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Axon development requires membrane addition from the intracellular supply, which has been shown to be medi-
ated by Rab10-positive plasmalemmal precursor vesicles (PPVs). However, the molecular mechanisms underlying 
the membrane trafficking processes of PPVs remain unclear. Here, we show that myristoylated alanine-rich C-kinase 
substrate (MARCKS) mediates membrane targeting of Rab10-positive PPVs, and this regulation is critical for 
axon development. We found that the GTP-locked active form of Rab10 binds to membrane-associated MARCKS, 
whose affinity depends on the phosphorylation status of the MARCKS effector domain. Either genetic silencing of 
MARCKS or disruption of its interaction with Rab10 inhibited axon growth of cortical neurons, impaired docking 
and fusion of Rab10 vesicles with the plasma membrane, and consequently caused a loss of membrane insertion of 
axonal receptors responsive to extracellular axon growth factors. Thus, this study has identified a novel function of 
MARCKS in mediating membrane targeting of PPVs during axon development. 
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Introduction

Myristoylated alanine-rich C-kinase substrate 
(MARCKS) was first identified as a prominent substrate 
for protein kinase C (PKC) [1, 2]. It is associated with 
plasma membrane (PM) through its N-terminal myris-
toylation site and the basic effector domain (ED), and 
phosphorylation of MARCKS by PKC abrogates its 
membrane tethering, leading to its translocation into the 
cytosol [3-6]. In addition, MARCKS binds to actin [7], 
serves to sequester phosphatidylinositol 4,5-biphosphate 
[PI(4,5)P2] at plasmalemmal rafts [8], and regulates 
membrane ruffling and cell spreading [9]. MARCKS 
is highly enriched in the brain, particularly at early de-
velopmental stages [10-13]. Genetic studies show that 

MARCKS plays an important role in the development of 
the central nervous system, including neurulation, fusion 
of the cerebral hemispheres, formation of the forebrain 
commissures, and lamination of the cortex and retina [14]. 
Moreover, MARCKS is critical for neurite initiation, 
dendritic branching, spine maintenance [15-17], growth 
cone adhesion and path finding [18], and neuronal mi-
gration [19, 20]. However, the direct linkage between 
the biochemical properties of MARCKS and its cellular 
functions has not been well established. 

In eukaryotic cells, the Rab family members of small 
GTPases are involved in various membrane trafficking 
events, including formation of transport vesicles, traf-
ficking along cytoskeletal tracks, and docking and fusion 
with the acceptor membrane [21, 22]. Among more than 
60 Rabs, Rab8 and Rab10 have been shown to mediate 
directed membrane insertion during axon development 
[23, 24]. Indeed, Rab10 is associated with plasmalemmal 
precursor vesicles (PPVs) that are required for polarized 
membrane insertion during axon development [24].

Here, we have identified MARCKS as a component of 



www.cell-research.com | Cell Research

Xiao-Hui Xu et al.
577

npg

docking and fusion machinery for Rab10-positive PPVs. 
In addition, we have shown that the MARCKS-Rab10 
system is critical for membrane insertion of axonal sur-
face proteins and axonal elongation.

Results

Rab10 binds to MARCKS through effector domain 
To gain insights into the mechanisms of Rab10 action 

in membrane insertion, we identified binding proteins by 
affinity purification from P0 rat brain lysates using gluta-
thione S-transferase (GST)-Rab10, followed by analysis 
with liquid chromatography with tandem mass spec-
trometry (LC-MS). In addition to several known Rab10-
binding partners, such as AS160, a GTPase-activating 
protein (GAP) for Rab10 [25], or Myosin V [26, 27], we 
also identified MARCKS as one of the interesting hits. 
Indeed, both MARCKS and Rab10 were expressed in 
the rat brain at early or late developmental stages (Fig-
ure 1A). Interestingly, in the neocortex of rats at E18.5, 
MARCKS and Rab10 were particularly enriched in the 
axonal tracts that were marked by axonal marker Smi312 
(Supplementary information, Figure S1A). In rat brain 
homogenates, these two proteins co-immunoprecipitated 
with each other (Figure 1B and 1C). Given that phospho-
rylation of four serines within the ED is essential for the 
function and localization of MARCKS [28, 29], we de-
termined whether the phosphorylation state of MARCKS 
influenced its interaction with Rab10. For this purpose, 
cultured cortical neurons were treated with okadaic 
acid (OA), a specific inhibitor for protein phosphatases 
(PP) 1 and 2A, which prevented dephosphorylation of 

MARCKS [30]. OA treatment induced accumulation of 
phosphorylated endogenous (Figure 1D) or exogenous 
MARCKS (Figure 1F). Notably, OA treatment decreased 
the amount of MARCKS pulled down by GST-Rab10 
(Figure 1E and 1F), suggesting that phosphorylation 
of MARCKS negatively regulates its interaction with 
Rab10. 

Next, we determined subcellular localization of 
MARCKS and Rab10, and found that both proteins were 
largely colocalized in membrane microdomains of cell 
protrusions that were enriched with PI(4,5)P2 (Figure 
1G). Notably, treatment with OA, but not the PP2A 
activator D-erythro-Sphingosine (DES) [31], caused 
dispersion of MARCKS and Rab10 signals (Figure 1G), 
in line with the notion that MARCKS phosphorylation 
negatively regulates its membrane association and inter-
action with Rab10. To further determine which state of 
MARCKS binds to Rab10, we took advantage of several 
mutated forms of MARCKS: S4N, a constitutively non-
phosphorylatable form in which four serines in the ED 
were replaced by asparagines; S4D, a phosphomimetic 
form in which four serines were replaced by aspartic 
acid; G2A, a nonmyristoylatable form in which gly-
cine at position 2 was replaced by alanine; and DBL, a 
nonmyristoylatable, pseudo-phosphorylated form with 
double mutations at S4D and G2A [32, 33]. Interestingly, 
we found that GST-Rab10 pulled down wild type (WT), 
S4N, or G2A, but not S4D or DBL (Figure 1H). This 
result suggests that Rab10 binds to unphosphorylated 
MARCKS in a myristoylation-independent manner. 

