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Abstract
The actin-binding protein vinculin is a major constituent of focal adhesion, but its role in neuronal development is poorly 
understood. We found that vinculin deletion in mouse neocortical neurons attenuated axon growth both in vitro and in vivo. 
Using functional mutants, we found that expression of a constitutively active vinculin significantly enhanced axon growth 
while the head-neck domain had an inhibitory effect. Interestingly, we found that vinculin-talin interaction was dispensable 
for axon growth and neuronal migration. Strikingly, expression of the tail domain delayed migration, increased branching, and 
stunted axon. Inhibition of the Arp2/3 complex or abolishing the tail domain interaction with actin completely reversed the 
branching phenotype caused by tail domain expression without affecting axon length. Super-resolution microscopy showed 
increased mobility of actin in tail domain expressing neurons. Our results provide novel insights into the role of vinculin 
and its functional domains in regulating neuronal migration and axon growth.
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Introduction

Neuronal migration, axon growth, and extension are intri-
cately regulated processes that must be strictly coordinated 
for the normal structural and functional development of the 
mammalian brain. These require coordination of the cellular 
cytoskeleton at the leading processes during neuronal migra-
tion and at the growth cone during axon growth [1, 2]. The 
growth cone at the axon tip is a highly dynamic structure 
that constantly interacts with the environment. The growth 
cone movements are aided by the formation of actin-rich 
membranous structures called lamellipodia and filopodia [3]. 
These structures are driven by continuous polymerisation 
and depolymerisation of the actin cytoskeleton. The actin 
cytoskeletal dynamics are regulated by several actin-binding 
proteins [4], which mediate polymerisation, depolymerisa-
tion, and branching of actin filaments.

A critical first step in the growth and extension of neur-
ites is filopodia formation. Filopodia are F-actin-rich struc-
tures that are essential for neurite formation and growth [5]. 

Studies have shown that neurons that lack critical actin-
binding proteins showed attenuated neuritogenesis and axon 
growth [6]. Extension of the cell membrane and growth of 
axon requires the constant engagement of the actin cytoskel-
eton with the extracellular matrix (ECM) through integrin 
receptors on the cell surface [7]. This engagement and the 
force required to push the membrane forward is generated 
by vinculin and talin [8, 9]. Talin binds the integrin recep-
tors and activates them, and promotes their interaction with 
ECM [10, 11]. Vinculin is then recruited to focal adhesion 
sites and serves as a link between Talin/integrin receptors 
and the actin cytoskeleton [9, 12].

Vinculin is a 117 kDa protein made up of three major 
domains – an N-terminal head (Vh), polyproline linker, and 
a C-terminal tail domain (Vt) [13]. Vinculin exists in an 
auto-inhibited state in which all the ligand-binding sites are 
masked by intramolecular interactions between the head and 
tail domains [14–17]. Vinculin activation results in confor-
mational changes that disassociate head–tail interaction 
exposing the binding sites [16, 17]. Vinculin is found in 
neuronal growth cones and binds to talin and F-actin through 
its head and tail domains, respectively, and to several other 
actin-binding proteins [13, 18–20]. Vinculin has been shown 
to play a role in cell adhesion and motility in fibroblasts and 
PC12 cells. Vinculin null mice exhibit embryonic lethality 
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at E10 with severe defects in the heart and neural tube devel-
opment [21]. Vinculin-deficient fibroblasts showed poor 
adhesion to the substrate, less spreading, enhanced cell 
migration, and abnormal cytoskeletal dynamics [22–25]. 
Knockdown of vinculin or inhibition of its activity was 
shown to affect filopodia and lamellipodia dynamics and 
rate of neurite outgrowth in cultured PC12 cells and dorsal 
root ganglion (DRG) neurons [26, 27]. Our own findings 
suggested that vinculin may play an important role in axon 
growth in hippocampal neurons in vitro [28]. Despite these 
studies, the requirement for vinculin and the role of different 
functional domains of vinculin for neuronal migration and 
axon growth in vivo is poorly understood.

In this study, we show that vinculin deletion in corti-
cal neurons affects neuronal migration and attenuates axon 
growth both in vitro and in vivo. Furthermore, we found 
that different domains of vinculin affect axon growth to 
different extents. Expression of a constitutively active vin-
culin significantly enhanced axon growth while the tail 
domain alone attenuated axon growth. Vinculin tail domain 

expression caused an abnormal and enlarged cell soma and 
highly branched neurites. Interestingly, abolishing vinculin-
talin interaction did not affect neuronal migration and axon 
growth. The vinculin tail-induced branching phenotype 
was dependent on F-actin and Arp2/3 complex interactions. 
Thus, our findings provide novel insights into the role of 
vinculin in neuronal migration and axon growth.

