
ARTICLE

https://doi.org/10.1083/jcb.201703205 2033
J. Cell Biol. 2018 Vol. 217 No. 6 2033–2046
Rockefeller University Press

Single-headed myosin 1 has been identified in neurons, but its function in these cells is still unclear. We demonstrate that 
depletion of myosin 1b (Myo1b), inhibition of its motor activity, or its binding to phosphoinositides impairs the formation 
of the axon, whereas overexpression of Myo1b increases the number of axon-like structures. Myo1b is associated with 
growth cones and actin waves, two major contributors to neuronal symmetry breaking. We show that Myo1b controls the 
dynamics of the growth cones and the anterograde propagation of the actin waves. By coupling the membrane to the actin 
cytoskeleton, Myo1b regulates the size of the actin network as well as the stability and size of filopodia in the growth 
cones. Our data provide the first evidence that a myosin 1 plays a major role in neuronal symmetry breaking and argue for a 
mechanical control of the actin cytoskeleton both in actin waves and in the growth cones by this myosin.
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Introduction
Several single-headed molecular motors, myosins 1b (Myo1b), 1c, 
and 1d, have been identified in the brain (Sherr et al., 1993; Bähler 
et al., 1994; Ruppert et al., 1995; Benesh et al., 2012). Myo1b and 
myosin 1d are expressed in the rodent adult brain, and experi-
mental evidence suggests that Myo1b contributes to neurogene-
sis (Sherr et al., 1993). Myo1b is adjacent to the plasma membrane 
of the growth cone in neurons from the superior cervical ganglia 
(Lewis and Bridgman, 1996). Transcription of myo1b has been 
correlated with the postnatal development of the mouse brain 
and is higher in neuroblasts from the cerebellum after their 
migration to the external granular layer, where they continue to 
divide and begin to extend two cellular processes (Sherr et al., 
1993). However Myo1b function in neuronal development is not 
yet understood. In other cell types, Myo1b is associated with the 
plasma membrane and organelles (Raposo et al., 1999). Its sub-
cellular localization is determined by a highly basic C-terminal 
domain (tail homology 1) containing a pleckstrin homology 
(PH) motif and by protein-binding partners (Salas-Cortes et al., 
2005; Komaba and Coluccio, 2010; Nambiar et al., 2010; Prospéri 
et al., 2015; McIntosh and Ostap, 2016). Single-molecule exper-
iments have shown that upon a resistive load, the ATP-depen-
dent detachment of Myo1b from actin filaments (F-actin) is 
slowed down by two orders of magnitude (Laakso et al., 2008), 
suggesting that this myosin acts as a tension-sensitive motor. 
Given its capacity to couple the membrane to the actin cytoskel-
eton and generate mechanical forces, Myo1b has been proposed 

to control membrane shape (Laakso et al., 2008; Nambiar et al., 
2009; Almeida et al., 2011; Yamada et al., 2014). It contributes to 
membrane trafficking along the endocytic and exocytic path-
ways by controlling the shape of the organelles (Raposo et al., 
1999; Nishimura et al., 2004; Salas-Cortes et al., 2005; Almeida 
et al., 2011; Yamada et al., 2014). Several studies also suggest that 
Myo1b regulates the actin architecture and participates in the 
formation of cell protrusions including filopodia and lamellipo-
dia that drive cell migration (Diz-Muñoz et al., 2010; Almeida et 
al., 2011; Chapman et al., 2015; Ohmura et al., 2015; Prospéri et 
al., 2015). Given its association with neurons and its involvement 
in cell protrusions of other cell types, we investigate whether 
Myo1b contributes to cellular protrusions involved in neuro-
nal development.

One important step in neuronal development is the establish-
ment of polarity required for formation of the axon. Cerebellar 
granule neurons, cortical neurons, and hippocampal neurons 
first exhibit a multipolar morphology with dynamic neurites of 
similar size in vivo as in primary cell cultures. The fast elonga-
tion of one neurite induces neuronal polarization and specifies 
the axon initiation site (Bartlett and Banker, 1984a,b; Dotti et al., 
1988). Studies of primary neuronal culture in vitro have shown 
that symmetry breaking relies on the tight spatiotemporal reg-
ulation of actin and microtubule dynamics in the growth cones, 
anterograde transport mediated by microtubule-associated 
motors and growth cone-like structures named actin waves that 
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propagate along the shaft of the neurites (Ruthel and Banker, 
1998, 1999; Nishimura et al., 2004; Kawano et al., 2005; Jacobson 
et al., 2006; Toriyama et al., 2006; Flynn et al., 2009; Inagaki et 
al., 2011; Neukirchen and Bradke, 2011; Lewis et al., 2013; Sapir et 
al., 2013; Winans et al., 2016). In this study, using live-cell imag-
ing, gene silencing, gene overexpression, and Myo1b mutants, 
we examine the role of Myo1b in the formation of the axon, the 
dynamics of the growth cone, and the actin waves. We demon-
strate that the motor activity of Myo1b, and its phosphoinositides 
binding via its PH, are required for neuronal symmetry break-
ing and axon formation. We show that Myo1b controls the size of 
actin area in the growth cones, the propagation of actin waves, 
and the stability of filopodia. Collectively, our data indicate that 
by controlling the coupling of membrane to the actin cytoskele-
ton, myosin 1 regulates the organization of the F-actin network 
and the specification of the axon.

Results
Myo1b accumulates in growth cones
We first analyzed the expression level of Myo1b in primary cul-
ture of cortical neurons at different stages of differentiation. 
Neurons in culture assume different morphologies as they differ-
entiate (Dotti et al., 1988). After dissociation and plating, embry-
onic cortical or hippocampal neurons are round spheres. 1 d after 
plating (1 d in vitro [DIV1]), they are still unpolarized and extend 
multiple neurites with similar length that undergo repeated 
stochastic elongation and retraction (stage 2). Thereafter, one 
of these neurites grows faster and acquires the axonal charac-
teristics that lead to symmetry breaking (stage 3; DIV1–2). Then, 
the remaining short neurites form dendrites (stage 4; DIV3–4). 
The formation of synapses between axons and dendrites (stage 
5; DIV7) and dendritic spines (stage 5–6; DIV14) completes the 
functional polarization of these cells. We observed that the level 
of Myo1b is higher between DIV1 and DIV5, the period during 
which the neurons undergo polarization, than later in develop-
ment (compare DIV1–3 with DIV8; Fig. 1, A and B). The amount of 
Myo1b is reduced by >50% at DIV8 (Fig. 1, A and B). As previously 
reported, Myo1b appears as dots in the cell body and along the 
neurites up to their growth cones in stage 2 and stage 3 (DIV2) 
neurons with a higher concentration of Myo1b in the growth 
cones (Fig. 1 C; Lewis and Bridgman, 1996). We confirmed the 
enrichment of Myo1b in growth cones independent of the length 
of the neurites at DIV4 (Fig. 2 C). At this stage, axons are iden-
tified by immunolabeling with antibodies against a bona fide 
marker of axons, Tau-1 (Fig. 2 C). When analyzed with structural 
illuminated microscopy (SIM), Myo1b colocalized with F-ac-
tin in filopodia, but there was not significant overlap of Myo1b 
and F-actin in the interfilopodial veil of the growth cones, likely 
because of the association of Myo1b with the plasma membrane, 
whereas the F-actin network occupies a larger domain below the 
membrane (Fig. 1 D).

