamics and 
structure in growth cones via two synergistic mechanisms. In the 
central (C) domain, PKC activation enhances myosin II regulatory 
light chain phosphorylation through activation of C-kinase–potenti-
ated protein phosphatase inhibitor (CPI-17) independent of Rho 
kinase activity, resulting in increased contractility that pulls actin net-
works inward and alters growth cone geometry. In the P domain, 
PKC activation depletes Arp2/3 complex and actin polymerization 
sites from the leading edge, dramatically reducing the density of 
actin veil networks. This combination of decreased actin network 
density and increased myosin II activity is associated with faster 
rates of retrograde actin flow. We consider mechanisms by which 
these parallel PKC actions could modulate neurite outgrowth and 
regeneration.

RESULTS
PKC activation induces C-domain contraction and depletes 
P-domain actin veil networks
Aplysia bag cell growth cones display two distinct cytoplasm do-
mains (Figure 1A, left; Bridgman and Dailey, 1989; Lowery and Van 
Vactor, 2009): a P domain containing radial filopodial actin bundles 
(arrowhead) and intervening actin veils (asterisk), and a C domain 
circumscribed by contractile actin arc structures (yellow open arrow-
heads; Schaefer et al., 2002) that often converge at the contractile 
node (CN; red dashed circle; Burnette et al., 2008), where the 
growth cone meets the axon shaft. The transition (T) zone between 
the P and C domains is populated with actin arcs (Schaefer et al., 
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cently labeled actin monomers (G-actin) or 
phalloidin were injected into the neurons 
and allowed to incorporate into the poly-
mer lattice. Actin speckle movement was 
quantified using a cross-correlation–based 
tracking algorithm (Ji and Danuser, 2005). 
FSM time-lapse imaging showed that after 
PKC activation filopodial bundles elon-
gated proximally (Figure 2A, red arrow-
head) as C-domain structures contracted 
(yellow dotted circle; also see Supplemen-
tal Figure S4B and Supplemental Movies 
S1 and S2). Flow speed maps, generated 
from spatial and temporal averaging of 
the magnitude of speckle displacements, 
indicated that PDBu treatment led to in-
creased rates of actin network transloca-
tion throughout the growth cone (Figure 
2A, bottom). Flow vectors overlaid on FSM 
images revealed a significant increase of 
actin flow rates in P domain by 20.1 ± 3.6% 
compared with the case before PDBu addi-
tion. Retrograde movement of actin arcs in 
the T zone and contractile node also sig-
nificantly increased after PDBu treatment 
by 46.3 ± 5.1 and 21.0 ± 5.4%, respectively 
(Figure 2, B–E, and Supplemental Figure 
S4, A and B). The presence of the PKC 
inhibitor Go6976, which by itself did not 
significantly affect actin network transloca-
tion, prevented PDBu-induced flow rate 
changes (Figure 2, C–E). Increased flow 
rates throughout the growth cone per-
sisted for up to 1.5 h and were reversible 
after PDBu washout (30–60 min) or addi-
tion of Go6976 in the continued presence 
of PDBu (data not shown).

In addition to actin flow rate increases, 
PDBu treatment resulted in ∼50% increase 
in filopodial actin bundle length (Figure 
2F). The average number of filopodia per 
growth cone decreased by ∼30% (Figure 
2G). This appeared to occur by merging of 
existing filopodia as they elongated proxi-
mally (Supplemental Figure S3 and Supple-
mental Movie S3). PDBu treatment also 
markedly decreased growth cone spread, 
as measured by the angle formed between 
the outermost radial filopodial bundles 
(Figure 2H; average spread: control, 151.8°; 
after PDBu, 99.5°). Go6976 did not signifi-
cantly affect filopodial bundle length or 
number or growth cone geometry. Taken 
together, these findings suggest PKC acti-
vation results in a contractile response 

associated with accelerated actin network translocation into the 
contractile node region.

PKC activation enhances myosin II colocalization 
with contractile structures
PKC activation was correlated with significant increases in rate of 
retrograde movement of actin arcs in the T zone and C-domain actin 

PKC activation increases C-domain contractility and actin 
network translocation throughout the growth cone
Compression of the C domain and widening of the P domain 
could be driven by a contractile response. To investigate this fur-
ther, we quantified actin dynamics before and after PDBu treat-
ment (100 nM, 10 min) using fluorescent speckle microscopy (FSM; 
Schaefer et al., 2002; Figure 2A). Briefly, trace amount of fluores-

FIGURE 1: PKC activation induced retraction response and depleted P-domain actin veil 
networks in Aplysia growth cones (GCs). (A) Representative phalloidin labeling of control and 
PDBu-treated (100 nM, 10 min) GCs after regular fixation. (B) Representative rotary shadowed 
electron micrographs of the P domain and T zone (similar to blue boxed region in A) of GCs 
treated with DMSO (control), Go6976 (10 μM, 10 min), or PDBu (100 nM, 5 and 10 min). (C) High 
magnification of areas marked by blue boxes in B, showing filopodial bundles and intervening veil 
regions. (D) Quantification of actin veil meshwork parameters from 1 × 1–μm2 P-domain regions 
(similar to yellow dotted box in B). n = 102 regions from nine GCs for control; 73 regions from five 
GCs for PDBu (100 nM, 10 min); and 73 regions from four GCs for Go6976. C, central domain; 
CN, contractile node; P, peripheral domain; T, transition zone; red arrowhead, filopodium; 
asterisk, actin veil, yellow open arrowhead, actin arcs; yellow arrow, intrapodia; red dotted circle, 
contractile node. p < 0.01 two-tailed unpaired t test. Scale bars, 10 μm (A), 5 μm (B), 1 μm (C).
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FIGURE 2: PKC activation increased retrograde actin filament flow rate and contraction of central actin networks. 
(A) Representative actin FSM images (top) and corresponding spatially averaged flow speed maps (bottom) from a growth 
cone injected with Alexa 594–phalloidin before and after PDBu treatment (100 nM, 10 min). Yellow dotted circle marks the 
C-domain boundary. (B) Representative flow vector fields in the P domain (top), T zone enriched with actin arcs (middle), 
and contractile node (bottom) before and after PDBu treatment. Each field was obtained from an area similar to the boxed 
region in the inset, respectively. On both flow speed and vector maps, colors encode flow magnitude (see color bar). 
Vectors also indicate the flow direction. (C–E) Summary of relative changes in P-domain (C), T-zone (D), and contractile 
node (E) actin network translocation rates in response to PDBu (100 nM, 10–30 min), Go6976 (10 μM, 10–30 min), or 
pretreatment with Go6976 (10 min) followed by cotreatment with Go6976 and PDBu (10–30 min). Translocation rates were 
calculated by averaging the vector magnitude within regions similar to those shown in B or by kymograph analysis. 
(F, G) Average filopodium length (F) and number (G) measured in growth cones before and after treatment with PDBu or 
Go6976. Data are normalized to the values before drug addition for each growth cone. (H) Growth cone spread before 
and after treatment with PDBu or Go6976 measured as the angle formed by outermost filopodial actin bundles (θ in 
schematic). Numbers in parentheses, growth cones measured. *p < 0.01, two-tailed paired t test. Scale bars, 5 μm.
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actin arc contractility have also been impli-
cated in neurite retraction in response to 
LPA (Zhang et al., 2003). To investigate a po-
tential role for myosin II in PKC effects here, 
we visualized cytoskeleton-associated myo-
sin II at various time points after PKC activa-
tion (Figure 3). After live extraction (Figure 
3A, top), in control cells, myosin II was con-
centrated in a band corresponding to the 
T zone that overlapped with the roots of 
filopodia and actin arcs (yellow open arrow-
heads) and in a cluster at the neck of the 
growth cone where the contractile node was 
situated (Figure 3A, red dotted circle), as 
previously observed (Medeiros et al., 2006; 
Burnette et al., 2008; Van Goor et al., 2012). 
After PDBu treatment (100 nM), the band of 
myosin II at the T zone shifted progressively 
rearward into the C domain, accompanied 
by ring-like constriction of the actin arcs 
(Figure 3A, rows 2–4, yellow open arrow-
heads). Line scan population analysis clearly 
shows the proximal shift in peak myosin II 
fluorescence (Figure 3, B and C, blue ar-
rows) over time with PKC activation. The in-
tensity of myosin II labeling at the contrac-
tile node increased concurrently (Figure 3, 
A, red dotted circles, and C, orange arrow-
heads). After 10 min in PDBu, myosin II 
labeling was concentrated near the contrac-
tile node (Figure 3, A and C, row 5), with 
some punctuate labeling present on elon-
gated filopodial bundles (Figure 3A, red ar-
rowhead). Actin filament intensities in the 
contractile node area were comparable be-
tween control and PDBu-treated growth 
cones (Figure 3B, top vs. bottom, orange 
traces), suggesting that PKC activation in-
creased myosin II colocalization with actin 
filaments in this region (Figure 3B). Go6976 
(10 μM, 10-min pretreatment) completely 
blocked the PDBu-induced constriction of 
actin arcs and redistribution of myosin II 
(Figure 3, A and C, bottom two rows). Taken 
together, these results indicate that PKC acti-
vation promotes myosin II colocalization with 
actomyosin structures, which may contribute 
to the observed increases in contractility and 
actin network flow in the C domain.