Results

Vinculin is necessary for axon growth and proper 
neuronal migration

To understand the requirement of vinculin for axon growth, 
we first ablated vinculin in neocortical neurons using 
CRISPR/Cas9-mediated gene deletion (Fig. 1a-c). Neocor-
tical neurons from postnatal day 1 (P1) mice were trans-
fected with either empty Cas9n-T2A-GFP (Cas9-nickase) 
expressing plasmid or Cas9n-T2A-GFP plasmid along 
with a pair of guide RNAs (gRNAs) targeting exon 1 of 
Vcl gene and grown on poly-lysine- and laminin-coated 
coverglass. Neurons were fixed at 4 days post-electropora-
tion and immunostained for β-III tubulin (Tuj-1) to label 
all neurites and GFP to identify transfected neurons. The 
control plasmid expressing neurons exhibited normal axon 
growth. In contrast, neurons expressing gRNAs targeting 
Vcl showed highly attenuated axon growth (Fig. 1d, e). This 
was consistent with our earlier finding in which shRNA-
mediated knockdown of vinculin was found to attenuate 
axon growth in cultured hippocampal neurons [28]. Next, 
we asked whether vinculin deletion also affects axon growth 
in vivo. For this, we introduced vinculin gRNAs into neural 
progenitor cells by in utero electroporation (IUE) in embry-
onic day 14.5 (E14.5) embryos and analysed axon growth 
at E17.5. The vinculin gRNA expressing neurons exhibited 
much shorter axons compared to empty Cas9n-GFP plasmid 
(control) transfected embryos (Fig. 1f, g), suggesting that 
vinculin is necessary for axon growth. Vinculin null fibro-
blasts have been shown to exhibit increased cell mobility in 
cultures [22, 25]. We, therefore, analysed neuronal migra-
tion following vinculin deletion in the embryonic forebrain. 
During corticogenesis, neurons generated in the ventricular/
subventricular zone migrate radially towards the pial surface 
and form distinct layers in an inside-out manner termed neo-
cortical lamination [29]. We transfected control plasmid or 
Vcl sgRNAs into E14.5 embryonic forebrain by IUE and 
assessed cell migration three days later at E17.5. In con-
trol plasmid electroporated embryos, we found  GFP+ cells 
present in the cortical plate (CP), intermediate zone (IZ) 
and ventricular zone (VZ) (Fig. 1h, i). In contrast, most of 
the vinculin gRNA expressing neurons had migrated to the 
cortical plate, indicating a faster migration rate (Fig. 1h, i). 

Fig. 1  Vinculin deletion attenuated axon growth and enhanced neu-
ronal migration. a Neonatal cortical neurons were transfected with 
a pair of single-guide RNAs (gRNA) targeting Vinculin along with 
Cas9 nickase and grown for 4 DIV. Western blot showing a reduction 
in vinculin expression in Vcl-gRNA transfected cells (Vcl-KO). Actin 
was used as the loading control. b Quantification of immunoblot sig-
nals from (a) (n = 3). c T7E1 nuclease assay was done to detect indel 
mutations in the vinculin gene locus in the genomic DNA targeted 
by the sgRNAs. DNA gel showing the bands generated by digestion 
of mismatched DNA by T7E1 enzyme in Vcl-KO, while there was 
no digestion of control DNA (lane 1, 100  bp DNA marker; lane 2, 
Vcl-KO; lane 3, control). d Primary neocortical neurons were elec-
troporated with either empty Cas9n-T2A-GFP plasmid or Vcl-gRNA-
Cas9n-T2A-GFP construct. Cells were fixed at 4 DIV and immu-
nostained for GFP for transfected neurons and β-III-tubulin (Tuj-1) to 
visualise neurites. Neurons expressing Vcl-gRNAs exhibited shorter 
neurites compared to control neurons. Non-transfected (arrow) and 
Vcl-gRNA expressing cells (arrowhead) are indicated. e Quantifica-
tion of axon length from (d) (n = 100 cells). f Neuronal progenitors 
were electroporated with either empty GFP (control) vector or Vcl-
gRNA construct at E14.5 and analysed at E17.5. Deletion of vinculin 
attenuated axon growth in vivo. Black arrows indicate the axon ter-
minals along the corpus callosum, while the red arrows indicate the 
position from where the axon length was quantified. The smaller pan-
els show the magnified view of the axons, and the arrows point at the 
axon terminals. g Quantification of axon length from control and Vcl-
KO brain sections. (3 sections/mouse, n = 3 mice). h Embryos were 
electroporated at E14.5 with Vcl-gRNAs and analysed at E17.5. Vin-
culin deletion enhances neuronal migration during corticogenesis. i 
Quantification of the percentage of  GFP+ neurons in the cortical plate 
(CP), intermediate zone (IZ) and ventricular zone (VZ) shown in (h) 
(200 cells per mouse, n = 3 mice). j Analysis at E17.5 also showed 
that deletion of Vinculin attenuates the length of leading processes 
as well. Arrows indicate the leading processes of migrating neurons. 
k Quantification of the length of leading processes from cortical 
plate neurons from (j) (n = 3 mice. n = 100 cells). Scale, 100 µm (d), 
1 mm (f), 150 µm (inset in f), 400 µm (h), 100 µm (j). ***P < 0.001, 
****P < 0.0001. ns, non-significant. Two-tailed Student’s t test in (e), 
(g), (k). One-way ANOVA and Tukey’s post-hoc test in (i)
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Furthermore, we found that the vinculin gRNA expressing 
cortical plate neurons exhibited a shorter leading process 
compared to the control  GFP+ neurons (Fig. 1j, k). Together, 
these findings suggest that vinculin deletion attenuates neu-
rite growth and enhances cell migration in vivo.

Vinculin functional domains affect axon growth 
and cell migration differently

Vinculin has three major domains – head, neck and tail 
domains, through which it interacts with other actin-binding 
proteins, kinases and F-actin. But the requirements for these 
domains for axon growth and neuronal migration is poorly 
understood. To study this, we expressed several N-terminal 
GFP-tagged vinculin mutants in cultured neocortical neu-
rons and assessed for axon growth at 4 days in vitro (DIV) 
[30–32] (Suppl. Figure 1). These mutants included vincu-
lin full-length (Vcl-FL), vinculin N-terminal domain lack-
ing the tail domain (Vcl-258, amino acids 1–258; Vcl-851, 
amino acids 1–851), vinculin tail domain (amino acids 
881–1066) that binds actin (Vcl-T), a constitutively active 
form of vinculin (Vcl-T12) that has point mutations abolish-
ing the head–tail interactions and a vinculin mutant that can-
not bind PIP2 (Vcl-LD) [31, 33]. Expression of each of these 
mutants affected axon growth to varying extents (Fig. 2a, b). 