Myo1b and its motor activity are required for neuronal 
differentiation
Given the accumulation of Myo1b in the growth cones and its 
high level of expression between DIV1 and DIV5, we investigated 

whether Myo1b contributes to symmetry breaking and differenti-
ation of cortical neurons. We reduced the expression of Myo1b by 
33% by transfection of Myo1b-siRNA and compared with control 
siRNA as judged by immunoblotting (Fig. 2, A and B). The partial 
reduction of Myo1b expression in neurons treated with Myo1b-
siRNA, compared with the nearly complete depletion in other 
cell types with the same Myo1b-siRNA, likely reflects the poor 
efficiency of transfection in primary neuronal culture (Almeida 
et al., 2011; Prospéri et al., 2015). 30% of the cells transfected with 

Figure 1. Distribution of Myo1b in cultured cortical neurons. (A) After 
1, 3, 5, and 8 d of culture, lysates of cortical neurons were analyzed by SDS-
PAGE and immunoblotting with anti-Myo1b antibodies. GAP​DH was used as 
a loading control. (B) The amount of Myo1b detected in the lysates has been 
quantified as described in Materials and methods and expressed as AU. Data 
are shown as the mean of three experiments. Error bars represent ± SEM.  
(C) Cortical neurons DIV2 were immunolabeled with anti-Myo1b and anti–
β3-tubulin antibodies, fluorescently labeled for F-actin with phalloidin, and 
analyzed by confocal microscopy. A representative overlay of z stack for F-ac-
tin (red), Myo1b (green), and β3-tubulin (magenta), and the independent z 
stack for Myo1b are shown for cortical neurons at stage 2 and stage 3. Bars, 
20 µm. (D) Cortical neurons DIV2 immunolabeled with anti-Myo1b and anti–
β3-tubulin antibodies and fluorescently labeled with phalloidin were analyzed 
by SIM. Representative images of the growth cones of one short and one long 
neurite labeled for Myo1b and its overlay (green) with the corresponding 
image for β3-tubulin (magenta) and phalloidin (red) are shown. Bars, 5 µm.
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Myo1b siRNA did not show specific Myo1b immunolabeling. In 
the following analyses, we only examined the neurons that were 
negative for Myo1b. The majority of Myo1b-negative neurons 
at DIV2 and DIV4 were unpolarized. Neurites had similar size, 
but Tau-1 was detected only in the cell bodies of Myo1b-nega-
tive neurons at DIV4 (Fig. 2 C). We compared the percentage of 
neurons exhibiting different stages of differentiation after trans-
fection of Myo1b-siRNA or control siRNA at DIV2. Myo1b deple-
tion increased by >60% the percentage of nonpolarized stage 2 
neurons compared with neurons transfected with control siRNA 
(Fig. 2 D). Furthermore, it increased the number of neurites per 
cell by almost twofold (Fig. 2 E) and decreased the length of the 
longest neurite by 50% (Fig. 2 F). To confirm the impact of Myo1b 
depletion on the formation of the axon, we quantified at DIV4 
the proportion of neurons showing none, single, or multiple 

axons in cortical primary cultures transfected with control or 
Myo1b-siRNAs and as judged by the distribution of Tau-1. Myo1b 
depletion decreased by 70% the percentage of cells with single 
Tau-1–labeled protrusions (Fig. 2 G). These defects were rescued 
by expressing FlagHA-Myo1b-5M, which is resistant to Myo1b-
siRNA (Fig. 2, D and G), confirming the specificity of our knock-
down (Almeida et al., 2011). We next determined whether Myo1b 
motor activity was required for the formation of the axon. We 
have previously designed and characterized in vivo and in vitro 
a Myo1b rigor mutant, FlagHA-Myo1b-5MR, by introducing the 
mutation N160A in the ATPase pocket of FlagHA-Myo1b-5M 
(Almeida et al., 2011). Expression of this construct was much less 
effective in rescuing the formation of polarization of the neu-
rons and differentiation of the axon (Fig. 2, D and G). Collectively, 
these observations indicate that the motor activity of Myo1b is 

Figure 2. Depletion of Myo1b delays neuro-
nal differentiation and inhibits the formation 
of axon. (A) 48 h after transfection with control 
or Myo1b-siRNAs, lysates of cortical neurons 
were analyzed by SDS-PAGE and immuno-
blotting with anti-Myo1b antibodies. GAP​DH 
was used as loading control. (B) The amount 
of Myo1b was quantified and normalized to the 
amount of GAP​DH. Data are shown as a mean 
of three experiments. (C) Cortical neurons were 
transfected with control or Myo1b-siRNAs, flu-
orescently labeled for F-actin, and immunola-
beled for Myo1b and β3-tubulin at DIV2 or Tau-1 
at DIV4. Representative confocal z stacks for 
Myo1b and merged confocal z stacks for F-actin 
(green) and β3-tubulin or Tau-1 (magenta) are 
shown. Bars, 20 µm. (D) The percentages of 
neurons showing each of the different stages 
of differentiation were quantified for neurons 
transfected with control siRNAs, Myo1b-siRNA, 
Myo1b-siRNA+Flag-HA-Myo1b5M, and Myo1b-
siRNA+Flag-HA-Myo1b5MR based on their mor-
phologies observed at DIV2 after immunolabel-
ing for β3-tubulin and fluorescently labeled for 
F-actin. Data are shown as the mean of three 
independent experiments for each condition. 
Error bars represent ± SEM. n = 30 cells/exper-
iment. (E) The number of neurites per cell was 
quantified in cortical neurons transfected with 
control siRNA or Myo1b-siRNA at DIV2 and 
represented as box plots. n = 3 independent 
experiments; n = 30 cells/experiment. (F) The 
length of the longest neurite in cortical neu-
rons transfected with control siRNA or Myo1b-
siRNA was measured at DIV2 and represented 
as box plots. n = 3 independent experiments; 
n = 30 cells/experiment. (G) The percentages 
of neurons with none, single, and multiple 
axons were quantified after transfection of 
control and Myo1b-siRNAs, Myo1b-siRNA+-

FlagHA-Myo1b-5M, or Myo1b-siRNA+FlagHA-
Myo1b-5MR and immunolabeling at DIV4 for 
Tau-1 to identify nascent axons. Data are shown 
as the mean of three independent experiments 
for each condition. Error bars represent ± SEM. 
n = 30 cells/experiment. Data distribution 
was assumed to be normal. χ2 test (D and G); 
unpaired t test (F and G). *, P < 0.05; **, P < 0.01; 
***, P < 0.0001.

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/6/2033/1601952/jcb_201703205.pdf by guest on 05 D

ecem
ber 2025



Iuliano et al. 
Myosin 1b promotes axon formation by regulating actin wave propagation and growth cone dynamics

Journal of Cell Biology
https://doi.org/10.1083/jcb.201703205

2036

required for the establishment of neuronal polarity and the for-
mation of the axon.