Myosin II inhibition prevents PKC-
induced increases in retrograde 
network flow
To further investigate myosin II’s role in PKC 
effects on actin networks, we used blebbi-
statin, a specific nonmuscle myosin II 
ATPase inhibitor (Straight et al., 2003; 
Allingham et al., 2005; Medeiros et al., 
2006). Pretreatment with blebbistatin alone 

(60 μM, 10 min) decreased rates of actin network translocation in 
both P and C domains (Figure 4A, flow speed maps; Supplemental 
Figure S4, C and D), as previously observed (Medeiros et al., 2006; 

FIGURE 3: PKC activation promoted a ring-like contractile response mediated by redistribution 
of myosin II to actin contractile node. (A) Fluorescence labeling of growth cones with myosin II 
heavy chain tail antibody (right) and tetramethylrhodamine isothiocyanate (TRITC)–phalloidin 
(left) after live-cell extraction. Growth cones were treated with DMSO, PDBu (100 μM, 1–10 min), 
or Go6976 (10 μM, 10 min) or pretreated with Go6976 (10 min), followed by Go6976 and PDBu 
(10 min). Yellow open arrowhead, actin arc; red dotted circle, contractile node; red arrowhead, 
filopodia; yellow dotted line traces the leading edge. (B) Line scan analysis of actin (orange) and 
myosin II (blue) fluorescence intensities under control conditions or after 10-min treatment with 
PDBu. Line scans (50 pixels in width, five times the P domain in length) were sampled along the 
growth axis, as represented by the blue line on the top in A. Traces in this graph are the average 
values of multiple growth cones. (C) Line scan analysis of myosin II localization in growth cones 
under the conditions in A. Samples were measured in a manner similar to B. Blue lines represent 
data from individual growth cones. Black lines represent the population average. CN, contractile 
node; T, transition zone; blue arrow, peak of myosin II fluorescence in T zone; orange arrowhead, 
myosin II fluorescence at contractile node. Number in parentheses, growth cones measured. 
Scale bar, 10 μm.

bundles into the contractile node. Both of these actin structures 
support myosin II–based contractility (Medeiros et al., 2006; 
Burnette et al., 2008). Rho- and myosin II–dependent increases in 
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Burnette et al., 2008; Van Goor et al., 2012; 
Yang et al., 2012). In blebbistatin back-
grounds, PDBu treatment (100 nM, 10–
30 min) no longer resulted in C-domain 
contraction (Figure 4A, red dashed circles) 
or significant changes in T-zone arc or con-
tractile node actin flow rates (Figure 4B). 
Instead, PDBu treatment now resulted in 
decreased rates of actin network flow in the 
P domain (−12.6 ± 6.8%; Figure 4B). In addi-
tion, myosin II inhibition suppressed PDBu-
induced changes in filopodium length and 
growth cone geometry (Figure 4, C and D). 
Note that blebbistatin pretreatment alone 
increased filopodial bundle length (Supple-
mental Figure S4E) due to attenuated 
filopodia recycling, as previously reported 
(Medeiros et al., 2006), without affecting 
growth cone spread (Supplemental Figure 
S4F). Together these results indicate that 
myosin II activity is crucial for the contractile 
response and increased network transloca-
tion associated with PKC activation. In 
contrast, PKC-induced decreases in actin 
veil network density were independent of 
myosin II activity (Figure 4E, asterisk), and 
changes in meshwork parameters were 
comparable to those observed with PDBu 
treatment alone (Figure 4F). The apparently 
independent PKC effects on myosin con-
tractility and actin network structure are 
addressed sequentially in what follows.

PKC-dependent myosin II activation is 
correlated with CPI-17 phosphorylation
The foregoing results suggested that PKC 
activation was increasing myosin II activity. 
Myosin II is regulated by phosphorylation 
of its regulatory light chain (RLC) at a con-
served serine residue (Ser-16 of Aplysia 
RLC) by myosin light chain kinase (MLCK) 
or Rho kinase. RLC phosphorylation pro-
motes myosin minifilament formation, actin 
binding, and subsequent ATP-dependent 
force generation (Fukata et al., 2001; 
Vicente-Manzanares et al., 2009). RLC de-
phosphorylation by myosin phosphatase 
inactivates myosin II. In agreement, we 
noted that calyculin A (Ishihara et al., 1989), 
an inhibitor of myosin phosphatase, in-
duced contractile responses and signifi-
cantly accelerated actomyosin II arc flow in 
growth cones (Zhang et al., 2003), which 
were very similar to observations with PDBu 
treatment.

FIGURE 4: Myosin II inhibition prevented PKC-induced actin flow increase and contractile 
response but not the depletion of P-domain actin networks. (A) Representative actin FSM 
images (top) and corresponding spatially averaged flow speed maps (bottom) from a growth 
cone injected with Alexa 594–phalloidin under control conditions (left), in blebbistatin (60 μM, 
10 min), and after PDBu (100 nM, 10 min) addition in blebbistatin background. Red dotted line 
marks C-domain boundary. (B) Summary of relative changes in P-domain, T-zone, and contractile 
node retrograde flow rates in response to PDBu (100 nM, 10–30 min) in blebbistatin 
background. (C, D) Average filopodium length (C) and growth cone spread (D) in growth cones 
treated as in B. Number in parentheses, growth cones measured. (E) EM of growth cone P 
domain after treatment with blebbistatin (60 μM, 10 min) or pretreatment with blebbistatin 
followed by cotreatment with blebbistatin and 100 nM PDBu for 10 min. Arrowhead, filopodium; 
asterisk, actin veil. (F) Quantification of actin veil meshwork parameters for growth cones 
treated as in E. Data for control and PDBu from Figure 1D are shown for comparison. 