To map the MARCKS domain that mediates the in-
teraction with Rab10, we generated three constructs that 

Figure 1 Rab10 interacts with MARCKS. (A) Expression of Rab10 and MARCKS in the rat brain at different developmental 
stages. (B, C) Co-immunoprecipitation (co-IP) of Rab10 and MARCKS in homogenates of P0 rat brains. (D) Cortical neurons 
at DIV2 were treated with different concentrations of OA for 6 h. Cell lysates were subjected to immunoblotting (IB) with anti-
bodies against MARCKS or phosphorylated MARCKS (pMARCKS), with GAPDH or actin as loading control. (E) Cell lysates 
from cultured cortical neurons treated with OA (100 nM, 6 h) or vehicle at DIV2 were subjected to pull-down with glutathione-
sepharose beads coupled to GST-Rab10 or GST, followed by IB with MARCKS antibody. (F) HEK293 cells transfected with 
GFP-MARCKS were treated with OA (100 nM) or vehicle for 6 h. Cell lysates were subjected to pull-down with glutathione-
sepharose beads coupled to GST-Rab10 or GST. Bound proteins were subjected to IB with the indicated antibodies. (G) Rat 
fibroblasts were treated with DMSO, DES (100 nM), or OA (100 nM) for 2 h, followed by fixation (4% PFA) and penetration 
with 0.2% saponin, and then stained with antibodies against PIP2 (green), MARCKS (blue), and Rab10 (red). Scale bar, 15 
µm. (H) Cell lysates from HEK293 cells transfected with various MARCKS constructs tagged with GFP at the C-terminus 
were subjected to pull-down with glutathione-sepharose beads coupled to GST-Rab10 (5 µg), followed by IB with GFP or 
GST antibody. (I) Schematic structure of MARCKS full-length protein or domains. ED, effector domain. (J) Cell lysates from 
HEK293 cells co-transfected with HA-Rab10 and YFP-tagged MARCKS domains were subjected to IP with anti-HA antibody, 
and then IB with anti-HA or GFP antibody. (K) GST-Rab10 pull-down of MARCKS domains expressed in HEK293 cells. (I, 
M) GST-Rab10 immobilized on glutathione-sepharose beads were incubated with purified His6-MARCKS or His6-D3. Bound 
proteins were subject to IB with the indicated antibodies. (N) Purified GST-Rab10 (2 µg) preloaded with GTPγS or GDP was 
used to pull down His6-D3. (O) Purified GST-MARCKS was used to pull down His6-Rab10 preloaded with GTPγS or GDP. (P, 
Q) Lysates of HEK293 cells transfected with the indicated constructs were subject to IP and IB with the indicated antibodies. (R) 
GST-D3 pull-down of Rab10 (WT or Q68L form) expressed in HEK293 cells.
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were fused with YFP at the C-terminus: D1 (1-36 aa), 
which contains the N-terminal myristoylation site, D2 
(10-150 aa), and D3 (138-184 aa), which covers the ED 
region (Figure 1I). We found that in either co-immuno-
precipitation (co-IP) (Figure 1J) or pull-down (Figure 
1K) assays, Rab10 was associated with D3. The interac-
tion between Rab10 and MARCKS is direct, because 
purified GST-Rab10, but not GST alone, could pull down 
purified hexahistidine (His6)-tagged D3 or full-length 
MARCKS (Figure 1L and 1M). Importantly, His6-D3, 
or GST-MARCKS, preferentially interacted with Rab10 
preloaded with GTPγS (a nonhydrolyzable GTP analog), 
compared to that preloaded with GDP (Figure 1N and 
1O). In addition, co-IP and pull-down assays showed 
that MARCKS or D3 preferentially interacted with 
Rab10Q68L, the GTP-locked active form of Rab10, rather 
than the WT (Figure 1P-1R). Thus, MARCKS might be 
an effector of Rab10.

MARCKS interaction with Rab10 is important for axon 
development

Having known the interaction between MARCKS and 
Rab10 (Figure 1) and the enrichment of these two pro-
teins in axonal tracts (Supplementary information, Figure 
S1A), we next investigated the role of MARCKS-Rab10 
system in axon development. Indeed, both MARCKS 
and Rab10 were enriched in distal regions of axons (Sup-
plementary information, Figure S1B-S1E), where mem-
brane insertion happens during axon development [24, 
34, 35]. We found that downregulation of MARCKS by 
transfection with a construct encoding small interfering 
RNA (siRNA) against MARCKS (siMARCKS) (Figure 
2A) resulted in a marked decrease in total axon length, 
compared to vehicle control or scrambled siRNA in cul-
tured cortical neurons (Figure 2B and 2C). The identity 
of nascent axons was determined by positive staining 

with axonal marker Smi312 (Figure 2B), or c-Jun-amino-
terminal kinase-interacting protein 1 (JIP1) (Figure 2D), 
a scaffold protein specifically localized in axon terminals 
and essential for axon development in cultured cortical 
neurons [36]. The impairment in axon growth was sig-
nificantly prevented by co-expression of MARCKSRes, 
the siRNA-resistant form of MARCKS (Figure 2A-2C), 
thus excluding potential off-target effects of siRNA. The 
axon development defect caused by siMARCKS was not 
due to the effect on cell health or general impairment in 
neurite extension, as indicated by similar low percentage 
of apoptotic cells with condensed nuclei and number of 
minor neurites in both control and siMARCKS groups 
(Supplementary information, Figure S2A-S2C). 

Recently, we have shown that Rab10 promotes axon 
development [24]. However, overexpression of Rab10 or 
its constitutive active form Q68L failed to promote axon 
growth in MARCKS-knockdown neurons (Figure 2E and 
2F). Thus, MARCKS is essential for the role of Rab10 in 
promoting axon growth. In contrast to MARCKS down-
regulation, overexpression of either WT MARCKS or 
its S4N form, but not the S4D or DBL form, caused an 
increase in total axon length, as well as the number of 
axon branches (Supplementary information, Figure S3A-
S3C). Thus, dephosphorylated MARCKS, which has 
been shown to be associated with the PM [32, 33], where 
it interacts with Rab10 (Figure 1), supports axon growth. 
Notably, overexpression of the G2A form of MARCKS, 
which failed to be myristoylated and still associated with 
Rab10, caused a decrease in axon length, and interest-
ingly, a significant increase in neurite branches (Supple-
mentary information, Figure S3A-S3C). It has been 
shown previously that G2A form of MARCKS exhibits 
only a partial reduction in the association with the PM [5] 
and causes mis-targeting of some polarity proteins, such 
as Par3, during cell positioning [19]. The association of 

Figure 2 MARCKS is important for axon development. (A) Cortical neurons were transfected with pSUPER vector or pSU-
PER encoding siRNAs against MARCKS (siMARCKS) or scrambled sequence (siScramble) together with MARCKSRes. En-
dogenous MARCKS and MARCKSRes levels were analyzed by IB with antibody against MARCKS or GFP, respectively. Actin 
and vector-encoded GFP were probed as controls. (B) Isolated cortical neurons were transfected with EGFP, siScramble, or 
siMARCKS, either alone or together with MARCKSRes. At DIV3, cultures were fixed and analyzed for axon length. Scale bar, 
20 µm. (C) Quantification of normalized axon length. Data are shown as mean ± SEM. At least 80 neurons from three inde-
pendent experiments were analyzed. ***P < 0.001, one-way ANOVA. (D) DIV3 cortical neurons transfected with siScramble or 
siMARCKS were stained with anti-JIP1 and Tuj1 antibodies. Note the specific localization of JIP1 in axonal tips (red arrows). 
Scale bar, 20 µm. (E) Isolated cortical neurons were transfected with various plasmid combinations, and then stained with 
Smi312 and Tuj1 at DIV3. Scale bar, 20 µm. (F) Quantification of normalized axon length. Data are shown as mean ± SEM. 
At least 80 neurons from three independent experiments were analyzed. ***P < 0.001, one-way ANOVA. (G, H) P2 neocorti-
cal slices from rat embryos electroporated at E16.5 with plasmids encoding siScramble or siMARCKS, together with pCAG-
EYFP, were analyzed for axon development. Smi312 was used to label axonal tracts. Enlarged areas indicate axon tracts 
coursing through the intermediate zone (IZ). The length of these axon bundles, as sketched by dashed lines which delineate 
the path of axonal tracts in the IZ, was quantified with the value from control group normalized as 1.0 (H). Data are presented 
as mean ± SEM. At least four animals in each group were analyzed. **P < 0.01, Student’s t-test. Scale bar, 500 µm. 
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Rab10 with G2A-containing membrane regions may re-
sult in mis-targeting of Rab10-positive vesicles, leading 
to excessive neurite branching. 