The PH motif of Myo1b is required for neuronal differentiation
The Myo1b PH motif contributes to its binding to the plasma 
membrane (Komaba and Coluccio, 2010). We thus wondered 
whether this motif was necessary for the formation of the axon. 
We compared the percentage of neurons with none, one, or mul-
tiple axons in neurons that expressed EGFP, EGFP-Myo1b, or 
EGFP-Myo1b-K966A, a mutant with a single mutation in the PH 
motif that inhibits its binding to phosphoinositides (Komaba and 
Coluccio, 2010). Consistent with the role of Myo1b in the forma-
tion of the axon, the expression of EGFP-Myo1b increases by more 
than fivefold the percentage of neurons with multiple axon-like 
protrusions positive for Tau-1 compared with the expression of 
EGFP (Fig. 3, A and B). In contrast with EGFP-Myo1b, the expres-
sion of EGFP-Myo1b-K966A does not increase the percentage of 
neurons with multipolar Tau-1–positive protrusions (Fig. 3, A 
and B). It even decreases the percentage of cells with one axon 
compared with the expression of EGFP, suggesting that the bind-
ing of Myo1b to the plasma membrane via its interaction with 
phosphoinositides is necessary for the symmetry breaking and 
the formation of the axon (Fig. 3 B).

Growth cones and actin waves share similar actin structures
Symmetry breaking and axon formation rely on the fast out-
growth of one neurite. This fast outgrowth has been correlated 
with important changes in the morphology of the growth cone, 
including the dynamic assembly and disassembly of F-actin in 
the peripheral domain (P-domain) of the growth cones (Bradke 
and Dotti, 1999; Ren and Suter, 2016). Actin waves are also 
important contributors to the formation of the axon. They are 

actin structures that propagate along the shaft of the neurites in 
contacting and deforming the plasma membrane (Flynn et al., 
2009). The fusion of the actin waves with the tip of the neurite 
correlates with neurite growth (Ruthel and Banker, 1998, 1999; 
Flynn et al., 2009). Because they occur more frequently in the 
future axon during the initial neuronal polarization and their 
arrival at the growth cone coincides with a burst of axon elon-
gation, they have been suggested to promote axogenesis (Flynn 
et al., 2009). Several studies suggest that actin waves have a 
similar molecular composition and similar dynamics as growth 
cones (Ruthel and Banker, 1998, 1999; Flynn et al., 2009). We 
confirmed the important similarity between the growth cones 
and the actin waves by comparing their actin structure with SIM 
and high-resolution EM using platinum replica (Fig. 4). As pre-
viously reported for the growth cones, F-actin bundles form filo-
podia and a dense F-actin meshwork that connects the rootlets of 
the F-actin bundles in the interfilopodial veil in the actin waves 
(Korobova and Svitkina, 2008). We thus questioned whether the 
manipulation of the expression of Myo1b impacts the dynamics 
of growth cones and the actin waves.

Myo1b promotes anterograde propagation of the actin waves
We first investigated whether Myo1b is associated with actin 
waves. Endogenous Myo1b colocalizes with actin structures that 
induce membrane deformation along the neurites of neurons 
as observed by SIM (Fig. 5 A). Furthermore, the propagation of 
LifeAct-EGFP along the neurite shaft correlates with the prop-
agation of mCherry-Myo1b (Fig. 5 B and Video 1). During their 
propagation along the neurite shaft, actin waves interact with 
the plasma membrane and induce locally its deformation. Phos-
phatidylinositol-3,4,5-triphosphate (PIP3), one of the phospha-
tidylinositols associated with the plasma membrane, localizes 

Figure 3. Myo1b overexpression induces multiple axon-
like processes and requires the integrity of its PH motif. 
(A) Cortical neurons transfected with plasmids encoding 
EGFP, EGFP-Myo1b, and EGFP-Myo1b-K966A were immuno-
labeled for Tau-1 to identify nascent axons at DIV4 and ana-
lyzed by confocal microscopy. Representative z stacks are 
shown. Bars, 20 µm. (B) The percentages of neurons with 
none, single, or multiple axons were quantified after trans-
fection of plasmids encoding EGFP, EGFP-Myo1b, and EGFP-
Myo1b-K966A and immunolabeling at DIV4 for Tau-1. Data 
are shown as the mean of three independent experiments 
for each condition. Error bars represent ± SEM. n = 30 cells/
experiment. Data distribution was assumed to be normal. χ2 
test. *, P < 0.05; ***, P < 0.001.
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with actin waves (Kakumoto and Nakata, 2013). Interestingly, 
the propagation of mCherry-Myo1b is correlated with that of 
the endogenous PIP3 when detected by the expression of Akt-
PH-EGFP (Fig. 5 C and Video 2). Collectively, these observations 
indicate that Myo1b is associated with actin waves.

We then examined whether Myo1b expression controls the 
formation and/or the propagation of the actin waves at DIV1 in 
stage 2 unpolarized neurons. The number of actin waves per 
neurite within 1 h varied depending on cell cultures (Fig. 6, C, 
E, and G) However, Myo1b depletion or overexpression did not 
change this number when compared with control performed 
using the same cell culture (Fig. 6, C and G). In contrast, the 
depletion of Myo1b by siRNA inhibited the anterograde propa-
gation of these actin waves when compared with the neurons 
transfected with control siRNA in the same set of experiments 
(Fig. 6, A, B, and D; and Video 3). In control siRNA–transfected 
neurons, 82.9% of the actin waves propagated toward the tip 
of the neurites (anterograde waves) and 4.8% toward the cell 
body (retrograde waves), and 12.3% were abortive. In Myo1b-
siRNA–transfected neurons, however, only 11.1% of the waves 
were anterograde, and 77.4% were abortive (Fig. 6 D). Further-
more, experiment showed that Myo1b motor activity and its 
ability to bind membrane via its PH motif were both required 
for the propagation of the anterograde actin waves. The number 
of actin waves per neurite was similar after treatment with the 
myosin 1 inhibitor pentachloropseudilin (PClP) compared with 
the diluent (Fig. 6 E) or after expression of mCherry-Myo1b-
K966A compared with mCherry (Fig.  6  G; Chinthalapudi et 
al., 2011). However, 59.4% of the actin waves were abortive in 
cells treated with PClP compared with 10.3% in the presence of 

the diluent (Fig. 6 F). The expression of mCherry-Myo1b did 
not affect significantly the percentage of anterograde waves 
compared with the expression of mCherry (Fig. 6 H), whereas 
only 13% of the waves were anterograde in neurons express-
ing mCherry-Myo1b-K966A compared with 80% and 68% in 
neurons expressing mCherry or mCherry-Myo1b, respectively 
(Fig. 6 H). Collectively, these observations indicate that Myo1b is 
required to direct the anterograde propagation of actin waves to 
the tip of the neurites but not for their initial formation. Myo1b 
motor activity and the integrity of its PH motif are both neces-
sary for this function.