N = 68 regions from five GCs for blebbistatin 
and 62 regions from four GCs for blebbistatin 
and PDBu. *p < 0.01 and #p < 0.05 with 
two-tailed paired (B–D) and unpaired (F) 
t tests. Scale bar, 5 μm (A), 2 μm (E).
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In summary, our results suggest that intracellular Ca2+ changes 
do not play a significant role in the observed actin network 
reorganization.

The small GTPase Rho and its effector Rho kinase constitute an-
other major pathway for regulation of myosin II–dependent contrac-
tility. Rho kinase can directly phosphorylate RLC and sensitize it to 
MLCK action via inhibition of myosin phosphatase (Fukata et al., 
2001). We previously showed that Rho–Rho kinase activation in-
creased actin arc stability and translocation rates, as well as C-do-
main contractility (Zhang et al., 2003). PKC has been reported to 
associate with and activate Rho (Slater et al., 2001; Pan et al., 2005). 
In some cell types, inhibition of Rho–Rho kinase signaling prevented 
PKC-induced morphological changes (Lai et al., 2003). To test 
whether this was the case in our system, we treated growth cones 
with PDBu in the presence of Rho kinase inhibitor Y27632 (10 μM, 
20-min pretreatment; Supplemental Figure S6). Rho kinase inhibi-
tion alone attenuated actin arc movement in the T zone and con-
tractile node region without affecting retrograde flow in the P do-
main (Supplemental Figure S6, B and C; Zhang et al., 2003); however, 
Rho kinase inhibition did not block the changes in actin filament re-
organization (Supplemental Figure S6A; cf. Figure 1A), increased 
C-domain contractility (Supplemental Figure S6B, yellow dotted 
circles), and increased actin flow rates typically observed after PKC 
activation (Supplemental Figure S6, B, flow maps, and D). Despite 
slower baseline rates of actin network translocation in the C domain 
in Y27632 (Supplemental Figure S6C), PDBu treatment still increased 
contractility in this region (i.e., in both the T zone and node; Supple-
mental Figure S6D). These results are inconsistent with Rho kinase 
being a downstream PKC effector here and suggested an alterna-
tive mechanism.

Possible alternative candidates are C kinase–potentiated protein 
phosphatase-1 inhibitor (CPI-17; Kitazawa et al., 1999; Eto et al., 
2000; Ohki et al., 2001) and its homologues kinase-enhanced pro-
tein phosphatase 1 inhibitor (Liu et al., 2002; Gong et al., 2005) and 
gastrointestinal and brain-specific PP1-inhibitory protein (Liu et al., 
2004). These proteins possess potent inhibitory activity toward myo-
sin phosphatase when phosphorylated by PKC at a conserved thre-
onine residue (Thr-38 of human CPI-17). Moreover, CPI-17 phospho-
rylation has been correlated with contractile responses and 
cytoskeletal changes in neurons and other motile cells (Eto et al., 
2000, 2002; Watanabe et al., 2001). To test a possible role for CPI-
17 activity, we used a phospho-specific CPI-17 antibody that recog-
nized two bands at ∼17 kDa on Western blots of control but not al-
kaline phosphatase–treated Aplysia CNS homogenates (Figure 6A, 
left). As a control, an antibody against nonphosphorylated CPI-17 
recognized bands of the same molecular weight in control and 
phosphatase-treated CNS homogenates (Figure 6A, right). The 
doublet band may represent multiple CPI-17 isoforms in Aplysia, as 
the antibodies were made against a conserved peptide sequence. 
Under control conditions, immunolabeling revealed a diffuse pat-
tern of phosphorylated or total CPI-17 in the growth cone with 
higher labeling densities in the C domain, where the path length is 
longer (Figure 6, B and D). PDBU treatment (100 nM, 10 min) in-
creased p-CPI-17 labeling in the growth cone by ∼54% relative to 
controls (Figure 6C; note that ratiometric imaging could not be used 
for quantification in this case since both antibodies were from the 
same host species). Go6976 treatment alone decreased baseline 
p-CPI-17 labeling (down ∼21%), although this did not meet statisti-
cal significance. Cotreatment with PDBu blocked increases in 
p-CPI-17 labeling (Figure 6, B and C). Note that neither PDBu nor 
Go6976 significantly changed total CPI-17 labeling levels (Figure 6, 
D and E). These results are consistent with PKC activation of CPI-17 

To investigate PKC-dependent changes in myosin II activity, we 
cloned myosin II regulatory light chain (Supplemental Figure S8) and 
produced a polyclonal antibody that labeled a single ∼19-kDa band 
in Western blots of Aplysia CNS tissue (Figure 5A). We used a phos-
pho-specific antibody (Totsukawa et al., 2000) that recognized a 
similar–molecular weight band in control but not alkaline phos-
phatase–treated Aplysia CNS tissue samples (Figure 5B) to assess 
RLC phosphorylation (pRLC) levels. In immunolabeled growth cones, 
pRLC colocalized with Aplysia myosin II heavy chain after live-cell 
extraction that solubilized and removed the weakly bound myosin II 
fraction (Medeiros et al., 2006; Figure 5C, top; compare with Figure 
3A, control labeling). pRLC and myosin II heavy chain labeling was 
strongly attenuated after blebbistatin treatment (Figure 5C, bot-
tom), consistent with the pRLC antibody labeling active nonmuscle 
myosin II.

To quantify myosin II activity, we colabeled growth cones with 
pRLC and total RLC using a normal fixation procedure and used ra-
tiometric imaging of pRLC to total RLC labeling to estimate the rela-
tive fraction of activated myosin II under different conditions (Figure 
5, D and E). Aplysia total RLC labeling was punctuate in the P and C 
domains and appeared to distribute with cytoplasmic volume with 
the C-domain and intrapodia (yellow arrow) exhibiting highest in-
tensities (Figure 5D, column 3). In contrast, pRLC labeling was high-
est in the T zone, where active myosin II is normally localized 
(Medeiros et al., 2006), and lower in the C domain (Figure 5D, 
column 2). After PDBu treatment (100 nM, 10 min), pRLC labeling 
was concentrated in the contractile node region (Figure 5D, red 
dotted circles) and also colocalized with filopodial bundles (red 
arrowheads), reminiscent of the myosin II redistribution observed in 
live-extracted cells (Figure 3A). Under control conditions myosin II 
activity was localized to the T zone (Figure 5D, column 4). PDBu 
treatment resulted in a proximal shift of highest myosin II activity 
(Figure 5D, column 4) and a corresponding ∼37% increase in growth 
cone myosin II activity relative to controls (Figure 5E). In contrast, 
Go6976 treatment (10 μM, 10 min) modestly decreased myosin II 
activity and completely blocked PKC effects (Figure 5, D and E). As 
positive and negative controls, growth cones were treated with 
calyculin A (50 nM, 10 min) or a combination of ML-7 plus Y27632 
(10 μM each, 10 min), which inhibit MLCK and Rho kinase, respec-
tively (Figure 5D, bottom two rows). As expected, calyculin A alone 
increased the fraction of active myosin II by ∼77% over controls; in 
contrast, concurrent treatment with ML-7 and Y27632 decreased 
myosin II activity by ∼50% (Figure 5E). These results suggest that 
PKC activation enhances myosin II activity through increased RLC 
phosphorylation.