The role of MARCKS in axon growth was further 
determined in vivo by in utero electroporation of si-
MARCKS or control plasmid into cortical neural precur-
sors of rats at E16.5. At P2, we measured the length of 
axon bundles traversing through the intermediate zone 
(IZ) toward the midline, and found that siMARCKS 
transfection caused a marked decrease in the length of 
these corpus callosum axons (Figure 2G and 2H). Thus, 
MARCKS plays an important role in axon growth.

Next, we determined the role of MARCKS-Rab10 
interaction in axon growth. As shown in Figure 3A, 
overexpression of D3 prevented the association between 
MARCKS and Rab10. When transfected into cultured 
cortical neurons, D3 caused a marked reduction in total 
axon length, compared to vehicle control or D1 (Figure 
3B-3D), without deleterious effects on cell health or 
minor neurite formation (Supplementary information, 
Figure S2A-S2C). Similar to siMARCKS, in utero elec-
troporation of D3 also inhibited elongation of corpus 
callosum axons in vivo (Figure 3E and 3F). These results 
suggest that MARCKS-Rab10 interaction is required for 
Rab10’s axon growth-promoting activity.

MARCKS mediates docking and fusion of Rab10 vesicles 
with the plasma membrane 

How does MARCKS-Rab10 interaction affect axon 
growth? Given the membrane localization of dephos-
phorylated MARCKS and the interaction with Rab10 
in particular membrane domains, we hypothesized that 
MARCKS might be a component of docking or fusion 
machinery for Rab10 vesicles. At first, we tested this 
possibility by examining the behavior of tdTomato-
Rab10 (TD-Rab10) in the vicinity of the PM, using Total 
Internal Reflection Fluorescence Microscopy (TIRFM), 
which allows selective imaging of fluorescent signals 
within the close proximity (< 200 nm) of the coverslip, in 
nonpolarized fibroblasts, which have much larger soma 
areas. A complete fusion event is composed of the fol-
lowing consecutive steps: predocking period after initial 
immobilization with vesicles transiently on or off from 
the target sites; stable immobilization before fusion with 
vesicles stably anchored to the PM; and finally, fusion 
of vesicles followed by lateral diffusion of fluorescence 
signals (Figure 4A, see the bars for the changes of fluo-
rescent intensity of Rab10 over time, and Supplementary 
information, Movie S1). We measured numbers of fu-
sion events, which were composed of complete cycles of 
docking, fusion and diffusion (Supplementary informa-
tion, Figure S4B), but not those only with transient kiss-

and-run patterns (Supplementary information, Figure 
S4C), during 5 min observation periods. We found that in 
cells transfected with siMARCKS, the number of fusion 
events was markedly decreased (Figure 4B and Supple-
mentary information, Movie S2), and this decrease could 
be rescued by expression of MARCKSRes (Figure 4B). 
Occasionally, Rab10 TIRF signals in siMARCKS cells 
exhibited highly dynamic trajectory on the membrane 
plane, indicating unstable association of Rab10 vesicles 
with the PM target domains (Supplementary informa-
tion, Movie S3). By contrast, upregulation of MARCKS 
by overexpressing WT MARCKS increased the number 
of fusion events (Figure 4C). Notably, whereas over-
expression of D3 reduced the number of fusion events 
(Figure 4C), it usually caused persistence of tubule-like 
structures in the cell cortex (Supplementary information, 
Figure S4A, S4D, S4E and Movie S4), and indeed, the 
majority (~80%) of D3-transfected cells exhibited tu-
bule-like structures, compared to a much lower percent-
age of tubule-bearing cells in control or D2-transfected 
cells (Supplementary information, Figure S4F). These 
phenomena could be caused by the failure in the fusion 
of docked vesicles. The D3-induced Rab10 tubules were 
much different from those caused by downregulation 
of Myosin Vb (MYO5B) (Supplementary information, 
Figure S4E), which has been shown recently to control 
fission of Rab10 carriers from the trans-Golgi network 
(TGN) [27], because MYO5B knockdown-induced 
tubules were distributed in peri-nuclear regions and 
derived from TGN and MARCKS D3-induced Rab10 
tubules were associated with the PM (Supplementary 
information, Figure S4D and S4E). Actually, D3 itself 
can associate with the PM (Supplementary information, 
Figure S5A and S5B), and may still mediate docking of 
Rab10 vesicles without successful fusion. In line with 
this notion, although epifluorescence (epi-F) signals of 
TD-Rab10 were not changed in siMARCKS- or D3-
transfected cells, the TIRF signals were decreased in 
siMARCKS cells and increased in D3 cells (Figure 4D). 
Thus, MARCKS mediates docking of Rab10 vesicles, 
most likely through D3. We also analyzed the effects of 
mutations in myristoylation or phosphorylation sites of 
MARCKS on the fusion behavior of Rab10 vesicles, and 
found that expression of S4N increased the frequency 
of fusion, S4D or DBL exhibited an opposite effect, and 
G2A showed a mild but not significant effect (Figure 4E). 
These results suggest that MARCKS plays an important 
role in the docking of Rab10-positive vesicles. In sup-
port of the above conclusion, Fluorescence Resonance 
Energy Transfer (FRET) analysis showed that Rab10 
interacted with MARCKS in certain patches of the PM 
(Supplementary information, Figure S6A, S6C and 
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Figure 3 MARCKS interaction with Rab10 is important for axon development. (A) The association between Rab10 and 
MARCKS was blocked by D3 expressed in HEK293 cells. (B, C) Representative images of DIV3 cortical neurons transfected 
with vehicle plasmid or that encoding MARCKS D1 or D3 fragment (B) and quantification of the axon length (C). Data are 
shown as mean ± SEM. At least 100 neurons from three independent experiments were analyzed. ***P < 0.001, one-way 
ANOVA. Scale bar, 20 µm. (D) DIV3 cortical neurons transfected with vehicle plasmid or that encoding D3 fragment were 
stained with anti-JIP1 and Tuj1 antibodies. Arrows indicate JIP1 signals in axonal tips. Scale bar, 20 µm. (E, F) Representa-
tive images of P2 neocortical slices from rat embryos, which were electroporated at E16.5 with vehicle or D3 plasmids, to-
gether with pCAG-EYFP (E) and the quantification of corpus callosum axon length (F). Data are presented as mean ± SEM. 
At least five animals in each group were analyzed. **P < 0.01, Student’s t-test. Scale bar, 500 µm.
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S6D). In contrast, no FRET signals were observed be-
tween MARCKS and Rab11, a member of Rab family of 
small GTPases involved in vesicle recycling and neurite 
growth [37] (Supplementary information, Figure S6B-
S6D). In addition, the fusion events of Rab11 vesicles 
were not changed in siMARCKS- or D3-transfected cells 
(Supplementary information, Figure S6E), suggesting the 
specificity of MARCKS in Rab10 membrane targeting. 
The spatial relationship between Rab10 and MARCKS 
was also determined by transmission electronic micros-
copy (TEM). We found that in the P0 rat brain sections 
covering the regions of callosal commissure, most im-
munogold particles (12 nm) for Rab10 (~60%) were 
found in vesicles that were in the vicinity of the PM sites 
labeled by 18 nm particles for MARCKS (Figure 4F and 
4G). The size of these vesicles ranged between 150 and 
200 nm in diameter, similar to that of PPVs [24, 35].