Vcl-FL expression did not increase axon growth any further 
compared to control plasmid transfected cells. However, Vcl-
T12 expression significantly increased axon growth while 
the other mutants attenuated axon growth (Fig. 2b). We next 
asked whether Vcl-T12 also increases axon growth in vivo. 
For this, we electroporated embryos at E14.5 and analysed 
axon growth at P5. For comparison, we chose Vcl-T, which 
caused a severe attenuation of axon growth in cultured neu-
rons. Similar to that seen in cultured cells, Vcl-T12 was able 
to increase axon growth in vivo compared to control  GFP+ 
neurons. In contrast, Vcl-T neurons exhibited highly stunted 
axon growth (Fig. 2c, d). Together these findings suggest 
that the full-length vinculin is required for normal axon 
growth while constitutively active vinculin, which exists in 
an open conformation, can augment axon growth. On the 
other hand, Vcl-T expression appeared to have a dominant-
negative effect on axon growth.

We next asked about the requirement for these domains 
for neuronal migration. We transfected the above vinculin 
mutants in E14.5 embryos by IUE and assessed cell migra-
tion at E17.5. We did not see any defects in cell migration 
when Vcl-258 and Vcl-851 were expressed as compared to 
control GFP transfected cells (Fig. 2e, f). However, when 
the constitutively active Vcl-T12 mutant was expressed, 
more  GFP+ cells were seen in the intermediate zone (IZ) 
and less number in the ventricular zone (VZ). But there was 
no change in the number of cells in the cortical plate. In 
contrast, Vcl-T expressing cells showed delayed migration 
to the cortical plate with an increase in the number of cells 
in the ventricular zone (Fig. 2e, f). Together these findings 
indicated that lack of the vinculin tail domain (Vcl-258 and 
Vcl-851) does not affect neuronal migration, while vinculin 
tail domain expression severely delays cell migration from 
the ventricular zone/intermediate zone. Vcl-T12 appears to 
enhance migration from the intermediate zone compared to 
Vcl-T mutant, but not to the extent seen with vinculin dele-
tion (Fig. 2e, f). Given this interesting phenotype observed 
with Vcl-T12 and Vcl-T mutants, we next asked how these 
mutants affected migration at a later time point. For this, we 
electroporated embryos at E14.5 and analysed cell migra-
tion at P5. The Vcl-T12 expressing neurons that were seen 
enriched in IZ at E17.5 have reached the upper layers of the 
cortex, and there was no significant difference compared to 
control GFP expressing cells. In striking contrast, a greater 
number of Vcl-T expressing neurons were still seen in the 
lower layers (VZ/IZ and layers 5/6) (Fig. 3a, b). We further 
confirmed the defect in neuronal migration using immu-
nostaining for Cux1, which is specifically expressed in layers 
2–4 in the neocortex [34]. We observed more  Cux1+ cells 
in the lower layers in Vcl-T transfected embryos than those 
expressing control GFP (Fig. 3c, d). Interestingly, while ana-
lysing cell migration, we noticed that Vcl-T expressing neu-
rons exhibited abnormal cell soma morphology. We analysed 

Fig. 2  Different requirements for the functional domains of vinculin 
for axon growth and cell migration in  vivo and in  vitro. a Primary 
neocortical neurons from P0.5 mouse pups were electroporated with 
different N-terminal GFP-tagged domain constructs of Vinculin, 
grown for 4 DIV and immunostained for GFP. Absence of either head 
and neck (Vcl-T), neck and tail (Vcl-258) or tail alone (Vcl-851) and 
PIP2-binding defective mutant (Vcl-LD) attenuated axonal growth, 
while the constitutively active vinculin (Vcl-T12) enhanced axon 
growth and the full-length (Vcl-FL) did not have any effect. b Quanti-
fication of axon length in neurons expressing different mutants of vin-
culin shown in (a) (n = 250–300 cells). c Neocortical progenitors in 
E14.5 embryos were transfected with the domain deleted constructs 
of vinculin by in utero electroporation (IUE). The pups were sacri-
ficed at P5, and axons were visualised using anti-GFP immunostain-
ing (green). The Vcl-T transfected neurons exhibited highly stunted 
axons compared to the control GFP neurons. In contrast, Vcl-T12 
expression increased axon growth significantly. Black arrows indicate 
the axon terminals along the corpus callosum and the red arrows indi-
cate the position from where the axon length was quantified. Dashed 
lines represent the longitudinal fissure separating the two cerebral 
hemispheres. d Quantification of axon length from (c) (3 sections/
mouse, n = 3 mice). e Embryos were electroporated at E14.5 and har-
vested at E17.5. Brain sections were immunostained for GFP to visu-
alise cell migration. f Quantification of the percentage of GFP + neu-
rons in the cortical plate (CP), intermediate zone (IZ) and ventricular 
zone (VZ) from (e). More Vcl-T expressing neurons were seen in the 
intermediate and ventricular zones compared to control, indicating 
delayed migration, whereas Vcl-T12 + neurons showed faster migra-
tion compared to control. (*P = 0.0254, Ctrl-Vcl-T12, *P = 0.0258, 
Ctrl-Vcl-T; n = 3 mice, n = 200 cells/mouse). Scale, 100 μm (a), 2 mm 
(c), 400  μm (e). **P < 0.01, ***P < 0.001, ****P < 0.0001. ns non-
significant. One-way ANOVA and Tukey’s post-hoc test in (b) and 
(f). Two-tailed Student’s t test in (d)
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the area of neuronal soma and found that Vcl-T expressing 
cells had a much larger cell soma compared to control neu-
rons (Fig. 3e, f).