We next investigated possible mechanisms for PKC-dependent 
myosin II activation. Phosphorylation of myosin RLC is Ca2+/
calmodulin dependent. PKC has been reported to modulate traf-
ficking of Ca2+ channels with subsequent effects on intracellular 
Ca2+ levels in both Aplysia and vertebrate neurons (Knox et al., 
1992; Herlitze et al., 2001). To test whether intracellular Ca2+ 
changes could be involved in these effects, we did ratiometric Ca2+ 
imaging in tandem with assessment of actin dynamics during PKC 
activation (Supplemental Figure S5). Whereas actin FSM indicated 
typical acceleration of peripheral retrograde actin flow and C-do-
main contraction during PKC activation, intracellular Ca2+ levels did 
not significantly change (Supplemental Figure S5). Note that we 
cannot formally rule out involvement of rapid Ca2+ fluctuations such 
as those resulting from voltage-dependent Ca2+-channel activity 
from these experiments, due to the recording bandwidth (0.1 Hz). 
If rapid Ca2+ fluctuations were involved, however, they are not of 
sufficient average strength to significantly alter baseline Ca2+ levels. 
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FIGURE 5: PKC activation increased myosin II regulatory light chain phosphorylation. (A) Western blots of Aplysia CNS 
proteins probed with rabbit anti–Aplysia RLC sera recognizing ∼19-kDa band. (B) Western blot of control and alkaline 
phosphatase–treated Aplysia CNS homogenate with a mouse monoclonal antibody against conserved pSer19 on human 
myosin II regulatory light chain (pRLC). (C) Growth cones were live cell extracted and labeled with TRITC–phalloidin (left), 
antibody against conserved pSer19 on human myosin II regulatory light chain (pRLC; middle), and antibody against 
Aplysia myosin II heavy chain (MHC; right) after treatment with DMSO or blebbistatin (60 μM, 10 min). (D) Immunolabeling 
of growth cones with pRLC antibody and total Aplysia RLC antibody after normal fixation. F-actin was visualized with 
phalloidin. Right, ratio of pRLC and Aplysia RLC after background subtraction, encoded in a linear pseudocolor lookup 
table (see color bar). Growth cones were treated with DMSO, PDBu (100 nM, 10 min), Go6976 (10 μM, 10 min), Go6976 
and PDBu (10 min) after Go6976 pretreatment, calyculin A (50 nM, 20 min), or combination of Y27632 and ML7 (10 μM 
each, 20 min). Yellow arrow, intrapodia; red arrowhead, filopodium; red dotted circle, contractile node; yellow dotted line 
traces the leading edge. (E) Quantification of average pRLC/RLC fluorescence ratio in entire growth cones for each of the 
conditions in D. Numbers in parentheses, growth cones measured. p < 0.0001 with single-factor ANOVA. Asterisk 
indicates significant difference using Tukey’s HSD post hoc analysis. NS, not significant. Scale bars, 10 μm.

as a mechanism for the observed increased myosin II activity and 
related contractile effects on actin dynamics.

PKC activation delocalizes Arp2/3 complex from the leading 
edge independently of myosin II activity
PKC effects on contractility and actin network translocation de-
pended on nonmuscle myosin II activity; however, the observed 
changes in actin veil density persisted after nonmuscle myosin II in-
hibition (Figure 4, E and F). These results suggested the presence of 
a PKC pathway affecting actin filament dynamics functioning in par-
allel with the contractile effects of nonmuscle myosin II as described 
earlier.

The Arp2/3 complex is a conserved seven-protein nucleator of 
actin filament assembly responsible for formation of dense branched 
networks in the lamellipodia of motile cells (Pollard, 2007) and 
growth cone veils (Mongiu et al., 2007; Korobova and Svitkina, 
2008; Yang et al., 2012). We recently reported that acute suppres-
sion of Arp2/3 complex activity with small-molecule inhibitors (Yang 
et al., 2012) drastically reduced actin veil network density (Korobova 
and Svitkina, 2008) and accelerated P-domain retrograde flow rates 
(Yang et al., 2012) in a manner strikingly similar to what we observed 
after PKC activation.

To investigate whether the Arp2/3 complex might play a role in 
these PKC effects, we first compared Arp2/3 complex localization in 
growth cones under control conditions and after PKC activation. 
Under control conditions, Arp2/3 complex density was enhanced by 
∼1.8-fold near the leading edge when compared with adjacent 
regions (Figure 7A, red arrow; Mongiu et al., 2007; Korobova and 
Svitkina, 2008; Yang et al., 2012). Intrapodia actin structures near the 
T zone (Rochlin et al., 1999; Figure 7A, yellow arrows) also exhibited 
relatively high Arp2/3 complex densities. Leading edge enhance-
ment of Arp2/3 complex was significantly reduced after treatment 
with PDBu (100 nM) for either 5 or 10 min (Figure 7, A and C). Fur-
thermore, blebbistatin pretreatment (60 μM, 10 min) had no effect 
on control Arp2/3 complex distribution (Yang et al., 2012). PDBu 
treatment in the presence of blebbistatin, however, continued to 
attenuate Arp2/3 complex leading edge enhancement to about the 
same degree (Figure 7, B and C). These observations suggest that 
PKC activation results in delocalization of Arp2/3 complex from the 
leading edge independent of myosin II activity. Conversely, to some 
extent PKC inhibition with Go6976 (10 μM, 10 min) increased Arp2/3 
complex localization to the leading edge (Figure 7A, bottom, and C) 
and the presence of Arp2/3 complex–positive intrapodia.

We wanted to further probe the mechanism by which PKC may 
delocalize Arp2/3 complex from the leading edge. Protein interact-

ing with C-kinase 1 (PICK1) can bind to and interfere with Arp2/3 
complex function upon association with active PKC (Rocca et al., 
2008). If PICK1 recruitment constitutes a pathway for PKC-mediated 
Arp2/3 complex inhibition, PICK1 would be expected to colocalize 
with Arp2/3 complex early during PKC activation. To test this hy-
pothesis, we obtained Aplysia-specific PICK1 antibodies and visual-
ized PICK1 localization before and after PKC activation. PICK1 ex-
hibited a punctate labeling pattern in growth cones under control 
conditions, with slightly higher densities in the C domain, consistent 
with increased cellular volume relative to the P domain (Supplemen-
tal Figure S7). Treatment with PDBu at various time points resulted 
in progressive changes in actin structure but no obvious recruitment 
of PICK1 to the leading edge. PICK1 labeling generally decreased 
over time in the P domain, consistent with observed decreases in 
actin filament density (Figure 1).

Arp2/3 complex activity generates barbed-end actin nucleation 
sites in motile cells (Bailly et al., 1999) and growth cones (Yang et al., 
2012). To investigate possible PKC effects on nucleation site gen-
eration, we assessed the density and distribution of polymerization-
competent barbed ends using an in vitro actin incorporation assay 
(Symons and Mitchison, 1991; Chan et al., 1998). Under control con-
ditions, barbed-end density was high near the leading edge (Figure 
8A, red arrow) and in the T zone, where there is abundant intrapodia 
activity (Figure 8A, yellow arrow; cf. line scans in Figure 8B, dark 
blue lines; Van Goor et al., 2012; Yang et al., 2012). After 5–10 min 
in PDBu (100 nM) barbed-end density was markedly attenuated at 
the leading edge and T zone (Figure 8, A and B, dark red line). 
Barbed ends were still present at the tips of filopodia, where Arp2/3 
complex–independent actin nucleation likely persists (Figure 8A, 
red arrowhead), and near the contractile node (green circles), where 
significant actin recycling is likely to occur (Van Goor et al., 2012). 
On average, barbed-end density in the distal half of P domain 
decreased by ∼70% with PDBu treatment (Figure 8C). These effects 
were completely suppressed in the presence of Go6976 (10 μM, 
10-min pretreatment), confirming that they indeed depend on PKC 
activity (Figure 8, A, bottom, and C).