To further determine the dynamic process for the 
membrane fusion of Rab10 vesicles, we analyzed the 
durations for each fusion event, which reflected vesicle 
fusion efficiency (Figure 4A and Supplementary infor-
mation, Figure S4B). We noted that the pause duration 
between stable docking and fusion with the PM was 
markedly increased in siMARCKS- or D3-transfected 
cells (Figure 4A, 4H, 4I and Supplementary informa-
tion, Figure S4B), and the defect caused by siMARCKS 
could be rescued by MARCKSRes (Figure 4H). This 
result indicates that MARCKS is also important for the 
fusion of Rab10-positive PPVs. Membrane fusion of 
Rab10 vesicles was further determined by TEM analy-

sis for immunogold-labeled vesicles localized at or near 
the PM. As shown in Figure 4J, omega-shaped Rab10-
positive structures on the PM, which represent either 
membrane fusion or endocytosis, were often seen in 
control cells, whereas in D3-transfected cells, these 
structures were seldom observed. Notably, numerous 
Rab10 vesicles accumulated in the periphery of D3 cells 
(Figure 4J and 4K). The observed changes in the pattern 
of Rab10 vesicles may not be due to impairment in the 
behavior of endosomes, because expression of D3 had no 
effect on the endocytosis of transferrin ligand, which ex-
hibited distinct localization with Rab10 (Supplementary 
information, Figure S7A and S7B). These results can be 
interpreted as that D3 domain of MARCKS is sufficient 
to mediate membrane docking, but not fusion, of Rab10 
vesicles and that overexpression of D3 abrogates Rab10 
interaction with endogenous MARCKS, which may be 
associated with fusion machinery through other domains.

MARCKS regulates membrane insertion of PPVs in cul-
tured cortical neurons 

Next, we determined the role of MARCKS in mem-
brane insertion of PPVs in neurons. As shown in our pre-
vious study, we have used BODIPY-ceramide (BODIPY 
FL C5-ceramide), a fluorescent sphingomyelin and glu-
cosylceramide precursor [38], to label PPVs in cultured 
cortical neurons [24]. After labeling, uptake and exten-
sive washes (see Figure 5A), we followed the dynamic 
changes for the fluorescence intensity of BODIPY-red 
signals, which were used to monitor membrane insertion 

Figure 4 MARCKS interaction with Rab10 is important for vesicle docking and fusion. (A) TIRFM analysis for the fusion pat-
tern of individual TD-Rab10 vesicles in rat fibroblasts transfected with the indicated plasmids. Individual fusion events are 
numbered and indicated by yellow arrows. Right bars are the changes of fluorescent intensity of TD-Rab10 vesicles (arrows 
in left image) over time. Note the persistence of Rab10 signals associated with the PM in D3 cells during the 100 s observa-
tion period. Docking and fusion are indicated with red arrowheads and green arrowheads, respectively. Scale bar, 10 µm. (B, C) 
Quantification of average numbers of fusion events with complete cycles of docking and fusion during 5 min observation time 
in each cell transfected with the indicated plasmids. Data are presented as mean ± SEM. At least eight cells in each group 
were analyzed. **P < 0.01, ***P < 0.001, n.s., not significant, Student’s t-test. (D) Average number of TD-Rab10 vesicles per 
25 µm2 in fixed cells. Epifluorescence (epi-F) and TIRF signals represent total and PM-associated Rab10, respectively. Data 
are presented as mean ± SEM. At least eight cells in each group were analyzed. **P < 0.01, ***P < 0.001, n.s., not signifi-
cant, one-way ANOVA. (E) Quantification of average numbers of fusion events in the indicated groups. Data are presented as 
mean ± SEM. At least eight cells in each group were analyzed. **P < 0.01, ***P < 0.001, one-way ANOVA. (F, G) EM analysis 
for subcellular localization of MARCKS and Rab10 in the corpus callosum regions from P0 rat brain. Arrows indicate immuno-
gold particles (12 nm) for Rab10 signals associated with PPV-like vesicles, and arrowheads indicate immunogold particles (18 
nm) for MARCKS on the PM (F). Scale bar, 200 nm. The Rab10 and MARCKS localization is quantified (G). At least 30 slices 
for each group were analyzed. (H, I) Quantification of the durations from docking to fusion for Rab10 vesicles in the rat fibro-
blasts transfected with the indicated plasmids. At least 10 cells in each group were analyzed. ***P < 0.001, Student’s t-test. 
(J) Immuno-EM analysis for subcellular localization of Rab10-positive vesicles in fibroblasts transfected with vehicle or D3 
plasmids. Yellow arrows point to immunogolds for Rab10. Red arrowhead indicates an omega-shaped Rab10-positive struc-
ture. Note that Rab10-positive vesicles are accumulated in the cell periphery in D3-transfected cells. Scale bars, 200 nm. (K) 
Quantification of the number of accumulated vesicles at a distance of 200 nm from PM, on or underneath 2 µm length of PM. 
Data are presented as mean ± SEM. At least eight cells in each group were analyzed. ***P < 0.001, Student’s t-test. 
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in growing neurites [24]. We found that during the 30 
min observation period, the disappearance of the red flu-
orescence in the longest neurite was largely dampened in 
neurons transfected with construct encoding siMARCKS, 
as compared to control neurons transfected with scram-
bled siRNA (Figure 5B and 5C). This result suggests that 
MARCKS is important for membrane insertion of PPVs 
in cultured cortical neurons.

Next, we directly measured vesicle docking and fusion 
in cortical neurons using TIRFM. As shown in Figure 
5D, although epi-F signals of TD-Rab10 were detectable 
in all the neurites of a stage-3 neuron, the TIRF signals 
were present mainly in the distal region of axon and 
growth cone. By contrast, in siMARCKS neurons, the 
TIRF signals were markedly decreased, although epi-F 
signals remained in the soma and neuronal tips (Figure 
5D and 5F). Notably, the intensity of TIRF signals in 
MARCKS D3-transfected neurons was increased and not 
limited to one neurite (Figure 5D and 5F). This result is 
consistent with the notion that MARCKS mediates dock-
ing of Rab10 vesicles to the PM via D3. Further, the role 
of MARCKS in membrane fusion of PPVs was measured 
in axonal growth cones by live imaging (Figure 5E and 
Supplementary information, Movie S5). As shown in 
Figure 5G, downregulation of MARCKS or overexpres-
sion of D3 caused a marked decrease in the membrane 
fusion of Rab10 vesicles in axonal growth cones. 