Talin binding is dispensable for vinculin‑dependent 
axon growth

Previous studies have shown that the interaction of vinculin 
with talin, a focal adhesion protein that binds to the integrin 
receptors, is important for mechanotransduction [35]. The 
amino acid alanine at position 50 in the vinculin N-terminal 
domain is critical for binding talin, and the alanine to iso-
leucine substitution  (VclA50I) abolishes this interaction [16, 
32]. We generated GFP-tagged full-length mutant (GFP-Vcl-
FLA50I), GFP-Vcl-851A50I and GFP-Vcl-258A50I mutants and 
expressed them in cultured neocortical neurons. We did not 
observe any discernible difference in the levels of expres-
sion of these mutants (data not shown). Interestingly, we 
found that the GFP-Vcl-FLA50I did not affect axon growth 
when compared to Vcl-FL and empty vector (Fig. 4a, b). 
Similarly, the GFP-Vcl-851A50I and Vcl-258A50I mutants did 
not exacerbate the attenuated axon growth phenotype caused 
by Vcl-851 and Vcl-258 mutants, respectively (Fig. 4b). We 
next asked whether talin binding is necessary for cell migra-
tion. For this, we compared cell migration at E17.5 follow-
ing expression of Vcl-FLA50I and control GFP. We did not 
observe any difference in cell migration when Vcl-FLA50I 
was expressed (Fig. 4c, d). Together our observations sug-
gested that either talin-binding to vinculin is dispensable for 
axon growth and neuronal migration or that the Vcl-A50I 
mutants do not exert a dominant-negative effect as seen with 
Vcl-T. It is also likely that other actin-binding proteins such 

as α-actinin, which has been shown to bind vinculin and 
integrins, compensates for the lack of talin binding [36, 37].

Vinculin tail domain induced excessive branching 
and enlarged cell soma

Since Vcl-T affected axon growth and migration, we sought 
to characterise further the effects of Vcl-T expression on 
neuronal morphology. First, we wanted to see whether the 
expression levels of the vinculin constructs were compara-
ble. For this, we quantified the GFP fluorescence intensity of 
Vcl-T, Vcl-FL, and control (empty) plasmid in the cell soma 
at 4 days following transfection. We found that all constructs 
expressed to comparable levels (Suppl. Figure 2a). Next, 
we looked at neurite branching and, using Sholl analysis, 
quantified the number of primary neurites arising from the 
cell soma and the number of secondary branches arising 
from the primary neurites. The control GFP transfected 
neurons exhibited a single long axon and multiple dendrites 
that exhibited fewer branching. In contrast, Vcl-T increased 
both the number of primary and secondary neurites (Suppl. 
Figure 2b, c). We had earlier observed abnormal cell soma 
morphology of Vcl-T expressing neurons in vivo (Fig. 3e, f). 
We, therefore, asked whether this phenotype is also seen in 
cultured neurons. Neocortical neurons were transfected with 
Vcl-T or control GFP and grown in culture for 4 days. Cells 
were fixed and stained for rhodamine-conjugated phalloidin 
to label F-actin. We found that Vcl-T expressing neurons 
exhibited a larger cell soma indicating that Vcl-T expression 
increased cell spreading (Fig. 4e, f). This is in contrast to 
observations made in cultured fibroblasts, wherein, Vcl-T 
expression was shown to reduce focal adhesions resulting 
in a smaller cell area [30, 38].

Neocortical neurons in culture have been shown to exhibit 
a stereotypic pattern of growth [39]. Following plating, first, 
the neurons extend several filopodial and lamellipodial pro-
trusions from the cell soma (stage 1), followed by extension 
of many neurites (stage 2). Next, one of these neurites grows 
rapidly to become the axon (stage 3), followed by dendritic 
growth (stage 4). We, therefore, asked how Vcl-T affected 
the early stages of neuronal growth. For this, primary neo-
cortical neurons were transfected with Vcl-T or control GFP 
and cultured in vitro. Cells were fixed at 24 h and 48 h and 
analysed for the number of primary and secondary neurites 
and the length of the axon. At 24 h post-plating, the Vcl-T 
transfected neurons showed a greater number of primary 
neurites that also showed more branches (secondary neur-
ites) with no significant difference in the length of the axon 
(Suppl. Figure 3a, b). At 48 h post-plating, the number of 
primary and secondary neurites remained higher in Vcl-T 
transfected neurons compared to control neurons (Suppl. 
Figure 3c, d). However, the length of the axon was shorter 
in Vcl-T expressing neurons compared to control (Suppl. 

Fig. 3  Vcl-T expression affects neocortical lamination. a Representa-
tive images from the P5 cortex showing neuronal migration follow-
ing electroporation of neocortical progenitors in E14.5 embryos with 
control GFP, GFP-Vcl-T12 or GFP-Vcl-T expression constructs. 
Vcl-T expressing neurons were still in the migratory phase even at 
P5, while Vcl-T12 expressing cells had migrated to the upper layers 
of the cortex. b Quantification of the percentage of GFP + neurons 
in different layers of cortex from (a) (n = 3 animals. n = 200 cells). c 
Embryos were electroporated at E14.5 with control GFP plasmid or 
Vcl-T and analysed at P5. Brain sections were immunostained for 
GFP and layer 2–4 specific marker, Cux1. In control sections, all 
 Cux1+ neurons had reached the upper layers as expected. In contrast, 
in the Vcl-T transfected embryos, many  Cux1+ neurons were seen 
occupying the lower layers, including around the ventricular zone/
intermediate zone (VZ/IZ). d Quantification of the number of  Cux1+ 
cells in bottom layers of cortex (layers V & VI) and in IZ/VZ from (c) 
(n = 3 animals). e Representative images of neurons transfected with 
either empty GFP (control) or Vcl-T in vivo in E14.5 embryos. The 
Vcl-T expressing neurons exhibited larger and abnormal cell soma 
compared to control neurons. f Quantification of cell soma area from 
(e) (n = 3 animals. n = 100 cells). Scale, 400 µm (a), (c), 100 µm (e). 
***P < 0.001, ****P < 0.0001. ns non-significant. One-way ANOVA 
and Tukey’s post-hoc test in (b). Two-tailed Student’s t test in (d), (f)