The decreased actin nucleation site density at the leading edge 
after PKC activation is consistent with the reduction in actin veil net-
work density and delocalization of Arp2/3 complex described in 
Figures 1 and 7, respectively. Because the Arp2/3 complex is impor-
tant for maintaining steady-state actin polymerization rates at the 
leading edge of growth cones (Yang et al., 2012), we investigated 
PKC effects on actin dynamics using FSM. Polymerization and depo-
lymerization in the distal P domain (Figure 8D, schematic) were cal-
culated from single-speckle tracking (Ponti et al., 2004) over 2-min 
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Treatment with PDBu (100 nM, 10 min) 
markedly decreased the number of speckle 
births recorded during the same sampling 
interval and eliminated the band of strong 
leading edge polymerization observed un-
der control conditions (Figure 8D, bottom). 
A punctate pattern of actin polymerization 
remained, some of which appeared to be 
associated with linear filopodial bundles 
(Figure 8D, arrowheads).

Of interest, PKC activation also affected 
actin depolymerization. Under control con-
ditions, depolymerization, estimated from 
the integrated density of speckle “death” 
events, was distributed throughout the P 
domain with a strong band juxtaposed to 
the leading edge polymerization zone 
(Figure 8D, top, arrow). After PDBu treat-
ment, the overall depolymerization event 
density was reduced in the P domain, and 
the band of strong depolymerization ob-
served near the leading edge under control 
conditions was absent. Depolymerization 
appeared to be associated with residual 
filopodial actin bundles, which persist dur-
ing PDBu treatment (Figure 8D, bottom, 
arrowhead; cf. Figure 1B). Similar results 
were obtained using a recently developed 
algorithm (Van Goor et al., 2012) that esti-
mates net actin turnover rates by tracking 
integrated actin speckle intensity within an 
ROI as it moves progressively across the P 
domain with retrograde flow (Figure 8E, 
schematic). Over the 2-min tracking period, 
the integrated intensity in the control ROI 
decreased to ∼50% of its initial value as it 
moved through the P domain under control 
conditions (Figure 8F, blue line). After PDBu 
treatment (100 nM, 10–30 min), the inte-
grated intensity within the same ROI de-
creased at a significantly slower rate, retain-
ing ∼70% its initial value at 2 min (Figure 8F, 
red line), indicating a slower net rate of actin 
turnover. The observed reduction in actin 
polymerization frequency and network turn-
over after PKC activation is consistent with a 
P domain sparsely populated (Figure 1, B 
and C) with more-stable actin filaments rela-
tive to control conditions. In summary, the 
remaining actin filaments undergoing retro-
grade flow after PKC activation tend to 
move faster (Figure 2) and be more stable 
(Figure 8) than those comprising flow under 
control conditions.

DISCUSSION
We investigated effects of phorbol ester ac-
tivation of PKC on the actin cytoskeleton of 
neuronal growth cones and provided evi-

dence that PKC simultaneously modulates actin polymerization and 
myosin II contractility to affect growth cone motility. Figure 9 sum-
marizes our results.

FIGURE 6: PKC activation increased CPI-17 phosphorylation. (A) Western blot of control and 
alkaline phosphatase–treated Aplysia CNS homogenate with antibodies against total and 
pThr38 CPI-17. (B, D) Immunolabeling of growth cones with antibodies against p-CPI-17 (B) or 
total CPI-17 (D) after normal fixation. F-actin was visualized with phalloidin. Growth cones were 
treated with DMSO, PDBu (100 nM, 10 min), Go6976 (10 μM, 10 min), or Go6976 and PDBu (10 
min) after Go6976 pretreatment. (C, E) Quantification of average p-CPI-17 (C) and total CPI-17 
(E) fluorescence intensity in entire growth cones for each of the conditions in B and D. Numbers 
in parentheses, growth cones measured. For C, p < 0.0001 with-single factor ANOVA. Asterisk 
indicates significant difference using Tukey’s HSD post hoc analysis. NS, not significant. For E, 
p = 0.89 with single-factor ANOVA. Scale bars, 10 μm.

sampling periods. Under control conditions, strong polymerization, 
indicated by a high density of speckle “birth” events, occurred in 
a narrow band along the leading edge (Figure 8D, top, arrow). 
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dia appear to be preferentially recycled in the T zone (Medeiros 
et al., 2006). Less-polarized actin veil networks undergo local net-
work contraction in the T zone, forming actin arcs, which continue to 
exhibit myosin II–dependent movement rearward through the C do-
main and into the contractile node (Figure 9A, steps 1–5; Zhang 
et al., 2003; Medeiros et al., 2006).

Decreased actin network density is a hallmark of PKC activation in 
many cell types, but the underlying mechanisms are not well charac-
terized. Some of the earliest studies on phorbol esters noted actin 
filament loss and general network disorganization in epithelial 
(Schliwa et al., 1984) and smooth muscle cells (Dugina et al., 1987), 

Actin veils of neuronal growth cones contains Arp2/3 complex–
dependent branched actin networks resembling the lamellipodium 
of motile cells (Ponti et al., 2004; Korobova and Svitkina, 2008; Yang 
et al., 2012). In addition, growth cones contain long linear actin 
bundles comprising filopodia and display myosin motor–assisted 
actin array treadmilling (Lin et al., 1996; Medeiros et al., 2006; Craig 
et al., 2012; Figures 1 and 4). The steady-state balance between 
actin polymerization, myosin II driven contractility, and actin filament 
turnover determines actin network behavior and the rate of classic 
P-domain retrograde flow (Medeiros et al., 2006; Van Goor et al., 
2012; Yang et al., 2012). Polarized actin bundles comprising filopo-