The defects in membrane insertion and targeting of 
Rab10-PPVs might be caused by impairment in the bio-
genesis or the transport of Rab10 carriers, rather than 
membrane docking or fusion. To exclude these possibili-
ties, we determined dynamics of TD-Rab10 vesicles in 
cultured cortical neurons transfected with siScramble or 
siMARCKS by live imaging. We found that both con-
trol and siMARCKS neurons had a number of dynamic 
Rab10 vesicles that exhibited random trajectory in the 
soma and some vesicles were transported into neurites 

(Supplementary information, Movie S6). As shown in 
Figure 5H (top row) and Supplementary information, 
Movie S7, in control cells, the advance of anterograde 
vesicles was concurrent with or prior to growth cone ex-
tension, and, when arriving at the axonal tip, their fluo-
rescence signals faded, reminiscent of membrane fusion. 
However, in siMARCKS cells, many Rab10 vesicles 
halted within growth cone and failed to fuse with axonal 
tips, and sometimes were transported back to the soma 
(Figure 5H, middle and bottom rows, and Supplementary 
information, Movie S7). We also quantified the transport 
of TD-Rab10 vesicles and found that MARCKS knock-
down had no effect on the percentage or numbers of 
anterograde (from soma to neurite tips), retrograde (from 
tips to soma), or immobile vesicles, and the velocity of 
anterograde vesicles (Supplementary information, Figure 
S8A-S8F). These results suggest that MARCKS acts in 
the steps of vesicles docking/fusion, rather than forma-
tion or transport. 

To determine spatial relationship between Rab10 and 
MARCKS in axonal growth cones, we co-transfected 
TD-Rab10 with S4N form of MARCKS-D3-YFP, an 
nonphosphorable form of D3 which was used to mark 
MARCKS sites on the PM, into cortical neurons. We 
found that, after arriving at the axonal growth cone, TD-
Rab10 vesicles failed to fuse with the axonal membrane, 
and many of them were accumulated in MARCKS-D3 
(S4N)-rich regions (Supplementary information, Movie 
S8 and Figure S8G). These results support again that D3 
domain mediates membrane docking of Rab10 vesicles 
and the MARCKS-Rab10 interaction is also important 
for membrane fusion of Rab10-PPVs.

Relationships among actin dynamics, MARCKS, and 
Rab10 membrane fusion

It is believed that axon development requires coor-
dination of actin dynamics, microtubule assembly, and 

Figure 5 MARCKS is important for membrane insertion of Rab10 vesicles in primary neurons. (A) Schematic diagram illus-
trating BODIPY-ceramide labeling and observation procedure. (B, C) Cortical neurons transfected with vector encoding si-
MARCKS or scrambled sequences were labeled with BODIPY-ceramide at DIV2. The changes of BODIPY-red signals in the 
longest neurite were recorded using live-imaging fluorescence microscopy. At least five cells in each group were analyzed. 
*P < 0.05, paired t-test. Scale bar, 20 µm. (D) Cortical neurons were co-transfected with TD-Rab10 and pEYFP-N1 (control), 
MARCKS-D3-YFP, or pSUPER vector encoding siMARCKS. Epifluorescence (epi-F) and TIRF signals represent total and 
PM-associated TD-Rab10, respectively. Scale bar, 25 µm. (E) Live imaging of Rab10 TIRF signals in axonal growth cones 
of DIV2 cortical neurons transfected with TD-Rab10 and various plasmids. Shown is a representative image. Arrows point to 
a fusion event. Scale bar, 10 µm. (F) Quantification of the TIRF signals relative to epi-F signals. Average values from control 
group were normalized as 1.0. Data are presented as mean ± SEM. 10 neurons in each group were analyzed. **P < 0.01, 
***P < 0.001, one-way ANOVA. (G) Quantification of the frequency of vesicle fusion in axonal growth cones. Data are pre-
sented as mean ± SEM. 10 neurons in each group were analyzed. **P < 0.01, one-way ANOVA. (H) Snapshots of time-lapse 
images showing the movement of TD-Rab10 vesicles in axonal growth cone of DIV3 neurons transfected with siScramble or 
siMARCKS. Note the fading of transporting vesicles in axonal tip of control cell and persistence or retrograde transport in si-
MARCKS cells (red arrows). Scale bar, 10 µm. See also Supplementary information, Movies S6 and S7.
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membrane trafficking [39]. Interestingly, treatment of 
cultured cortical neurons with actin de-polymerizing 
drug cytochalasin D at appropriate concentration (1 
µM) results in loss of actin in axonal growth cones, and 
surprisingly, promotes axon development [40]. In agree-
ment with these results, we found that cytochalasin D 
(1 µM) treatment of cultured cortical neurons exhibited 
similar effects, as reflected by decreased F-actin intensity 
in axons (Figure 6A and 6B), an increase in total axon 
length and the induction of multiple axons (Figure 6A 
and 6C). MARCKS has been shown to be an actin fila-
ment cross-linking protein [41, 42]. In line with this, we 
found that siMARCKS- or MARCKS D3-transfected 
neurons exhibited decreased actin in axonal growth cone, 
although to a much lesser extent than that caused by cy-
tochalasin D (Figure 6A and 6B). However, in contrast 
to cytochalasin D, siMARCKS or D3 transfection inhib-
ited axon development (Figure 6A and 6C). Thus it is 
unlikely that the defects in axon development caused by 
MARCKS manipulations were due to destabilization of 
actin networks. The relationship between actin dynam-
ics and membrane insertion remains elusive. We have 
hypothesized that actin networks in cell cortex could be 
cytoskeleton barriers for vesicles tethering with the PM, 
and its spatial instability could facilitate vesicle docking 
and/or fusion. In support of this hypothesis, treatment 
with cytochalasin D (1 µM, 1 h) increased membrane fu-
sion of Rab10 vesicles (Figure 6D). Interestingly, this ef-
fect was not seen in siMARCKS cells (Figure 6D). Thus, 
MARCKS-mediated membrane targeting may coordinate 
with cytoskeleton dynamics in axon development. In line 
with this model, the effect of cytochalasin D in promot-
ing axon development was abolished in siMARCKS- or 
D3-transfected cortical neurons (Figure 6C). 