Myo1b impacts dynamics of Kif5C560, an early axonal marker
The kinesin 1 Kif5C dynamically shuttles from one neurite to 
another in unpolarized neuron stage 2 before accumulating at 
the tip of one neurite coincident with axon specification. The 
minimal motor domain of Kif5C560-EGFP that is constitutively 
active has thus been considered as an early axonal marker in sev-
eral studies (Jacobson et al., 2006; Randlett et al., 2011). Recently, 
Winans et al. (2016) have shown that actin waves are linked to 
microtubule polymerization and thereby control the stochastic 
fluctuation of Kif5C. These observations collectively suggest 
that by regulating actin waves, Myo1b may impact indirectly the 
stochastic fluctuation of Kif5C and thereby axon specification. 
To test this hypothesis, we analyzed the behavior of Kif5C560-
EGFP depending on the expression of Myo1b using mCherry tag 
shRNAs. Similar to siRNA, the expression of Myo1b was reduced 
by only 35% after transfection of the plasmid encoding Myo1b 
mCherry-shRNA when analyzed by Western blot (Fig. S1, A and 
B), corresponding with a mean of 30% of the cells expressing the 

Figure 4. Growth cones and actin waves 
share important structural similarities. 
(A–D) Distribution of F-actin cytoskeleton 
of growth cones (A and B) and actin waves (C 
and D) of DIV2 cortical neurons visualized by 
SIM (A and C) and platinum replica EM (B and 
D). Boxed regions in B and D are enlarged in 
the right panel. Bars: (A–D, left) 2 µm; (B and 
D, right) 1 µm.
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mCherry tag. Nevertheless, the advantage of the transfection 
with plasmids encoding mCherry-shRNAs is that the transfected 
neurons can be identified in vivo because of the mCherry tag. 
We observed that Kif5C560-EGFP switched from one neurite to 
another, moving back and forth along the neurite shaft and accu-
mulating transiently at the tip of one neurite in nonpolarized 
stage 2 neurons expressing control mCherry-shRNA (Fig.  7  A 
and Video 4 a). In contrast, Kif5C560-EGFP remained primarily 
in the cell body of neurons expressing Myo1b-mCherry-shRNA 
and did not show any stochastic movement from one neurite to 
another (Fig. 7 A and Video 4 b). In contrast, we observed accu-
mulation of Kif5C560-EGFP at the tips of the different neurites 
in neurons expressing mCherry-Myo1b (Fig. 7 B and Video 5). 
Thus, by regulating the anterograde migration of the actin waves, 
Myo1b influences the stochastic fluctuation of Kif5C from one 
neurite to another.

Myo1b regulates the spreading of the growth cones and the 
size of the P-domain containing F-actin
We next analyzed the impact of Myo1b expression on the behav-
ior of the growth cone. We first compared by phase contrast 
live-cell imaging the dynamic changes of the growth cone mor-
phology in neurons transfected with control or Myo1b-siRNA. In 
these experiments, we analyzed only unpolarized stage 2 cells at 
DIV1. The growth cones of the neurons transfected with control 
siRNA spread and contracted, whereas the neurites elongated 
(Video 6 a). In contrast, the growth cones of Myo1b-depleted neu-
rons remained widely spread, and the neurites rarely elongated 
(Video 6 b). The area of the growth cones of all the neurites of 
neurons transfected with Myo1b-siRNA significantly increased 
within 1 h. In contrast, it decreased in neurons transfected with 
control siRNA, likely because of the increased area of only the 
growth cone of the future axon (Fig. S2, A and B; and Video 6, a 

Figure 5. Myo1b is associated with and 
propagates with actin waves. (A) Merged flu-
orescence images acquired with SIM of an actin 
wave costained with anti-Myo1b antibodies, 
Alexa Fluor 488 phalloidin, and anti–β3-tubulin 
antibody and images of the 2.5× enlargement 
of the region marked by a white box are shown. 
(B) The propagation of F-actin structures and 
mCherry-Myo1b has been analyzed in cortical 
neurons expressing LifeAct-EGFP and mCher-
ry-Myo1b at DIV1 by time-lapse spinning con-
focal microscopy. The first frame of Video 1 (one 
frame per minute) for LifeAct-EGFP and mCher-
ry-Myo1b and the merged kymographs of 36 
frames for the region marked on the first frame 
by a white lane for the two recombinant pro-
teins are shown. The increase of fluorescence 
intensity for LifeAct-EGFP correlated with the 
increase of fluorescence intensity for mCher-
ry-Myo1b. (C) The propagation of PIP3 and 
mCherry-Myo1b has been analyzed in cortical 
neurons expressing AKT-PH-EGFP and mCher-
ry-Myo1b at DIV1 by time-lapse spinning con-
focal microscopy. The first frame of Video 2 and 
kymographs of 36 frames for the region marked 
on the first frame by a white lane for the two 
recombinant proteins are shown. The increase 
of fluorescence intensity for AKT-PH-EGFP cor-
related with the increase of fluorescence inten-
sity for mCherry-Myo1b. Bars: (A) 10 µm; (B and 
C) 20 µm. T, time
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and b). We then studied whether the enlargement of the growth 
cones in Myo1b-depleted cells corresponds with an increase of 
F-actin in the P-domain. Indeed, in Myo1b-depleted cells, the area 
positive for F-actin increased by 50% in the growth cones, com-
pared with neurons transfected with control siRNA (Fig. 8, A and 
B). We also probed whether the ability of Myo1b to bind the plasma 
membrane via its PH motif impacted F-actin in the P-domain. We 
compared the impact of EGFP-Myo1b and EGFP-Myo1b-K966A 
expressions with EGFP expression for the size of the P-domain. 
The area of the growth cone positive for F-actin was reduced by 
70% in neurons expressing EGFP-Myo1b compared with neurons 
expressing EGFP (Fig. 8, C and D), and microtubules were often 
observed to the tip of the neurites (Fig. 8 C; inset). In contrast, 
expression of EGFP-Myo1b-K966A reduced by only 50% the F-ac-
tin area (Fig. 8, C and D). The significant intermediate size of 
the P-domain in neurons expressing EGFP-Myo1b-K966A com-
pared with neurons expressing EGFP or EGFP-Myo1b suggests 

that the binding of Myo1b to the plasma membrane contributes 
to the size of the F-actin area in the growth cones. Collectively 
these observations indicate that Myo1b and its ability to bind the 
plasma membrane regulate the morphology of the growth cones 
and the size of the P-domain containing F-actin.

Myo1b contributes to filopodia stability and their 
F-actin density
We then examined actin dynamics in growth cones of multipolar 
neurons at DIV1 after the expression of mGFP-F-tractin-P and 
depletion of Myo1b using si- or shRNAs. The interfilopodial veil 
and filopodia extended and retracted, and occasionally filopodia 
coalesced in growth cones of neurons transfected with control 
siRNA or shRNA (Videos 7 a and 8 a). In contrast, in neurons 
transfected with Myo1b-siRNAs or –shRNAs, the interfilopodial 
veil appeared to extend more than in control cells (Fig. 9, A, B, F, 
and G; and Videos 7 a and 8 a). The number of filopodia observed 