◂



5814 P. Mandal et al.

1 3



5815Vinculin‑mediated axon growth requires interaction with actin but not talin in mouse neocortical…

1 3

Figure 3c, d). Since a single longer neurite was not evident 
in Vcl-T expressing neurons, we wondered whether neuronal 
polarity was affected in these cells. We immunostained the 
cultures for the axon specific marker, Tau. We found that 
although shorter, the Vcl-T expressing neurons extended 
only one axon (Suppl. Figure 2a, b). Together, these findings 
suggested that although Vcl-T expression does not affect 
neuronal polarity, it attenuated axon growth and increased 
neurite branching from an early stage of neurite growth.

Vinculin is present in the leading edge of processes where 
it helps in binding to the substratum to promote migration 
[40]. The Vcl-T expressing neurons had shorter axons 
in vitro (Fig. 2a, b) and in vivo (Fig. 2c, d). Therefore, we 
asked whether growth cone morphology is affected in Vcl-T 
expressing neurons since improper growth cone can affect 
axon growth. For this, we analysed growth cone structure in 
the cultured neurons expressing Vcl-T and control GFP co-
transfected with LifeAct-mCherry. We found that the area of 
the growth cone was smaller and appeared less spread out in 
Vcl-T compared to control GFP expressing neurons (Fig. 4g, 
h and supplementary movie 1–4).

Vcl-T expression has been shown to reduce focal adhe-
sions in fibroblasts [30]. We wanted to know whether Vcl-T 
expression had a similar effect on focal adhesion (FA) in 
neurons and whether this could explain the enlarged cell 
soma and attenuated axon growth. For this, we transfected 
mouse cortical neurons with the empty (control) vector or 
Vcl-T construct and immunostained for GFP and focal adhe-
sion kinase (FAK) to label transfected cells and focal adhe-
sions, respectively. The expression and localisation of FAK 

in cell soma, axon and growth cone in control neurons were 
similar to that previously reported [41]. Interestingly, we did 
not observe any difference in the density (number of puncta 
per unit area) of FAK in cell soma (Suppl. Figure 4a, b) 
and growth cone (Suppl. Figure 4c, d) of neurons express-
ing Vcl-T when compared to control GFP transfected neu-
rons suggesting that focal adhesion is not affected by Vcl-T 
expression. Together, these observations suggest that Vcl-T 
affects neuronal soma and growth cone motility and mor-
phology, and this is not due to changes in the number of 
focal adhesions.

Vcl‑T‑mediated branching phenotype requires 
Arp2/3 activity and actin‑binding

The attenuation of axon growth and the excessive branch-
ing phenotype caused by Vcl-T suggested that the vincu-
lin tail domain affected actin dynamics and inhibited actin 
polymerisation [42]. The actin cytoskeleton binds to a large 
array of actin-binding proteins, which regulate the structural 
changes in actin, including polymerisation and nucleation. 
The actin-related protein 2/3 (Arp2/3) complex is an impor-
tant actin nucleator that binds to existing actin filaments and 
causes branching of actin filaments and neurites [43–45]. 
We asked whether the neurite branching caused by Vcl-T 
expression is dependent on the Arp2/3 complex. We trans-
fected neocortical neurons with Vcl-T or control GFP and 
cultured them in the presence of 25 nM of CK-666, a small 
molecule inhibitor of the Arp2/3 complex [46]. Inhibition of 
Arp2/3 complex completely suppressed the branching phe-
notype, and the number of primary and secondary neurites 
in Vcl-T expressing neurons were similar to that of control 
cells (Fig. 5a, b). However, inhibition of the Arp2/3 complex 
failed to reverse the attenuated axon length caused by Vcl-T 
and caused a further decrease in growth compared to Vcl-T 
expressing neurons (Fig. 5b). We next asked whether the 
localisation of proteins that regulate actin polymerisation is 
affected in the presence of Vcl-T since this could likely affect 
axon elongation. To this end, we immunostained neurons for 
the actin-severing protein, Cofilin. We did not observe any 
difference in the cofilin localisation in the cell soma (Suppl. 
Figure 5a, b) and growth cone (Suppl. Figure 5c, d) of Vcl-T 
transfected neurons when compared to control neurons. This 
suggested that the attenuated axon growth caused by Vcl-T 
expression is unlikely due to a change in the distribution 
of actin-filament regulatory proteins such as Cofilin and is 
likely due to altered interaction between actin and Vcl-T.