FIGURE 7: PKC activation disrupted Arp2/3 complex localization at the leading edge independent of myosin II activity. 
(A, B) Fluorescence labeling of growth cones with phalloidin and Arp3 antibody after normal fixation. (A) Growth cones 
were treated with DMSO, PDBu (100 nM, 5 and 10 min), or Go6976 (10 μM, 10 min). (B) Growth cones treated with 
blebbistatin (60 μM, 10 min) or pretreatment with blebbistatin followed by cotreatment with blebbistatin and 100 nM 
PDBu for 10 min. Red arrow, band of concentrated Arp2/3 complex localization at the leading edge; yellow arrow, 
intrapodia. Yellow dotted line traces the leading edge. Scale bar, 10 μm. (C) Quantification of Arp2/3 complex 
enrichment at the leading edge for each condition in A and B. The enrichment was calculated as the ratio of Arp3 
fluorescence along the leading edge to a parallel region in the adjacent P domain (schematic). p < 0.0001 with single-
factor ANOVA, Asterisk indicates significant difference using Tukey’s HSD post hoc analysis. NS, not significant.
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FIGURE 8: PKC activation reduced barbed-end density and actin polymerization event density along the leading edge. 
(A) Growth cones were live extracted and labeled with TRITC–phalloidin to show total F-actin (left) and Alexa 488 
G-actin, which incorporated at filament barbed ends (right). Growth cones were treated with DMSO (top), PDBu 
(100 nM, 5 and 10 min), or Go6976 (10 μM, 10 min) or pretreated with Go6976 followed by cotreatment with Go6976 
and PDBu for 10 min. Red arrow, band of concentrated barbed ends near the leading edge; yellow arrow, intrapodia; 
red arrowheads, filopodia; yellow dotted line traces the leading edge; green circles, contractile node. (B) Line scan 
analysis of barbed-end localization in control and PDBu-treated (100 nM, 5 min) growth cones. Line scans (50 pixels in 
width) were sampled along the growth axis of growth cones (similar to blue and red lines in the respective panels of A). 
Scattered dots represent data set from individual growth cones. Solid lines represent the population average. CN, 
contractile node; LE, leading edge; T, transition zone. (C) Average barbed-end intensities in the distal half of the P 
domain for different treatment conditions in A. p < 0.0001 with single-factor ANOVA. Asterisk indicates significant 
difference using Tukey’s HSD post hoc analysis. NS, not significant. Numbers in parentheses, growth cones measured. 
(D) Steady-state map of actin assembly (red) and disassembly (green) events near the leading edge of a growth cone 
(schematic) before and after PDBu (100 nM, 10 min) treatment. Maps were generated from FSM images of a growth 
cone injected with Alexa 568 G-actin. Colors indicate relative assembly or disassembly event densities (see color  
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Halpain, 2005). In agreement with previous 
studies, we observed significant decreases in 
P-domain actin density with PKC activation 
(Figure 1, Supplemental Figures S2 and S4B, 
and Supplemental Movies S1 and S2). The 
observed decreases in peripheral actin veil 
network density (Figure 1) occurred by a 
mechanism that involved 1) delocalization of 
Arp2/3 complex from the leading edge 
(Figure 7) and 2) rapid decrease in the den-
sity of barbed-end actin nucleation sites in 
the same region (Figure 8, A and B). The lat-
ter was corroborated by quantification of ac-
tin polymer dynamics (Figure 8, D and E). 
Conversely, treatment with the PKC inhibitor 
GO6976 alone increased actin veil network 
density, indicating that basal PKC activity lev-
els affect peripheral actin network structures 
under control conditions (Figures 1 and 7).

The decreases in actin veil density and 
increases in P-domain retrograde flow after 
PKC activation (Figures 1 and 2, Supplemen-
tal Movies S1 and S2, and Supplementary 
Figure S4) were similar to what we previously 
observed after acute Arp2/3 complex inhibi-
tion (Yang et al., 2012). Moreover, when 
myosin II activity was inhibited by blebbista-
tin pretreatment, retrograde flow slowed in 
response to PKC activation (Figure 4, A and 
B)—also as observed after acute Arp2/3 
complex inhibition in low–myosin II activity 
backgrounds (Yang et al., 2012). Attenuation 
of retrograde flow would be expected if PKC 
activation decreases leading edge assem-
bly–dependent pushing forces in a tread-
milling actin filament array system (Mogilner 
and Oster, 2003; Medeiros et al., 2006).

Are PKC effects on the Arp2/3 complex 
direct or indirect? Although phosphorylation 
is an important regulatory mechanism for 
Arp2/3 complex function (Vadlamudi et al., 
2004; LeClaire et al., 2008) and activated PKC 
translocates to the membrane (Sossin et al., 
1993; Liu and Heckman, 1998) close to where 
the Arp2/3 complex is localized, no PKC 
phosphorylation sites have been reported for 
any of the Arp2/3 complex subunits. We 
therefore suggest that action of PKC on 
Arp2/3 complex function involves other 
molecular players. One candidate is PICK1, a 
scaffold protein that associates with activated 
PKC that can bind to and block actin nucle-

ation by Arp2/3 complex (Rocca et al., 2008). PICK1 knockdown in-
creased actin content and induced aberrant branching in hippocam-
pal neurons (Rocca et al., 2008), consistent with elevated Arp2/3 
complex activity. Recently Aplysia PICK1 was cloned and shown to 

effects later identified as being mediated by PKC (Hai et al., 2002). 
Similar changes were observed with PKC activation in trigeminal gan-
glion cell (Ozsarac et al., 2003) and DRG growth cones (Bonsall and 
Rehder, 1999) and in hippocampal dendritic spines (Calabrese and 

FIGURE 9: Summary of key results. (A) Control conditions. Top, relevant structures in the P and 
C growth cone domains. Bottom: 1) Arp2/3 complex–dependent actin veil polymerization at the 
leading edge. 2) Myosin II–dependent network contraction at the T zone and contractile node. 
3) Network recycling throughout the P domain. 4) P-domain retrograde flow. 5) T-zone flow. 
(B) PKC activation. Top, actin veil retracts and C-domain compresses. Bottom, 1) Delocalization 
of Arp2/3 complex and reduced assembly sites at the leading edge. 2) Decreased actin veil 
network density. 3) Reduced network turnover in the P domain. 4) Activation and enhanced 
localization of myosin II on actin arcs and at the contractile node. 5) Increased P-domain 
retrograde flow. 6) Increased central actin flow. (C) Proposed signaling pathways for dual 
cytoplasmic domain-specific effects of PKC activation.

bars). Red and green arrows, respectively, mark the band of strong assembly near the leading edge and the region of 
strong disassembly proximally juxtaposed to the assembly band. Arrowheads mark filopodia tips. (E) Population 
average of changes in integrated actin network fluorescence intensity within the flow-displaced regions before and after 
PDBu (100 nM, 10–30 min) measured by the ROI-based turnover algorithm (schematic). n = 9 growth cones, 3–5 ROIs 
per growth cone. *p < 0.01, two-tailed paired t test. Scale bars, 10 μm (A), 5 μm (D).
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intervention schemes that target Rho and PKC simultaneously to 
inhibit axon degeneration and/or promote regrowth. In addition, 
this two-tiered effect of PKC activation could prompt development 
of novel therapeutic approaches to overcome repulsive responses 
encountered after CNS injury and/or lend insight into mechanisms 
of growth cone guidance.

MATERIALS AND METHODS
Cell culture and chemicals
Primary culture of Aplysia bag cell neurons was as previously de-
scribed (Forscher and Smith, 1988), with the following modifications. 
Coverslips were treated with 20 μg/ml poly-l-lysine for 15 min and 
washed with water before plating. A 1:10,000 dilution of fetal bo-
vine serum was added to the culture medium 2 h after plating the 
neurons. PDBu, Go6976, blebbistatin, Y27632, Taxol, ML-7, and ca-
lyculin A were purchased from Calbiochem (La Jolla, CA). Actin 
monomers purified from rabbit muscle and tagged with Alexa 568 
or Alexa 488, Alexa 594–phalloidin, conjugated secondary antibod-
ies, including goat anti-rabbit immunoglobulin G (IgG) and goat 
anti-mouse IgG, calcium green-1 (CG-1), and conjugated dextrans, 
molecular weight 10 kDa, were from Invitrogen (Carlsbad, CA). Anti-
Arp3 and anti-pThr38 of CPI-17 rabbit polyclonal antibodies were 
from Upstate (Millipore, Billerica, MA). Anti-pSer19 of myosin II reg-
ulatory light chain mouse monoclonal antibody was from Cell Sig-
naling Technology (Beverly, MA). Anti–CPI-17 rabbit polyclonal anti-
body was from Signalway (College Park, MD). Anti-tubulin mouse 
monoclonal antibody was from Sigma-Aldrich. Aplysia PICK1 anti-
bodies were kindly provided by Thomas Abrams (Department of 
Pharmacology, University of Maryland School of Medicine, Balti-
more, MD; Wan et al., 2012). Dimethyl sulfoxide (DMSO) and other 
chemicals were from Sigma-Aldrich unless otherwise stated.