MARCKS regulates membrane targeting of axon growth-
related receptors

Our previous study has shown that IGFR, the receptor 
for insulin-like growth factor, and TrkB, the receptor for 
brain-derived neurotrophic factor (BDNF), were present 
in Rab10-positive PPVs [24, 27]. Both IGFR and TrkB 
have been shown to be involved in axon development 
[43, 44]. In addition, vesicle-SNARE (soluble N-ethyl-
maleimide-sensitive fusion protein attachment protein 
receptor) proteins, such as VAMP4 [45] or VAMP7/TI-
VAMP [34, 46-49], or target-SNARE proteins [50-52] 
are involved in neurite outgrowth. Exocyst complex ap-
pears to have an important role in polarized membrane 
insertion crucial for axon specification and elongation [53, 
54]. Indeed, in axonal growth cones, vesicular Rab10 
was largely colocalized with TrkB, IGFR, L1/NgCAM, 
TC10, VAMP4 or VAMP7, and to a much lesser extent 

with VAMP2 or endosome marker EEA1 or endoplasmic 
reticulum (ER) markers GRP78/BiP and Calnexin (Sup-
plementary information, Figure S9A-S9K). The relation-
ship between MARCKS and these proteins in regulating 
behavior of Rab10 vesicles needs further investigation. 
The vesicular pools of cell adhesion molecule (L1/Ng-
CAM) colocalized with Rab10 (Supplementary informa-
tion, Figure S9C) may bridge membrane insertion and 
cell adhesion. 

Given the role of MARCKS-Rab10 system in the 
docking and fusion of PPVs, we examined the mem-
brane localization of IGFR and TrkB in cultured cortical 
neurons. We found that, whereas a fraction of IGFR or 
TrkB was localized on the membrane surface in con-
trol cells transfected with vehicle plasmid or scrambled 
siRNA (Figure 7A-7F), in D3-transfected or MARCKS-
depleted cells, the membrane localization of both recep-
tors was largely prevented (Figure 7A-7F). Thus, mem-
brane targeting of Rab10-positive PPVs is required for 
the proper localization of neuronal surface proteins that 
are important for axon growth. In a most recent report, 
Rab10 has been shown to regulate ER dynamics [55]. 
We also found partial colocalization between Rab10 and 
ER marker Calnexin in axons with a much lesser extent 
(Supplementary information, Figure S9I). Thus, Rab10 
has multifaceted roles in regulating behaviors of various 
cell organelles.

Discussion

Recently, we have shown that Rab10 is associated 
with PPVs [24], Myosin V controls biogenesis of post-
Golgi Rab10 carriers [27], and JIP1 mediates antero-
grade transport of Rab10-PPVs during axon development 
[56]. How do Rab10 vesicles dock and fuse with the 
membrane at the destination sites? Here, we demonstrate 
a novel function of MARCKS in mediating membrane 
targeting of Rab10-positive PPVs and this process is re-
quired for axon development. 

We found that Rab10 in its GTP-locked form binds 
to nonphosphorable form of MARCKS (Figure 1), 
which is an active form of MARCKS and localized on 
the PM to promote neurite initiation [16], spine elonga-
tion [15], growth cone adhesion and path finding [18], 
or dendritic branching [17]. This binding is direct and 
mediated by the MARCKS effector domain (Figure 1I-
1O), which contains four serine phosphorylation sites [2]. 
Interestingly, both MARCKS and Rab10 were enriched 
in axonal tracts of the developing brain (Supplementary 
information, Figure S1). Given that Rab10 is required 
for axon development [24], we have investigated the 
role of MARCKS in axon development and found that 
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Figure 6 Coordination of actin dynamics and MARCKS in axon development and Rab10 vesicle fusion. (A) Neurons trans-
fected with vehicle plasmid, siMARCKS or MARCKS-D3, together with GFP, were treated with DMSO or 1 µM cytochalasin D 
at DIV2 for 24 h. At DIV3, cultures were stained with Smi312 and Alexa 647-labeled phalloidin. Scale bar, 20 µm. Red arrows 
indicate phalloidin signals at neurite tips. (B) Quantification of normalized phalloidin intensity at the growth cone. Data are 
presented as mean ± SEM of 20 neurons in each group. ***P < 0.001, Student’s t-test. (C) Quantification of total axon length. 
Data are shown as mean ± SEM. At least 180 neurons from two independent experiments were analyzed. *P < 0.05, ***P < 
0.001, ANOVA with Student’s t-test. (D) Quantification of average numbers of fusion events with complete cycles of docking 
and fusion during 5 min observation time in fibroblasts transfected with the indicated plasmids, without or with treatment with 
cytochalasin D (1 µM, 1 h). Data are presented as mean ± SEM of 9 cells in each group. *P < 0.05, ***P < 0.001, Student’s t-
test. 
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Figure 7 Role of MARCKS in surface expression of IGFR or TrkB. (A, D) Isolated cortical neurons were co-transfected with 
GFP-IGFR (A) or Flag-TrkB (D), together with siMARCKS or D3 or vehicle plasmid. At DIV3, cells were live stained with 
antibody against FLAG or GFP to reveal surface levels of TrkB or IGFR, respectively. After surface labeling, cells were pen-
etrated and stained for total IGFR or TrkB. Scale bar, 20 µm. (B, C, E, F) Quantification of the surface levels of IGFR (B, C) 
or TrkB (E, F) in the indicated groups. Data are presented as mean ± SEM with value from control group normalized as 1.0. 
***P < 0.01 (n = 10 for each group), Student’s t-test. 

MARCKS is indeed necessary for Rab10’s function in 
promoting axon growth (Figure 2E and 2F). Actually, 
MARCKS itself is important for axon development in 
isolated cortical neurons or neocortical neurons in vivo 
(Figure 2). We have also investigated the mechanism of 
MARCKS’s action and concluded that MARCKS is a 

component of docking and fusion machinery for Rab10-
positive PPVs. The following lines of evidence support 
this conclusion: first, downregulation of MARCKS at-
tenuated membrane insertion of PPVs labeled by BIOD-
PY-ceramide in cultured cortical neurons (Figure 5A-
5C); second, downregulating MARCKS or abrogating 
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its interaction with Rab10 caused a decrease in fusion 
frequency (Figure 4B and 4C) and interfered with vesicle 
fusion (Figure 4H, 4I and Supplementary information, 
Figure S4); third, EM analysis showed a close apposition 
between Rab10-positive vesicles and MARCKS-labeled 
PM sites (Figure 4F and 4G); and finally, disrupting the 
interaction between MARCKS and Rab10 caused ac-
cumulation of PPVs at the cell periphery (Figure 4J and 
4K) or axonal growth cones (Supplementary informa-
tion, Movie S8 and Figure S8G) without fusion. Thus, 
we propose that MARCKS residing on the PM acts as 
a component of docking/fusion machinery for Rab10-
positive vesicles (Figure 8). Our data do not preclude the 
involvement of SNARE or exocyst complexes in regulat-
ing docking or fusion of Rab10 vesicles. The relation-
ship between MARCKS and these proteins needs further 
investigation. Given that MARCKS association with the 
PM is transient and is regulated by phosphorylation, we 
predict that MARCKS may recruit Rab10 vesicles to the 
fusion “hotspots”, which contain SNARE or other fusion 
machinery proteins. The presence of MARCKS in this 
complex determine selective docking/fusion of Rab10 
vesicles. 