The vinculin tail domain binds F-actin and crosslinks 
it into actin bundles [20, 47]. Among several amino acid 
residues identified in the Vcl-T domain that binds to actin, 
the isoleucine 997 to alanine mutant (Vcl-TI997A) was found 
to be the most impaired in actin-binding [48]. We gener-
ated Vcl-TI997A mutant to determine the effect of abolishing 

Fig. 4  Interaction of talin with vinculin does not affect axonal growth 
and neuronal migration. a Primary neocortical neurons were elec-
troporated with GFP-tagged vinculin constructs that contained the 
head domain but were defective in talin binding (Vcl-FLA50I, Vcl-
258A50I and Vcl-851A50I). Length of the axon was compared with the 
corresponding mutants having intact talin binding site (Vcl-FL, Vcl-
258 and Vcl-851). b Quantification of axon length from (a). Abolish-
ing talin-vinculin interaction did not affect axonal growth in  vitro. 
(n = 200 cells). c IUE was performed using control GFP, and Vcl-
FLA50I plasmids and the embryos were harvested at E17.5 to study 
migration. Inhibition of talin-vinculin interaction did not affect neu-
ronal migration. d Quantification of the percentage of  GFP+ neurons 
in the cortical plate (CP), intermediate (IZ) and ventricular zone (VZ) 
from (c) (n = 3 animals. n = 200 cells). e Representative images of 
neurons expressing either empty GFP (control) or Vcl-T plasmid at 
4DIV. Neurons were immunostained for GFP and rhodamine-con-
jugated phalloidin (Rho-Pha) to visualise cell soma in  vitro. Vcl-T 
expressing neurons had a wider spread of cell soma compared to 
control. f Quantification of the cell soma area in control and Vcl-T 
expressing neurons from (e) (n = 100 cells). g Representative images 
from live imaging of control and Vcl-T expressing neurons co-trans-
fected with LifeAct-mCherry to label actin. Vcl-T expression caused 
a smaller or collapsed growth cone morphology. h Quantification of 
the growth cone area in control and Vcl-T expressing neurons from 
(g) (n = 25 cells). Scale, 100 μm (a), 400 μm (c), 50 μm (e), 10 µm 
(g). ****P < 0.0001; ns, non-significant. One-way ANOVA and Tuk-
ey’s post-hoc test (b and d). Two-tailed Student’s t test (f), (h)
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actin-Vcl-T interaction on axon growth and neuronal mor-
phology. Neocortical neurons expressing Vcl-TI997A showed 
a decreased branching phenotype compared to Vcl-T 
expressing neurons, and the number of primary and sec-
ondary neurites were comparable to that of control neurons 
(Fig. 5c, d). But similar to that seen with Vcl-T expression, 
abolishing Vcl-T-actin interaction also attenuated axon 
growth (Fig. 5d).

We next asked whether abolishing actin-Vcl-T interaction 
affects cell soma phenotype. We found that the Vcl-TI997A 
mutant did not cause any increase in cell soma area as seen 
in Vcl-T expressing neurons (Suppl. Figure 6a, b). This 
suggested that Vcl-T expression affected actin dynamics 
resulting in an enlarged soma, and abolishing this interac-
tion with actin prevented enlargement of cell soma. We had 
earlier shown that Vcl-T caused a reduction in the area of the 

Fig. 5  Blocking the Arp2/3 
complex reduces branching 
in Vcl-T neurons. Abolishing 
actin-Vcl-T interaction does not 
increase branching like Vcl-T 
but collapses the growth cone. 
a Representative images of 
neurons transfected with Vcl-T 
and treated either with DMSO 
(vehicle) or with 25 nM CK-666 
(Arp2/3 complex inhibitor) dis-
solved in DMSO. Vcl-T neurons 
exhibited enhanced neurite 
branching, and this abolished 
in the presence of CK-666. b 
Quantification of axon length, 
number of primary and second-
ary neurites of neurons from 
(a) (n = 100 cells). c Neurons 
transfected with control, 
Vcl-T and Vcl-T defective 
in actin-binding (Vcl-TI997A) 
constructs and immunostained 
for GFP after 4DIV. Abolish-
ing interaction of Vcl-T with 
actin did not increase branch-
ing. d Quantification of axon 
length, number of primary and 
secondary neurites of neurons 
from (c) (n = 300 cells). Scale, 
100 µm (a), (c). **P < 0.01, 
***P < 0.001, ****P < 0.0001; 
ns non-significant. Two-tailed 
Student’s t test (b), (d)
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growth cone, and this could be due to the ability of Vcl-T to 
bind the barbed ends of F-actin, preventing its polymerisa-
tion (Fig. 4g, h) [42]. We, therefore, asked whether abolish-
ing actin-Vcl-T binding can prevent growth cone collapse 
and promote axon extension. For this, we transfected neu-
rons with control GFP plasmid, Vcl-T or Vcl-TI997A, along 
with LifeAct-mCherry to label actin. We found that the 
growth cone morphology was still collapsed in the absence 
of actin-binding. These results suggested that either Vcl-T 
binding likely recruits other actin-binding proteins that 
inhibit axon extension and affects growth cone or that the 
head and neck domains are required for normal axon growth 
(Suppl. Figure 6c, d and supplementary movie 5, 6).

Since abolishing actin-binding in Vcl-T (Vcl-TI997A) was 
able to decrease Vcl-T-induced branching, we asked how 
the full-length vinculin that is deficient in actin-binding 
would function in neurons. For this, we generated a similar 
isoleucine 997 to an alanine point mutation in full-length 
vinculin (GFP-Vcl-FLI997A) and expressed it in neurons. We 
found that Vcl-FLI997A expression affected axon growth to 
a moderate but significant extent. However, it had no effect 
on branching (Suppl. Figure 6e, f).