Solutions
Artificial seawater (ASW) contained 400 mM NaCl, 10 mM KCl, 15 mM 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10 mM 
CaCl2, and 55 mM MgCl2 at pH 7.8. ASW was supplemented with 
3 mg/ml bovine serum albumin (BSA), 0.5 mM vitamin E, and 1 mg/
ml carnosine before experiments. Ca2+ injection buffer consisted of 
100 mM potassium aspartate and 10 mM HEPES at pH 7.4. Lysis buf-
fer for homogenizing Aplysia CNS tissue contained 50 mM HEPES 
(pH 7.5), 150 mM NaCl, 1 mM ethylene glycol tetraacetic acid (EGTA), 
5 mM dithiothreitol with 0.01 mg/ml aprotinin, 0.01 mg/ml leupeptin, 
5 μg/ml pepstatin, 0.4 μg/ml Pefabloc, and 1 mM Na3VO4. Tris-buff-
ered saline (TBS) contained 25 mM Tris base, 137 mM NaCl, and 
2 mM KCl. Live-cell extraction buffer (LE) contained 100 mM 1,4-pip-
erazinediethanesulfonic acid (PIPES), pH 6.9, 10 mM KCl, 100 mM 
NaCl, 5 mM EGTA, 5 mM MgCl2, 4% polyethylene glycol, average 
molecular weight 35,000, and 20% sucrose at ∼1000 mOsm/l and 
was supplemented with 1% Triton X-100, 10 μM phalloidin, 10 μM 
Taxol, and 10 mg/ml 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid immediately before use. Washing buffer for live-cell 
extraction (WLE) contained 80 mM PIPES, pH 6.9, 5 mM EDTA, and 
5 mM MgCl2. Block solution for antibody labeling was 5% BSA in 
phosphate-buffered saline (PBS) containing 0.1% Triton X-100 (PBS-T). 
MOWIOL (Calbiochem) for cell mounting in immunocytochemistry 
was prepared following manufacturer’s protocol with 10% MOWIOL, 
25% glycerol, 0.2 M Tris, pH 8.5, and 20 mM n-propylgalate.

Aplysia neuronal myosin II RLC cloning and antibody 
production
The full-length primary sequence of Aplysia neuronal myosin II RLC 
(167 amino acids; Supplemental Figure S6B) was obtained with 

affect sensory neuron habituation through interaction with PKC (Wan 
et al., 2012). Our results (Supplemental Figure S7), however, cast 
doubt on PICK1 involvement in the observed effects on actin assem-
bly and Arp2/3 complex localization. Further studies will be needed to 
address the mechanism of PKC effects on actin assembly.

Evidence suggests that actin arcs in growth cones are functionally 
similar to actomyosin II bundles involved in cytokinesis and cellular 
wound healing, which increase their rates of contractile movement 
with PKC activation (Driedger and Blumberg, 1977; Bement and 
Capco, 1991). In neuronal cells, PKC activation can result in neurite 
retraction (Cressman and Shea, 1995; Lanuza et al., 2002; Conrad 
et al., 2007). Consistent with the foregoing, PKC-dependent increases 
in retrograde flow rates were highest in the T zone, where contractile 
actin arcs normally form (Figures 2D and 3). PKC activation also re-
sulted in more-stable actin filament structures with longer turnover 
times (Figure 8, D and E). The presence of generally longer, less 
branched, and more-stable actin filaments (Figure 1C) may facilitate 
more efficient contractile force production, leading to the increased 
rates of retrograde flow observed in the presence of myosin II activity.

PKC has also been suggested to up-regulate myosin II activity by 
increasing Rho and Rho kinase activities (Brandt et al., 2002; Lai 
et al., 2003; Domeniconi et al., 2005; Pan et al., 2005; Conrad et al., 
2007). In growth cones, actin arc contractility is regulated by Rho 
kinase (Zhang et al., 2003); we found, however, that PKC acts by an 
independent mechanism, since essentially the same effects on actin 
dynamics were present in a background of Rho kinase inhibition 
(Supplemental Figure S6). A more compelling mechanism for PKC 
potentiation of myosin II activity here is activation of the myosin 
phosphatase inhibitor CPI-17 (Kitazawa et al., 1999; Eto et al., 2000; 
Ohki et al., 2001; Watanabe et al., 2001). This hypothesis is sup-
ported by our observation of PKC-dependent increases in phospho-
rylated CPI-17 in the same regions where myosin II activity levels 
increased (Figures 5 and 6).

Note that PKC has also been reported to down-regulate myosin 
II activity via phosphorylation of multiple serine and threonine resi-
dues at the N-terminus of heavy meromyosin (Nishikawa et al., 
1984). This scenario is unlikely here, since these amino acids are not 
conserved in the Aplysia myosin II heavy chain (Medeiros et al., 
2006). Parenthetically, inhibitory phosphorylation by PKC does not 
appear to have a significant effect on vertebrate myosin II activity in 
vivo, and so the role of PKC in down-regulation of myosin II function 
is not clear (Turbedsky et al., 1997; Beach et al., 2011). In summary, 
we suggest that lower peripheral network density facilitates higher 
rates of myosin II–dependent network contraction in the P domain, 
and CPI-17 activation promotes higher levels of myosin II contractil-
ity in the T zone and C domain. The net result of these actions is the 
acceleration of peripheral retrograde flow and rearward compres-
sion of the C domain observed after PKC activation.

PKC and Rho activity have both been implicated in signaling pro-
cesses that inhibit neurite outgrowth (Tang, 2003; Teng and Tang, 
2006). Conversely, inhibition of either Rho kinase (Fournier et al., 
2003) or PKC (Sivasankaran et al., 2004) has been reported to pro-
mote neurite extension on normally inhibitory myelin-associated 
glycoprotein substrates and improve axon regeneration in animal 
models. In the present study, we describe synergistic domain-spe-
cific mechanisms by which PKC activity regulates growth cone motil-
ity: 1) inhibition of actin nucleation and consequent attenuation of 
actin veil network density in the P domain and 2) increasing myosin 
II contractility in the C domain. These effects were independent of 
Rho kinase. Our findings suggest that Rho and PKC signal via func-
tionally independent mechanisms to control growth cone motility. 
This parallel signaling structure might be exploited in combinatorial 
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Extraction with LE for 3–5 min was followed by washing with WLE for 
2 min. Free barbed ends were labeled by incubating cells with 
350 nM Alexa 488 actin monomers in WLE for 1 min and washed 
again (Symons and Mitchison, 1991). Cells were fixed for 20 min in 
4% formaldehyde in WLE for fluorescence or 6.5% glutaraldehyde 
in WLE for electron microscopy. Extracted cells were labeled with 
antibodies as described.

Platinum/palladium replica electron microscopy
Cells were live extracted and fixed as described, followed by treat-
ment with 6.5% glutaraldehyde in water, 0.2% tannic acid, and 0.2% 
uranyl acetate for 20 min each with water washes in between 
(Svitkina et al., 1995). Samples were dehydrated with a graded se-
ries of ethanol concentrations before critical point drying. Speci-
mens were rotary shadowed with platinum/palladium at a 45° angle 
to a thickness of 2 nm, followed by carbon coating. Replicas were 
mounted on carbon/Formvar-coated EM grids and observed by 
transmission EM at 80 kV.