Figure 6. Myo1b, its motor activity, and its PH motif control the 
anterograde propagation of actin waves. (A and B) The propagation 
of actin waves has been analyzed in cortical neurons transfected with 
control (A) or Myo1b-siRNAs (B) at DIV1 by time-lapse spinning con-
focal microscopy (see also Video 3, a and b). Images of the first frame 
and the kymographs of the Video 6 (a and b) for the region marked by 
a purple lane on the first frames for 13 min are shown (time lapse, 1 
min). T, time. Two anterograde waves are observed in control cells (A1 
and A2), whereas in Myo1b-depleted neurons, actin waves are formed, 
but they either migrate to the cell body (retrograde; B1) or oscillate and 
collapse along the shaft of neurite (B2). Bars, 10 µm. (C and D) Ratio of 
actin waves per neurite (C) and anterograde, retrograde, and abortive 
actin waves normalized to the total number of waves (D) observed by 
time-lapse spinning confocal microscopy in cells cotransfected with 
LifeAct-EGFP and control or Myo1b-siRNA. Data are shown as the mean 
of three independent experiments for each condition. n = 13, 9, and 6 
cells for control siRNA treatment; n = 9, 8, and 3 cells for Myo1b-siRNA 
treatment per experiments. (E and F) Ratio of actin waves per neur-
ite (E) and anterograde, retrograde, and abortive waves normalized to 
the total number of waves (F) observed by time-lapse spinning confo-
cal microscopy in cells transfected with LifeAct-EGFP and treated with 
DMSO or PClP. Data are shown as the mean of three independent exper-
iments for each condition. n = 8, 15, and 16 cells for DMSO treatment; 
n = 11, 17, and 7 for PClP treatment per experiment. (G and H) Ratio of 
actin waves/neurite (G) and anterograde, retrograde, and abortive actin 
waves normalized to the total number of waves (H) observed in neurons 
transfected with LifeAct-EGFP together with mCherry, mCherry-Myo1b, 
or mCherry-Myo1b-K966A. Data are shown as the mean of three inde-
pendent experiments for each condition. Error bars represent ± SEM.  
n = 6, 10, and 7 cells expressing mCherry; n = 7, 11, and 10 cells express-
ing mCherry-Myo1b; n = 11, 8, and 8 cells expressing mCherry-Myo1b-
K966A per experiment. Data distribution was assumed to be normal.  
χ2 test. *, P < 0.05; ***, P < 0.001.
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within 3 min was not affected by Myo1b depletion (Fig. 9, C and 
H), but filopodia were significantly shorter (Fig. 9, A, B, D, and 
I). Their length decreased by 25% regardless of the method to 
reduce Myo1b expression (Fig. 9, D and I), and they elongated 
less frequently in cells expressing Myo1b shRNA than in control 
cells (Fig. 9 K). In addition, the lifespan of the filopodia decreased 
because of an increase of coalescence frequency (Videos 7 and 8; 
and Fig. 9, E and J). Filopodia in actin waves were also less stable 
in cells transfected with Myo1b-siRNA or -shRNA (Fig. S3 and 
Videos 9 and 10). Collectively these observations indicate that 
Myo1b contributes to the stability of the filopodia in both growth 
cones and actin waves.

We next analyzed more deeply the impact of Myo1b expres-
sion on the architecture of F-actin in the growth cone. We mea-
sured the fluorescent intensity of F-actin in filopodia and ana-
lyzed actin organization in growth cones depending on Myo1b 
expression by confocal microscopy or SIM. Myo1b depletion by 
shRNA significantly decreased F-actin in filopodia compared 
with the interfilopodial veils when visualized after expression 
of mGFP-F-tractin-P (Fig.  10, A and C). Analysis of the actin 
network by SIM revealed more abundant actin bundles inside 
the interfilopodial veil and short filopodia in growth cones of 
Myo1b-depleted neurons compared with the growth cones of 
cells expressing control mCherry-shRNA (Fig. 10 C). Moreover, 
fluorescence intensity in the filopodia compared with that in the 
total growth cones was significantly decreased by 33% (Fig. 10 B). 
This decrease compared with the 25% reduction of the length 
of the filopodia in the same experimental conditions (Fig. 9 I) 

suggests that Myo1b controls the thickness of F-actin bundles in 
filopodia as well as their length. Collectively, these observations 
indicate that Myo1b regulates the organization of F-actin in the 
growth cone by controlling the size of the F-actin–containing 
P-domain, including filopodia and the interfilopodial veils, and 
the stability of the filopodia.

Discussion
The previous analysis of the distribution of Myo1b and its mRNA 
in brain and in neurons suggested a possible function of Myo1b for 
neuronal development (Sherr et al., 1993; Lewis and Bridgman, 
1996). We show that Myo1b triggers the establishment of neu-
ronal polarity as documented by the differentiation of a single 
neurite into an axon. The formation of the axon relies on the fast 
outgrowth of one among several neurites that depends on actin 
instability in the growth cone and the propagation of the actin 
waves. We observed that actin waves and growth cones share 
F-actin arrays with similar architectures. Furthermore, in agree-
ment with previous observations showing that growth cones and 
actin waves contain the same actin-binding proteins (Ruthel and 
Banker, 1998, 1999; Flynn et al., 2009), our work indicates that 
Myo1b is another common constituent of both structures.

A myosin 1 has been previously reported to be associated with 
actin waves in Dictyostelium discoidum (Brzeska et al., 2014). We 
now report the first evidence that a myosin 1 contributes to the 
direction of the propagation of the actin waves in mouse primary 
neurons. Myo1b propagates along the neurites with F-actin and 

Figure 7. Myo1b expression regulates the trafficking of 
Kif5C560 in neurites. The dynamics of Kif5C560 have been 
analyzed by time-lapse spinning confocal microscopy in cells 
expressing Kif5C560-EGFP and control or Myo1b-mCherry-
shRNA at DIV1 (A and B) or mCherry or mCherry-Myo1b (C 
and D). The merged first frames and the merged kymograph 
(one frame/2 min) for Kif5C560-EGFP (green) and mCherry 
(red) of the Video 4 (a and b) for shRNAs and Video 5 (a and 
b) for mCherry and mCherry-Myo1b are shown. T, time. 
Bars, 20 µm. The purple lanes on the first frame mark the 
regions for which the kymographs illustrate the dynamics of 
Kif5C560 within 1 h.
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PIP3, two major components of the actin waves. As reported for 
the myosin 1 of Dictyostelium, we have detected accumulation of 
the endogenous Myo1b at the front of some waves in fixed cells 
(Brzeska et al., 2014). Furthermore, Myo1b depletion inhibits 
the anterograde propagation of the actin waves that has been 
shown to contribute to neurite elongation. It has been recently 
shown that, by enlarging the shaft of the neurites, actin waves 
control microtubule polymerization and the microtubule-based 
transport of proteins involved in axon specification such as 
shootin and slingshot (Winans et al., 2016). In agreement with 
these observations, we have shown that depletion of Myo1b, in 
addition to perturbing the anterograde propagation of the actin 
waves, also perturbs the stochastic movements of Kif5C, a micro-
tubule-associated motor that transports proteins involved in 
axon specification. Thus, Myo1b may trigger the axon specifica-
tion indirectly by regulating the anterograde propagation of the 
actin waves and thereby the KIF5C-dependent delivery of axon- 
promoting factors to the tip of the future axon.