Abolishing actin‑Vcl‑T binding does not affect 
neuronal migration

We had seen that Vcl-T impaired neuronal migration in vivo 
(Fig. 3a, b). We asked whether abolishing actin interaction 
with Vcl-T also affects migration. For this, we electroporated 
Vcl-T, Vcl-TI997A, and control plasmids into E14.5 embryos 
and visualised neuronal migration three days later at E17.5. 
In contrast to the slower migration rate exhibited by Vcl-T 
expressing neurons, the Vcl-TI997A neurons showed nor-
mal migration and were comparable to that seen in control 
embryos (Fig. 6a, b). We next looked at neuronal migra-
tion at a later time point (P5) following electroporation at 
E14.5. In control GFP transfection, the neurons had migrated 
to the upper layers as expected while the Vcl-T expressing 
neurons were stalled in the lower layers (Fig. 6c, d). How-
ever, the Vcl-TI997A expressing neurons exhibited normal 
migration to the upper layers (Fig. 6c, d), indicating that 
abolishing actin-binding restores migration defect caused 
by Vcl-T. This was further confirmed by immunostain-
ing for the upper layer marker, Cux1. In control GFP and 
Vcl-TI997A transfected embryos, all  Cux1+ cells were seen 
in layers 2 to 4 suggesting normal migration. However, in 
Vcl-T transfected embryos, many  Cux1+ neurons were seen 
in the lower layers indicating retarded migration (Fig. 6e, 
f). Vcl-T expression was seen to impair axon growth in vivo 
(Fig. 2c, d). We asked whether the Vcl-TI997A mutant also 
impairs the axon growth similar to Vcl-T. For this, we ana-
lysed the length of the axon along the corpus callosum at 
P5. In control GFP transfected brains, the axons from the 

transfected hemisphere had crossed over to the contralat-
eral hemisphere, while in the Vcl-T transfected embryos, 
the axons were shorter, and very few crossed the midline 
(Fig. 7a, b). However, in Vcl-TI997A transfected brains, the 
axons were longer and crossed the midline but were sig-
nificantly shorter compared to control neurons (Fig. 7a, b). 
Together, these observations suggested that abolishing actin-
Vcl-T binding restores normal migration compared to Vcl-T 
but not axon growth.

Vcl-T expression also resulted in an enlarged cell soma 
in vivo (Fig. 3e, f). We next asked whether inhibiting actin-
Vcl-T binding also affects cell soma phenotype. For this, 
we measured the cell soma area of  GFP+ neurons in the 
upper layers of the cortex at P5 in brain sections transfected 
with Vcl-TI997A and compared the results with that of Vcl-T 
and control GFP expressing neurons. We found that the cell 
soma area of Vcl-TI997A expressing neurons was comparable 
to that of control neurons (Fig. 7c, d), and this was similar 
to that observed in in vitro culture experiments (Suppl. Fig-
ure 4a, b). Together these results suggested that the defects 
in migration and abnormal morphology of neurons caused 
by vinculin tail domain were due to abnormal interaction 
with actin and that abolishing this interaction reverses both 
these defects in vivo and in vitro but not axon length.

Actin mobility is faster in neurons expressing 
vinculin tail domain

To understand the molecular mechanisms underlying the 
increased branching phenotype caused by Vcl-T, we studied 
actin mobility in cultured neurons. The Vcl-TI997A expres-
sion data indicated that actin-binding is necessary for the 
branching phenotype. Vcl-T has been shown to affect actin 
dynamics by binding to the actin barbed ends and inhibiting 
its elongation [42]. To visualise actin dynamics in real-time, 
we co-electroporated neurons with LifeAct-mCherry along 
with a control GFP or Vcl-T construct. LifeAct, the first 17 
amino acids of actin-binding protein 140 from S. cerevisiae, 
binds to actin filaments without modifying its function [49]. 
mCherry was tagged to LifeAct for visualisation of actin in 
cells. To study the behaviour of actin in neurons, we pho-
tobleached mCherry in a small region close to the edge of 
the axon by using a high-power laser of 561 nm wavelength 
and monitored fluorescence recovery over time (FRAP). 
The fluorescence recovery was fit as a single exponential 
function of time, and half-time of recovery and mobile 
fraction was calculated from the curve fitting (Fig. 7e-g). 
In Vcl-T expressing neurons, there was a recovery of the 
higher mobile fraction of LifeAct (0.7655 + / − 0.06361) 
when compared to the mobile fraction of control cells 
(0.3071 + / − 0.03738) (Fig. 7f). We also observed a sig-
nificant increase in t-half of recovery in the presence 
of Vcl-T (3227 ms + / − 647.2 ms) compared to control 
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(941.5 ms + / − 171.0 ms) (Fig. 7e). This increase in mobile 
fraction could be due to either an increase in actin pool or 
impaired F-actin dynamics (actin treadmilling). Interest-
ingly, neurons expressing the Vcl-TI997A mutant, which is 
defective in actin-binding, showed mobile fraction recovery 
(0.3268 + / − 0.03837) and t-half (1139 ms + / − 206.2 ms) 
of actin comparable to that of control neurons (Fig. 7f, g).