It seems that MARCKS functions in several neural de-
velopmental stages. For example, MARCKS deficiency 
leads to ectopic placement and proliferation of radial 
progenitors, and consequently defective neuronal lami-
nation [19]. To circumvent this complexity, we did elec-
troporation at E16.5, when layer II/III neurons are born, 

and observed corpus callosum axon projections on P2. 
We found that downregulation of MARCKS or expres-
sion of D3 markedly affected callosal axon projections, 
without apparent effect on cell positioning at this obser-
vation period (Figures 2G and 3E). The conclusion that 
MARCKS is essential for axon development has also 
been confirmed in isolated cultured cortical neurons. We 
have shown recently that Myosin V controls fission of 
Rab10 carriers from the TGN [27]. This study has identi-
fied MARCKS as a component of machinery responsible 
for the docking/fusion of Rab10 vesicles. It is interesting 
to understand how Rab10 switches binding partners in 
these consecutive stages.

Besides Rab10, other Rabs, such as Rab8 and Rab21, 
have been implicated in membrane insertion as well as 
axon development [23, 34]. Different Rabs may cooper-
ate in controlling exocytotic process at various steps. For 
example, Rab8 has been proposed to mediate docking 
and fusion of Rab6-positive vesicles through interaction 
with a protein complex associated with the PM [57]. 
The relationship between these Rabs and the MARCKS-
Rab10 system demonstrated here will be a topic of great 
interest.

Materials and Methods

Reagents and antibodies
Neurobasal and B27 were from Invitrogen. OA and DES were 

from Calbiochem. Cytochalasin D was from Sigma Aldrich. Stau-
rosporine was from Cell Signaling. Hochest 33342 and DAPI were 

Figure 8 Proposed model for membrane targeting of Rab10 vesicles. Membrane-associated MARCKS interacts with GTP-
bound form of Rab10, in a manner dependent on phosphorylation status of MARCKS effector domain, and mediates mem-
brane targeting of Rab10-positive PPVs. This process may be coordinated with cytoskeleton dynamics. 
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from Beyotime. Beads used for affinity purification were from GE 
(Glutathione-sepharose), Roche (protein A or protein G agarose), 
or Qiagen (Ni-NTA). Antibodies used for immunostaining or im-
munoblotting were from Protein Tech Group (Rab10, GST), Santa 
Cruz (Myc, GFP, TC10, JIP1, MARCKS, p-MARCKS (Ser170), 
p-MARCKS (Ser152/156)), Sigma (HA, Actin), Abcam (His, 
EEA1, L1, VAMP2, VAMP4, VAMP7), Enzo (Calnexin, PIP2), 
Invitrogen (GFP), Aves Labs (GFP), Abmart (Rab10, GFP), Co-
vance (Smi312, Tuj1), KangChen (GAPDH), BD (Rab8), Upstate 
(Rab11), Millipore (TrkB), or Cell signaling (IGFR-β). Alexa 
488-, Alexa 555-, or Alexa 647-conjugated secondary antibod-
ies and Alexa 647-phalloidin were from Invitrogen or Jackson 
ImmunoResearch. HRP-conjugated secondary antibodies were 
from Millipore. BODIPY® FL C5-ceramide was from Invitrogen. 
Plasma membrane protein extraction kit was from Biovision.

Constructs
The WT MARCKS and mutants (G2A, S4N, S4D, DBL) were 

introduced in previous studies [32, 33]. Different domains of 
MARCKS (D1, aa 1-36; D2, aa 10-150; and D3, aa 138-184) were 
subcloned into pEYFP-N1 with EYFP epitopes at the C-terminus. 
D3 was also inserted into pCS2 + MT in frame with 6× Myc 
epitopes at the C-terminus, or into pGEX-2T to produce GST-
fusion proteins. TD-Rab10 was generated by inserting tdTomato 
sequence into pKH3-Rab10 at the HindIII site. TD-Rab11 was 
constructed by replacing Rab10 sequence with Rab11 sequence 
between the BamHI and EcoRI sites of TD-Rab10 plasmid. Other 
Rab10 constructs were introduced in our previous study [24].

siRNAs
The siRNA sequence was designed against nucleotides 2 036-2 

054 of rat MARCKS with the following sequences: 5′-CTGTAC-
CAGTCAGTAATTA-3′ (sense) and 5′-TAATTACTGACTGG-
TACAG-3′ (antisense). The sequences of scrambled siRNA were: 
5′-GCGCGCTATGTAGGATTCG-3′ (sense) and 5′-CGAATCCTA-
CATAGCGCGC-3′ (antisense). All double-stranded oligonucle-
otides were synthesized by GenePharma (Shanghai, China) and 
subcloned into pSUPER vector.

Biochemical characterization, BODIPY-ceramide labeling 
and fluorescence observation

For co-immunoprecipitation assay of endogenous proteins, P0 
rat brains were homogenized in lysis buffer containing 50 mM 
Tris-HCl, pH 7.4, 150 mM NaCl, 1% Nonidet P-40, and protease 
inhibitors. Lysates were clarified by centrifugation (15 000× g 
for 30 min at 4 °C). The soluble supernatants were incubated 
with protein G agarose beads conjugated with Rab10/MARCKS 
antibodies or normal control IgG overnight at 4 °C. Beads were 
washed three times in lysis buffer and bound proteins were eluted 
by boiling in 2× SDS loading buffer, followed by immunoblotting 
with the indicated antibodies. The guanine nucleotide selective 
binding assay was performed according to a previous report [58]. 
Briefly, GST-Rab10 (5 µg) immobilized on glutathione-sepharose 
beads or purified His6-Rab10 (2 µg) was incubated with 30 µM 
GTPγS or GDP at 30 °C for 1 h in a reaction buffer (25 mM Tris-
HCl, pH 7.5, 10 mM EDTA, 1 mM DTT, and 5 mM MgCl2) before 
incubation with His6-D3 (2 µg) or GST-MARCKS (5 µg) at 30 °C 
for 1 h. BODIPY-ceramide labeling, fluorescence observation and 
signal quantification were performed as described in our previous 

study [24].

Affinity purification and mass spectrometry
Brain homogenates from P0 SD rats in the lysis buffer (50 mM 

Tris, pH 7.5, 150 mM NaCl, 1% Nonidet P-40) were centrifuged 
twice at 16 000× g for 30 min at 4 °C to clear tissue debris. Su-
pernatants (1 mg protein/ml) were first incubated with empty glu-
tathione agarose beads to reduce nonspecific binding (2 h, 4 °C), 
followed by incubation with beads immobilized with GST-Rab10 
(50 µg) in the presence of 30 µM GTPγS and 5 mM Mg2+ for 2 h 
at 30 °C. Bound proteins were eluted by reduced glutathione (20 
mM in 50 mM Tris, pH 8.0) for 30 min at room temperature (RT), 
concentrated and incubated with trypsin (20 ng/ml) at 37 °C for 
16 h. Peptides from affinity-purified proteins were separated using 
reverse phase high performance liquid chromatography (RP-HPLC) 
on a self-packed column and analyzed with an LTQ-Orbitrap in-
strument (Thermo Fisher Scientific), which was operated in data-
dependent mode with a resolution of R = 60 000 at m/z 400. The 
obtained MS/MS spectra were searched using Maxquant software 
against the Rat International Protein Index (IPI) database (version 
3.68). 