To quantify actin veil network density, electron micrographs at 
20,000× magnification were used to assess 1 × 1–μm2 ROIs near 
the growth cone leading edge. ROIs were subjected to an inten-
sity threshold process until all the negative spaces bounded by 
actin filaments were selected, thereby defining the properties of 
the actin mesh. Thus mesh size is related to the amount of free 
space bounded by actin filaments and is a measure of the 
network density. Mesh images were then quantified using 
the “analyze particle” function in ImageJ (National Institutes of 
Health, Bethesda, MD). For each condition, 10–15 nonoverlap-
ping regions from three to eight growth cones were analyzed. 
Regions containing filopodial bundles or intrapodia were 
excluded.

Confocal microscopy
Confocal fluorescence images were acquired using an Andor Revolu-
tion XD spinning disk confocal system (Andor, Belfast, United 
Kingdom) with a CSU-X1 confocal head (Yokogawa, Tokyo, Japan) 
mounted on a Nikon TE 2000E inverted microscope with Perfect 
Focus (Nikon, Melville, NY), using an Andor iXonEM+888 electron-
multiplying charge-coupled device camera. Transillumination was 
provided by a halogen lamp and controlled by a SmartShutter (Sutter 
Instrument, Novato, CA). Confocal excitation was provided by an 
Andor Laser Combiner with laser lines at 488, 561, and 647 nm. 
Emission wavelength was controlled using a Sutter LB10W-2800 fil-
ter wheel outfitted with bandpass filters from Chroma Technology 
(Brattleboro, VT). A Nikon CFI Plan Apo 100×/1.4 numerical aperture 
objective was used. Image acquisition and all other peripherals were 
controlled by Micro-Manager (http://valelab.ucsf.edu/∼MM/MMwiki/
index.php/Micro-Manager) with a Matlab (MathWorks, Natick, MA) 
interface.

Epifluorescence microscopy
Epifluorescence images were acquired using a Nikon TE300 inverted 
microscope equipped with a CoolSNAP HQ camera (Photometrics, 
Tucson, AZ) and a variable-zoom lens (0.9–2.25×). Epifluorescence 
illumination was provided by a 100-W mercury arc lamp; two pro-
grammable filter wheels with shutters (Ludl Electronic Products, 
Hawthorne, NY) were outfitted with bandpass filters (Chroma) to se-
lect excitation and emission wavelengths. DIC/brightfield illumina-
tion was provided by a halogen lamp and controlled by a Uniblitz 
Shutter (Vincent Associates, Rochester, NY). Image acquisition and 
peripheral control were provided by MetaMorph software (Universal 
Imaging, West Chester, PA).

degenerate PCR and rapid amplification of cDNA ends. The full-
length gene was cloned into a bacterial expression vector (Nova-
gen, Gibbstown, NJ) and recombinant proteins expressed with an 
N-terminal hexahistidine affinity tag for purification. Purified RLC 
was dialyzed into PBS overnight at 4°C, concentrated to 1 mg/ml 
using a centrifugal filter device (Millipore), and used as antigen for 
polyclonal antibody production in rabbit host (Proteintech Group, 
Chicago, IL).

Western blotting
CNS tissue from each Adult Aplysia was homogenized in 1 ml of 
ice-cold lysis buffer with a rotor stator, and SDS was added to a final 
concentration of 1%. Lysates were cleared by centrifugation, boiled 
for 3 min, resolved on 12% SDS–PAGE, and transferred to nitrocel-
lulose membranes (GE Healthcare, Piscataway, NJ) by semidry 
transfer (Bio-Rad TransBlot SD; Bio-Rad, Hercules, CA). After prob-
ing with primary and secondary antibodies, the membrane was de-
veloped by electrochemiluminescence (Thermo Scientific, Waltham, 
MA) and exposed to x-ray films (GE Healthcare).

Microinjection
Neurons were microinjected with Alexa 568 actin monomers (nee-
dle concentration, 0.4 mg/ml) and Alexa 594–phalloidin (needle 
concentration, 20 μM; Lin et al., 1996; Schaefer et al., 2002). Alexa 
488 or Alexa 647 dextran (10 kDa; needle concentration, 2 mg/ml) 
was often coinjected as a volume marker. Reagent solution injec-
tions were typically ∼10% of cell volume. After microinjection, cells 
were incubated in culture medium 1 h before imaging.

Calcium imaging with actin dynamics
Neurons were injected with Ca2+ dye CG-1, Alexa 647 dextran as a 
volume tracer, and Alexa 594–phalloidin (needle concentration 
11.5 mg/ml, 0.9 mg/ml, and 38 μM, respectively). DIC, Ca2+ level, 
volume tracer, and actin FSM images were recorded in tandem at 
10-s sampling intervals using a confocal microscope. Paired images 
with comparable intensities of CG-1 and Alexa 647 were subjected 
to Gaussian convolution to reduce noise levels, and a binary mask 
was used to eliminate noise amplification outside the cell. The ratio 
images (CG-1/volume) were created by dividing background-cor-
rected intensity values of CG-1 fluorescence by volume fluorescence 
and converted into time-lapse montages for data analysis as reported 
previously (Zhang and Forscher, 2009). Average pixel intensity values 
were obtained from the entire growth cone. The Ca2+ changes over 
time were expressed as ΔF/Fo, where ΔF = Ft − Fo and Fo is the aver-
age Ca2+ level sampled during the 3- to 5-min baseline period before 
drug treatment. ΔF/Fo > 10% is considered significant.

Immunocytochemistry
Cells were fixed with 4% formaldehyde and 400 mM sucrose in ASW 
or low-ionic-strength ASW (100 mM NaCl, 10 mM KCl, 15 mM 
HEPES, 5 mM CaCl2, 5 mM MgCl2, and 628 mM betaine at pH 7.8) 
and permeabilized with 1% Triton X-100 (Forscher and Smith, 1988). 
Actin filaments were labeled with 0.66 μM Alexa 594–phalloidin 
stock in PBS-T. For antibody labeling, cells were blocked for 20 min 
with the blocking solution, incubated with 5 μg/ml affinity-purified 
primary antibody or 1:1000 of unpurified antisera for 30 min, washed 
three times with blocking solution, and incubated for 15 min with 
10 μg/ml secondary antibody. To label actin monomers, 5 μg/ml 
Oregon green DNaseI was used after blocking. Cells were then 
washed three times in PBS-T and mounted in MOWIOL.

Live-cell extractions were performed as previously described 
(Schaefer et al., 2002; Medeiros et al., 2006), with modifications. 
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measurement, unless otherwise specified.

Quantification of actin dynamics
Fluorescent speckle microscopy images of cells injected with Alexa 
488 actin monomers incorporated into filaments or low levels of 
Alexa 594–phalloidin, which specifically binds actin filaments, were 
acquired using 300- to 700-ms integration. Kymography (Zhang 
et al., 2003) and automated speckle tracking with the fsmCenter 
suite of custom Matlab algorithms produced by the Danuser lab 
were used to determine rates of actin filament movement. Kymo-
graphs were generated along the direction of actin network translo-
cation in the P domain, arcs, and the contractile node region of 
growth cones from actin FMS images using the ImageJ multiple 
kymograph plug-in. Speckle movement over time was traced using 
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