It is unlikely that the contribution of Myo1b to anterograde 
migration of the actin waves consequently impacts the actin 
network in the growth cones. Indeed, the F-actin–containing P- 
domain of the growth cone was enlarged in Myo1b-depleted cells, 
whereas anterograde propagation of the actin waves was inhib-
ited, which is expected to reduce F-actin in this region. In con-
trast, overexpression of Myo1b increased the percentage of cells 
with axon-like protrusions and decreased the size of the F-actin 
network in the growth cones. Nevertheless, it did not disturb the 
actin wave propagation, whereas it induced the accumulation of 
Kif5C at the tip of the neurites. This suggests that overexpres-
sion of Myo1b perturbs the distribution of the microtubules via 
another means. According to a previous study, disruption of the 
actin network in the growth cone produced neurons with mul-
tiple axon-like protrusions because of microtubule polymeriza-
tion extending to the tip of the neurites (Bradke and Dotti, 1999). 
Indeed, we observed that the important reduction of the actin 
network in the growth cones resulting from overexpression of 

Figure 8. Myo1b controls the size of the 
F-actin–enriched area in the growth cones. 
(A) Cortical neurons were transfected with 
control or Myo1b-siRNAs, immunolabeled 
for Myo1b and β3-tubulin, and fluorescently 
labeled for F-actin at DIV2. Representative 
confocal z stacks for Myo1b, merged confo-
cal z stacks for F-actin (green) and β3-tubulin 
(magenta), and images of the 3× enlargements 
of the regions marked by the white boxes are 
shown. (B) The measurements of the area 
occupied by F-actin in the growth cone of the 
longest neurite as judged by β3-tubulin labeling 
in cells transfected with Myo1b- or control siR-
NAs are represented as box plots. n = 51 in three 
independent experiments. (C) Cortical neurons 
expressing EGFP, EGFP-Myo1b, or EGFP-Myo1b-
K966A, immunolabeled for β3-tubulin, and 
fluorescently labeled for F-actin at DIV2. Rep-
resentative merged confocal z stacks for EGFP 
(green), β3-tubulin (magenta), and F-actin (red) 
and images of the 2.5× enlargements of the 
regions marked by the white boxes are shown. 
Bars, 20 µm. (D) The measurements of the area 
occupied by F-actin in the growth cone of the 
longest neurite as judged by β3-tubulin labeling 
in cells expressing EGFP, EGFP-Myo1b, or EGFP-
Myo1b-K966A are represented as box plots.  
n = 25 in three independent experiments. 
Data distribution was assumed to be nor-
mal. Unpaired t test. *, P < 0.05; **, P < 0.01; 
***, P < 0.001.
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Myo1b favors the presence of microtubules to the tips of neurites. 
Thus, overexpression of Myo1b may lead to the formation of mul-
tiple axon-like structures by increasing the instability of F-actin 
in the growth cone and consequently facilitating microtubule 
polymerization and Kif5C accumulation at the tip of the neur-
ites. In contrast, reduced expression of Myo1b that we showed 
to increase the size of the actin network in the growth cone may 
increase F-actin stability in the growth cones. These observa-
tions collectively underline the impact of Myo1b on the organi-
zation of F-actin in the growth cone, which is of key import for 
axon formation.

Expression of Myo1b PH mutant did not induce the formation 
of multiple axon-like structures and did not reduce the size of the 
F-actin network in the growth cone as much as Myo1b overex-
pression, suggesting that the instability of F-actin in the growth 
cones induced by Myo1b overexpression required its interaction 
with the plasma membrane. However, expression of this mutant 
increased the percentage of cells that do not form axons and 

perturbed the anterograde migration of actin waves. Because of 
its inability to interact with PIP2, the PH mutant was principally 
in the cytoplasm. It may consequently perturb to some extent the 
organization of F-actin in the growth cone and the actin waves 
and therefore their propagation. Collectively, our observations 
strongly suggest that by coupling F-actin to the membrane 
Myo1b regulates actin architecture both in the growth cone and 
in actin waves.

Depletion of Myo1b decreased the lifespan of filopodia pres-
ent in both actin waves and growth cones, reduced their length, 
and reduced the density of F-actin in filopodia of the growth 
cones. It is largely accepted that by sensing attractive or repul-
sive cues and exploring adhesive surface, filopodia determine the 
direction of growth cone movement. Similarly, they may control 
the orientation of actin wave migration. Transformation of actin 
polymerization into a protrusion requires interaction of F-actin 
with the plasma membrane. Given their ability to bind mem-
brane phosphoinositides, myosins 1 are good candidates to fulfill 

Figure 9. Depletion of Myo1b affects the 
length and lifespan of filopodia. (A–E) Cor-
tical neurons transfected with plasmid encod-
ing mGFP-F-tractin-P and control siRNA (A) or 
Myo1b-siRNA (B) were analyzed at DIV1 during 
3 min (one frame/s) using spinning confocal 
microscopy. Images of the first frames of Video 7 
(a and b) and the kymographs of 22 frames for 
the region marked by a purple lane are shown. 
Note that the two filopodia in a Myo1b-de-
pleted cell collapse within 22 s, whereas those 
in the control cell remain stable. The ratio of 
filopodia per growth cone observed within 3 
min (n = 18 or 15; C), the length of the filopodia 
(n = 199 or 153; D), and the ratio of filopodia per 
growth cone collapsing within 3 min (n = 18 or 
15; E) have been quantified and represented as 
box plots for three independent experiments. T, 
time. (F–K) Cortical neurons expressing mGFP-
F-tractin-P and control mCherry-shRNA (F) or 
Myo1b-mCherry-shRNA (G) were analyzed at 
DIV1 for 3 min (one frame/s) using spinning 
confocal microscopy. Merged images of the 
first frames of Video 8 (a and b) showing F-actin 
(gray) and mCherry (red) in the growth cone are 
shown. The magenta lanes mark the regions for 
which kymographs of the dynamics of filopodia 
for 22 s are shown. Bars, 13 µm. The ratio of filo-
podia per growth cone observed within 3 min (n 
= 10 or 12; H), the length of the filopodia (n = 58 
or 91; I), the ratio of filopodia per growth cone 
collapsing within 3 min (n = 10 or 15; J), and the 
velocity of the elongation (n = 21 or 29; K) have 
been quantified and represented as box plots in 
three independent experiments. Data distribu-
tion was assumed to be normal. Unpaired t test. 
**, P < 0.01; ***, P < 0.001.
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this task. Indeed, knockout of myosin 1a in mouse produced her-
niation of the apical membrane of the enterocytes (Tyska et al., 
2005; Diz-Muñoz et al., 2010), and we have recently reported that 
filopodia induced by EphB2/ephrin B1 signaling requires Myo1b 
(Prospéri et al., 2015). Thus, by linking mechanically actin bun-
dles to the membrane, Myo1b may stabilize the filopodia in both 
actin waves and growth cones.

In conclusion, our data demonstrate that Myo1b controls 
the dynamics of actin waves and growth cones by mechanically 
coupling F-actin to the plasma membrane. Consequently Myo1b 
regulates actin wave migration, F-actin, and filopodia stability 
in both structures. As a result of its role in F-actin organization, 
Myo1b modulates indirectly microtubule distribution and micro-
tubule-dependent transport, which are required to specify the 
future axon (Winans et al., 2016).

Materials and methods
Antibodies and reagents
The following antibodies were used: homemade anti-Myo1b 
polyclonal antibodies (Almeida et al., 2011), 1:1,000 for West-
ern blot and 1:50 for immunofluorescence; mouse monoclonal 
antibodies against Tau-1 (1:100) purchased from EMD Millipore 
and β-3 tubulin (1:150) purchased from Abcam; and rabbit poly-
clonal anti-GAP​DH (1:20,000 for Western blot) purchased from 
Sigma-Aldrich. We also used Alexa Fluor 488–, 546–, or 647–cou-
pled secondary antibodies against mouse or rabbit IgG (1:400) 
and horseradish peroxidase–conjugated secondary antibodies 
against mouse or rabbit IgG (1:5,000; Invitrogen); and anti–rabbit 

IgG Cy3 (1:400; Jackson ImmunoResearch Laboratories, Inc.; or 
1:500; Molecular Probes). Alexa Fluor 488– or 546–conjugated 
phalloidin was used to detect F-actin (1:400; Invitrogen).