Cell culture, transfection, and imaging
Rat fibroblasts were isolated from E18.5 fetal rat skin and cul-

tured in DMEM supplemented with 10% fetal bovine serum (FBS) 
in a 37 °C incubator with 5% CO2. Rat cortical neurons were pre-
pared as described previously [59]. Dissociated cells were trans-
fected by electroporation using the Amaxa Nucleofector device. 
Neurons were plated onto coverslips coated with poly-D-lysine. 
After culturing for 24 h, media was changed to neuronal culture 
media (Neurobasal media containing 1% glutamate and 2% B27). 
HEK293 cells were cultured and transfected as described [24].

For the analysis of subcellular localization, cells were fixed 
and stained with the indicated antibodies, and fluorescence im-
ages were taken using a 60× Plan Apo objective (NA 1.4 oil) on 
the NIKON A1R inverted confocal microscope. For axon length 
analysis, neurons were fixed and stained 72 h after plating with 
Smi312 and Tuj1 antibodies. The fixed and stained cultures were 
examined by the Neurolucida system (Nikon). 

For live imaging of membrane fusion of Rab10 vesicles, cells 
kept in a stage top incubator (model INUG2E-ZILCS, Tokai Hit) 
at 37 °C were observed with an inverted motorized microscope 
(Nikon TE2000-U) through a 100× 1.49 oil Apo TIRF objective 
lens. Images were captured using a CCD camera and analyzed 
with Image J software. Time-lapse images were acquired at high 
rates (3 frames/sec) to monitor vesicle docking and fusion in fibro-
blast and at slow rates (1 frame/sec) in neurons.

To monitor the transport of TD-Rab10 vesicles, cortical neu-
rons were transfected with TD-Rab10 together with siScramble or 
siMARCKS before plating. At DIV3, cells were kept in an incu-
bator at 37 °C with 5% CO2 during imaging process. Time-lapse 
images were acquired at intervals of 2 s for 15 min using NIKON 
A1R inverted confocal microscope with Apo TIRF 60× object 
lens. Kymographs were generated with Image J software.

FRET assay
Interaction between Rab10 and MARCKS in situ was deter-

mined by FRET analysis using acceptor photobleaching protocol. 
Fluorescence signals were collected with a TCS SP5 LSM confo-
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cal microscope (Leica) using laser excitation at 488 nm (eGFP) 
and 554 nm (tdTomato), emission windows of 505-530 nm, and 
a 560-615-nm-long pass filter. Preceding the emission filters in 
the light path was a NFT 545-nm dichroic mirror that split the 
eGFP and tdTomato signals to distinct photomultiplier tubes. All 
fluorescence data were collected with a 63× 1.3 numerical aper-
ture objective (Leica). Photobleaching in selective regions (either 
a whole cell or region of interest (ROI) of a cell) was irradiated 
with the 554-nm laser line (100% intensity, 60 iterations, using a 
488-nm/543-nm dual dichroic mirror) for 30-50 times to bleach 
tdTomato to obtain < 40% bleaching rate. Images were acquired 
before and after photobleaching. FRET efficiency (E) between 
eGFP (donor) and tdTomato (acceptor) was auto-quantified by 
Lecia AF FRET system using the following Equation (E = (Dpost 
− Dpre)/Dpost) in which Dpre and Dpost are eGFP emission with 
488 nm excitation in the photobleached region before and after 
photobleaching with 554 nm excitation, respectively.

Surface labeling of membrane proteins
Isolated cortical neurons were co-transfected with Flag-TrkB or 

GFP-IGFR, together with siMARCKS or D3 or vehicle plasmid. 
At DIV3, cells grown on coverslips were incubated at 37 °C with 
mouse anti-Flag or chicken anti-GFP antibody (1:100 in DMEM 
containing 1% BSA and 5% FBS) for 60 min. After 4× washes 
with DMEM, cells were fixed with 4% paraformaldehyde (PFA) at 
RT for 30 min, washed with PBS for 3 times, permeabilized with 
0.1% Triton X-100 for 10 min, blocked with 1% BSA in PBS, 
and incubated with primary antibody (rabbit anti-TrkB antibody 
or rabbit anti-IGFR antibody) at 4 °C overnight. After 3× washes 
with PBS, samples were incubated with secondary antibodies (Al-
exa 647-conjugated donkey anti-rabbit IgG, Alexa 555-conjugated 
donkey anti-chicken IgY or Alexa 555-conjugated donkey anti-
mouse IgG) for 2 h. Microscopic images were taken using a 60× 
Plan Apo objective (NA 1.4 oil) on the NIKON A1R inverted con-
focal microscope.

Electron microscopy and immunoelectron microscopy 
Cells or brain sections from corpus callosum regions of P0 rats 

were fixed for 1 h with 2.5% glutaraldehyde in 0.1 M PBS, pH 7.4, 
followed by post-fixation with 1% osmium tetroxide for 30 min, 3× 
washes with 0.1 M PBS, dehydration in ascending ethanol series, 
and finally embedded in araldite over 2 days. Thin sections were 
stained with methanolic uranyl acetate and lead citrate for mor-
phological examination. Sections were then observed with a Joel 
JEM-1230 TEM.

Cells or brain samples from corpus callosum regions of P0 rats 
were fixed by 4% PFA, 0.1% picric acid and 0.05% glutaraldehyde 
in 0.1 M PBS for 2 h at 4 °C, then cut into 200-µm slices and in-
cubated with 1% osmic oxide for 30 min, dehydrated and embed-
ded in Epon 812. Polymerization was carried out at 37 °C for 12 
h, 45 °C for 12 h and 60 °C for 24 h. Ultra-thin sections were cut 
and collected on nickel grids (200 mesh), followed by staining 
with primary antibodies against MARCKS (1:100; Santa Cruz) 
and Rab10 (1:50; Protein Tech Group) at 4 °C for 48 h, extensive 
washes with PBS (10× 10 min), and then incubation with second-
ary antibodies conjugated with 18-nm and 12-nm gold particles 
(1:100, Jackson ImmunoResearch) at RT for 2 h. After extensive 
washes with PBS (10× 10 min), sections were incubated with 
methanolic uranyl acetate and lead citrate, and then observed with 
a Joel JEM-1230 TEM.

In utero electroporation
As described previously [60], embryonic rat brains were sub-

jected to electroporation, following the injection of mixtures of 
plasmid DNA in Fast Green (Amresco). Briefly, DNA mixtures 
containing 9 µg of a plasmid encoding siRNA against MARCKS 
or a scrambled sequence, and 3 µg pCAG-EYFP plasmid, were 
injected into the lateral ventricle of the rat brains at E16.5, which 
were then subjected to electroporation consisting of five square 
wave pulses (55 V, 100 ms) with an interval of 1 s (ECM830; 
BTX). Seven days post electroporation, coronal cryostat sections 
of P2 rat cortex were immediately processed for immunostaining 
with a free-floating protocol. Briefly, brain slices, after treatment 
with 0.3% Triton X-100 and 5% goat serum in PBS for 1 h, were 
incubated with primary antibodies for 24 h at 4 °C, followed by 
3× washes with PBS, and incubation with Alexa fluorescence-
conjugated secondary antibodies. All the animal experiments were 
performed in accordance with institutional guidelines and regula-
tions.
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