Neuronal culture and transfection
Dissociated cultures of cortical neurons were prepared as clas-
sically described for hippocampal neurons (Dotti et al., 1988). In 
brief, we removed the brains from E16 mouse embryos after sacri-
ficing pregnant mice with cervical dislocation, and we dissected 
the cortices in HBSS (Thermo Fisher Scientific) supplemented 
with 0.5% glucose (timed pregnant OF1 mice from Charles River 
Laboratories). Cortices were dissociated in HBSS containing 0.5% 
glucose and 0.25% trypsin-EDTA (Thermo Fisher Scientific) for 
18 min at 37°C. HBSS buffer was then replaced by DMEM supple-
mented by GlutaMAX (Gibco) and 10% fetal bovine serum, and 
the cortices were mechanically dissociated by gently pipetting 
in this buffer. Immediately after dissociation, neurons were col-
lected and plated at 0.5 × 105 cell/cm2 onto poly d-lysine–coated 
coverslips (0.100 mg/ml; 30,000–70,000 molecular weight; 
Sigma-Aldrich). After attachment of the neurons to the sub-
strate (∼8-10 h), the medium was changed to neurobasal medium 
(Gibco) containing 1% B27 supplement (Gibco), 0.25% GlutaMAX 
(Invitrogen), and 0.5% penicillin-streptomycin (Thermo Fisher 
Scientific). For longer cultures, the neurons were fed twice a 
week with freshly made culture media.

Cells were transfected by electroporation using the Amaxa 
mouse neuron nucleofector kit (CN VPG-1001; Lonza) according 
to the manufacturer’s instructions. In brief, 4.2–4.5 × 106 neurons 
were resuspended in 100 µl of nucleofector solution containing 

Figure 10. Myo1b depletion decreases 
F-actin in filopodia and increases F-actin in 
the interfilopodial veils. (A) Representative 
confocal z stacks of cortical neurons express-
ing control mCherry-shRNA or Myo1b-Cherry- 
shRNA and mGFP-F-tractin-P. Bars, 11 µm.  
(B) The fluorescent intensity of F-actin within 
the area occupied by filopodia has been quanti-
fied on all sections of the stacks and normalized 
to the fluorescent intensity measured on the 
area occupied by the total growth cone on all 
sections and represented as box plots. n = 23 or 
25 in three independent experiments. Data dis-
tribution was assumed to be normal. Unpaired 
t test. **, P < 0.01. (C) Cortical neurons trans-
fected with plasmid encoding control mCher-
ry-shRNA or Myo1b-mCherry-shRNA (B) were 
analyzed with SIM. Representative merged 
images of growth cones showing F-actin (gray) 
and mCherry (red) are shown. Bars, 5 µm.
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2–2.5 µg of plasmid or 30 pmol of siRNA. After electropora-
tion, they were plated at 0.9 × 105 cells on 18-mm coverslips or  
0.75 × 105 on 12-mm coverslips for immunofluorescence labeling, 
0.5 × 106 cells on glass-bottom 35-mm Fluorodish wells (World 
Precision Instruments) for live-imaging, or 4.2 × 106 cells in 
35-mm plastic wells for Western blot.

cDNA constructs
Plasmids encoding EGFP–Myo1b, Flag-HA–Myo1b, and Flag-HA–
Myo1b-5M with five silent mutations introduced in the siRNA 
target sequence 5′-GCC​TAT​CTA​GAG​ATT​AAC​AAG-3′ as well as 
Flag-HA–Myo1b-5MR generated by site-directed mutagenesis of 
the plasmid encoding Flag-HA–Myo1b-5M with the introduction 
of a N160A mutation have been reported previously (Almeida et 
al., 2011; Prospéri et al., 2015). EGFP-Myo1b-K966A was prepared 
by subcloning Myo1b K966A where Lys966, a conserved basic res-
idue in the β1-loop-2 motif, was replaced with alanine (Komaba 
and Coluccio, 2010) into pEGFP-C1 and p-mCherry-C1 plasmids. 
mCherry–Myo1b was prepared by subcloning EGFP-Myo1b into 
mCherry plasmid at EcoR1-Sal1; pBa.Kif5c 1–559-EGFP was a gift 
from G. Banker (Oregon Health and Science University, Port-
land, OR; 45059; Addgene). Plasmids encoding LifeAct-mCherry 
and LifeAct-EGFP were gifts from G. Montagnac (Institut Curie, 
Paris, France; Riedl et al., 2008) and M. Piel (Institut Curie, Paris, 
France), respectively. pcDNA3-AKT-PH-EGFP was a gift from C. 
Montell (University of California, Santa Barbara, Santa Barbara, 
CA; 18836; Addgene). The plasmid encoding mGFP-F-tractin-P 
was a gift from J. Hammer III (National Institutes of Health, 
Bethesda, MD; Yi et al., 2012).

siRNAs and shRNAs
An in-house–designed Myo1b siRNA (5′-GCT​TAC​CTG​GAA​
ATC​AAC​AAG-3′) and a nontargeting sequence designed by 
GE Healthcare used as control siRNA have been previously 
described (Almeida et al., 2011; Prospéri et al., 2015). The Myo1b 
shRNA sequence has been cloned by the company Capoe-
ira in the Psi-mU6 vector, which expresses the reporter gene 
mCherryFP. The nontargeting sequence clone CSH​CTR001 was 
used as a control.

Immunofluorescence labeling for confocal and superresolution 
SIM microscopies
For confocal microscopy and SIM (Fig.  1), neurons were fixed 
in 4% PFA in PBS (pH 7.4) for 15 min at RT and permeabilized 
with 0.1% Triton X-100 for 5 min before antibody incubation 
using standard procedures. Neurons were incubated in primary 
antibodies in PBS for 1 h and washed three times with PBS. They 
were then incubated with secondary antibodies for 1 h in PBS 
and washed 3 times. F-actin was labeled with fluorescent phal-
loidin. Coverslips were mounted on Superfrost slides with Fluo-
romount-G mounting medium (SouthernBiotech).

For spinning confocal microscopy and SIM (Fig. 10), neurons 
were fixed using a protocol for the preservation of cytoskele-
tal structures (Bell and Safiejko-Mroczka, 1995). In brief, the 
cells were incubated for 10 min at RT in 1 mM dithiobis(succin-
imidyl) propionate in HBSS followed by 10 min at RT in 1 mM 
dithiobis(succinimidyl) propionate in microtubule stabilizing 

buffer (MTSB) containing 1 mM EGTA, 4% polyethylene glycol 
(PEG 8000), and 100 mM Pipes, pH 6.9. Cells were then washed 
for 5 min in TSB (0.5% Triton X-100 in MTSB fixed by adding an 
equal volume of 4% PFA in MTSB at RT for 15 min. After a 5-min 
wash in PBS, cells were incubated in PBS + 100 mM glycin for 5 
min and again washed for 5 min in PBS. Fixed cells were incu-
bated in PBS containing 0.1% Triton X-100 for 5 min at RT before 
using standard procedures for immunofluorescence labeling as 
described above.

Immunoblotting
Proteins separated by SDS-PAGE were transferred to nitrocellu-
lose membranes and processed for immunoblotting using Lumi-
Light Western blotting substrate (Roche). Images of immunoblots 
were captured with CL-XPosure film (Thermo Fisher Scientific) 
within the linear range and quantified by densitometry using the 
Analyze gel function of ImageJ.

Drug treatments
1 µm PClP (gift from H.-J. Knölker, Technische Universität Dres-
den, Dresden, Germany) in 0.1% DMSO (Sigma-Aldrich) was 
incubated for 15 min at 37°C before performing live-cell imaging 
for 1 h, or was incubated for 1 h at 37°C before fixation. Control 
experiments were monitored with 0.1% DMSO.

Platinum replica EM
Platinum replicas of the cytoskeleton of cortical neurons 
were prepared as previously described by Svitkina and Borisy 
(2006) with some modifications. Primary cultures of DIV2 
were extracted for ∼1 min in PEM buffer containing 0.25% Tri-
ton-X-100, 0.25% glutaraldehyde, 5 µM phalloidin, and 10 µM 
taxol, and fixed with 2% glutaraldehyde.

Specimens were postfixed with 0.1% tannic acid followed by 
0.1% uranylacetate, dehydrated with graded series of ethanol, 
incubated in 0.1% uranylacetate in ethanol, and dried by criti-
cal point drying (EM CPD300; Leica). Dried specimens were 
sputter-coated with 2-nm platinum followed by carbon coating 
(EM ACE600; Leica). Replicas were mounted on EM grids and 
observed with a transmission electron microscope (Tecnai Spirit; 
FEI) at 100 kV.

Light microcopy and image acquisition
Image acquisition and image analysis were performed on the 
workstation of the PICT-IBI​SA Lhomond imaging facility of 
Institut Curie. Immunofluorescence confocal microscopy (Figs. 
1 C, 2 C, 3 A, and 8, A and C) was performed with an inverted 
laser-scanning confocal microscope (A1r; Nikon) equipped with 
a 60× 1.4 NA oil immersion objective. The means of z stacks using 
FIJI (ImageJ) are shown. For superresolution microscopy (Figs. 
1 D, 4 [A and C], 5 A, and 10 C), acquisitions were performed in 
3D SIM mode with an N-SIM Nikon microscope before image 
reconstruction using the NIS Elements viewer software (Nikon; 
Gustafsson, 2008). The system is equipped with a Plan Apochro-
mat TIRF SR 100× 1.49 NA oil immersion objective, a laser illu-
mination (488 nm, 200 mW; 561 nm, 100 mW; and 640 nm, 100 
mW) camera, and an electron-multiplying charge-coupled device 
DU-897 camera (Andor Technology). Images were acquired as a z 
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stack (0.12 μm per step). Images were then reconstructed using 
Elements software. Spinning-disk confocal microscopy (Fig. 5, B 
and C; Fig. 6, A and B; Fig. 7, A–D; Fig. 9, A, B, F, and G; Fig. 10 A; 
Fig. S3, A–D; and Videos 1, 2, 3, 4, 5, 7, 8, 9, and 10) was performed 
with a spinning-disk head (CSU-X1; Yokogawa Electric Corp.) on 
a microscope (TI Nikon) equipped with a piezo stage (Mad City 
Labs), mounted on an XYZ-encoding motorized scanning stage 
with 60× or 100× 1.4 NA oil immersion objectives and an intensi-
fier EM-charge-coupled device camera under 5% CO2 and at 37°C. 
Time-lapse phase-contrast microscopy (Fig. S2 and Video 6) was 
performed with an Eclipse inverted microscope (Nikon) equipped 
with a 60× 1.3 NA oil immersion objective and a CoolSNAP HQ2 
camera under 5% CO2 and at 37°C. For long-term experiments, 
images were acquired every minute for 1 h. For short-term exper-
iments, images were acquired every second for 3 min. Fluores-
cence image acquisition parameters varied depending on the 
particular experiment and were determined to balance signal 
intensity and minimize cellular toxicity. These microscopes were 
steered with MetaMorph (7.1; Universal Imaging Corp.).

Image analysis quantification and statistics
Morphometric analysis of neuronal shape parameters includ-
ing neurite number, growth cone area, and the length of the 
longest neurite was performed by using the FIJI software plugin 
NeuronJ. Axons were defined as the longest process containing 
intermediate to high levels of Tau-1 as judged by immunofluores-
cence labeling (Schwamborn and Püschel, 2004). Neurons were 
counted with multiple axons when they displayed two or more 
long neurites that were immunostained for Tau-1. Actin waves 
were defined in fixed samples as F-actin–rich growth cone–like 
structures with filopodial and/or lamellipodial features along 
the neurite shaft. The frequencies of anterograde, retrograde, 
or abortive waves were visually identified and quantified on 
time-lapse images acquired for neurons at stage 2, or stage 2–3 
transition at DIV1 by spinning-disk confocal microscopy. Kymo-
graphs were performed using the kymograph plugin in FIJI. The 
box and whisker plots are represented using Excel (Microsoft), 
and the number of data points used for the graphical representa-
tion is indicated on the figures. Statistical comparisons for Figs. 
2 (D and G), 3 B, and 6 [C–H] were performed with the χ2 test. 
Statistical comparisons for box plots were performed with the 
Mann-Whitney test using Exact Dynamic Programing Solution 
of the Wilcoxon-Mann-Whitney (EDI​SON-WMW) test. The sin-
gle asterisks (*), double asterisks (**), and triple asterisks (***) 
in the bar graphs indicate p-values of <0.05, <0.01, and <0.001, 
respectively, and p-values >0.05 are indicated by NS.

Online supplemental material
Fig. S1, related to Figs. 5, 9, and 10, shows the efficiency of Myo1b 
depletion using siRNA. Fig. S2, related to Fig. 8, shows the impact 
of Myo1b depletion on the growth cone area. Fig. S3, related to 
Fig. 9, shows the impact of Myo1b depletion on filopodia in actin 
waves. Video 1, related to Fig. 5 B, shows the correlation between 
the propagation of an actin wave and the migration of Myo1b. 
Video 2, related to Fig. 5 C, shows the correlation between the 
migration of PIP3 and Myo1b along the neurite. Video 3, related 
to Fig. 6 (A and B), shows the impact of Myo1b depletion on actin 

waves. Video 4, related to Fig. 7 (A and B), shows the impact of 
Myo1b depletion on Kif5C dynamics. Video  5, related to Fig.  7 
(C and D), shows the impact of Myo1b overexpression on Kif5C 
dynamics. Video 6, related to Fig. S2, shows the impact of Myo1b 
depletion on the growth cones area. Video 7, related to Fig. 9 (A 
and B), shows the impact of Myo1b depletion using siRNA on 
filopodia of a growth cone. Video 8, related to Fig. 9 (F and G), 
shows the impact of Myo1b depletion using shRNA on filopodia 
of a growth cone. Video 9, related to Fig. S3 (A and B), shows the 
impact of Myo1b depletion using siRNA on filopodia of actin 
waves. Video 10, related to Fig. S3 (C and D), shows the impact of 
Myo1b depletion using shRNA on filopodia of actin waves.
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