To further characterise the effect of Vcl-T on actin 
mobility, we expressed Vcl-T along with mEOS3.2-LifeAct 
[50]. Using photoactivation properties of mEOS3.2, we 
performed single-particle tracking based photoactivation 
localisation microscopy on LifeAct in transfected cells. A 
high-resolution intensity map and single-particle trajecto-
ries were generated for each neuron (Fig. 7h). Instantane-
ous diffusion coefficient (D) and mean squared displace-
ment (MSD) were calculated and used to estimate diffusion 
dynamics and confinement of the LifeAct molecules. The 
trajectories displayed a wide range of diffusion coefficient, 
and a significant difference in the distribution of logarithmic 
values of diffusion coefficient was observed, indicating that 
mEOS3.2-LifeAct was more mobile in the presence of Vcl-T 
(Fig. 7i). In presence of Vcl-T, instantaneous mEOS3.2-Life-
Act showed increase in diffusion coefficient (0.2570 µm2/
sec, IQR: 0.1012–0.5867 µm2/sec) when compared to con-
trol (0.1749 µm2/sec, IQR: 0.06114–0.4980 µm2/sec) after 
pooling all the trajectories obtained (Fig. 7k). To rule out 
the possibility of a cell-to-cell variation in diffusion coef-
ficient, we compared the median diffusion coefficient from 
all cells extracted individually and found the difference to 
be significant (Fig. 7l). These values were consistent with 
the pooled analysis. The average MSD of LifeAct saturated 
with time in both conditions indicating confined diffusion in 
both cases. However, the saturation values of LifeAct in the 
presence of Vcl-T were higher than the control, indicating 
lesser confinement compared to control (Fig. 7j). This was 
also validated by a significant difference in the area under 
the curve for MSD, for the average MSD curves generated 

for each cell (Fig. 7m). Together these observations confirm 
that the actin molecules became more mobile upon vinculin 
tail domain expression.

Discussion

Actin cytoskeletal changes are important for proper neuronal 
migration, neurite outgrowth and axon extension, which are 
critical for normal circuit formation and function. This is 
the first study to report critical roles for the actin-binding 
protein vinculin in neuronal migration in vivo and in axon 
growth in vitro and in vivo. Although full-length vinculin 
is required for optimal axon growth, the mutants used in 
this study provide novel insights into the role of the func-
tional domains of vinculin. The constitutively active vinculin 
greatly enhanced axon growth both in vitro and in vivo. Pre-
venting vinculin-talin binding did not affect migration and 
axon growth, indicating that this interaction is dispensable 
for these vinculin-dependent functions, in contrast to that 
seen in fibroblasts. Interestingly, the vinculin tail domain 
caused increased neurite branching and cell soma size while 
attenuating axon length, and this was reversed by abolishing 
vinculin interaction with Arp2/3 complex and actin. Our 
results suggest that vinculin’s interaction with actin is impor-
tant for mediating neuronal migration and axon growth.

Given the importance of vinculin in focal adhesion 
formation and mechanotransduction, surprisingly little is 
known about its role in neuronal development. Vinculin 
null mutants exhibited embryonic lethality and died before 
E10, demonstrating an essential requirement for vinculin for 
mouse development [21]. Previous studies have shown that 
reducing vinculin expression by RNA interference or focal 
inactivation of vinculin resulted in unstable filopodia and 
lamellipodia in cultured PC12 cells and DRG neurons [26, 
27]. Our results show that full-length vinculin is required 
for normal cell morphology and proper axon growth. Vin-
culin deletion caused a significant reduction in axon growth 
both in vitro and in vivo, and this was consistent with our 
previous in vitro observations [28]. Expression of different 
domain-deleted mutants suggested that these mutants exhib-
ited a dominant-negative effect on axon growth to varying 
extents, but the expression of vinculin head (Vcl-258) or tail 
domains (Vcl-T) alone caused the most reduction. However, 
Vcl-T expression alone resulted in an abnormal branching 
phenotype. Expression of wild-type vinculin did not further 
augment normal axon growth in neurons, and this is con-
sistent with the observations that vinculin exists in an auto-
inhibited state and requires a conformational change in its 
structure to become active [16, 17]. Interestingly, expression 
of Vcl-T12 mutant, which is relieved of this auto-inhibition 
and is constitutively active [31], significantly enhanced axon 
growth. This also raises an interesting question of whether 

Fig. 6  Abolishing actin-Vcl-T interaction does not affect neuronal 
migration. a Representative images of brain sections from E17.5 
embryos following electroporation at E14.5 with control, Vcl-T and 
Vcl-TI997A constructs. Abolishing actin-Vcl-T interaction does not 
delay neuronal migration like Vcl-T. b Quantification of the percent-
age of  GFP+ neurons in the cortical plate (CP), intermediate zone 
(IZ) and ventricular zone (VZ) from (a) (n = 3 animals. n = 200 cells). 
c Analysis at postnatal day 5 (P5) also showed almost no migration 
defect when actin-Vcl-T interaction is abolished. d Quantification 
of the percentage of  GFP+ neurons in different layers of cortex and 
in IZ/VZ from (c) (n = 3 animals. n = 200 cells). e Analysis of corti-
cal lamination using Cux1 immunostaining shows normal migration 
of upper-layer neurons when actin-Vcl-T interaction is abolished. 
f Quantification of the number of  Cux1+ cells in the bottom layers 
of cortex (layer V–VI) and in IZ/VZ from (e) (n = 3 animals). Scale, 
400  µm (a), (c), (e). **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, 
non-significant. One-way ANOVA and Tukey’s post-hoc test in (b), 
(d), (f)
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vinculin activation can promote axon growth on inhibitory 
substrates and also raises the possibility that inhibitory sub-
strates could likely affect axon growth by blocking vinculin-
dependent actin dynamics.

Focal adhesions (FA) and cell migration are very 
closely related, and cells that have slower migration exhibit 
increased FA-ECM interaction [51, 52]. This is evident 
in vinculin null cells, which have smaller FA, spread less 
and exhibit faster migration [22, 25]. Vinculin interacts 
with many other actin-binding and focal adhesion proteins, 
including paxillin, α-actinin, α-catenin, PIP2, VASP and 
Arp2/3 through its head, neck and tail domains [13, 40, 
53]. Vinculin helps in cell spreading, and these functional 
domains are differently required for FA formation [30, 54]. 
Previous studies have shown that Vcl-T expression reduced 

the number of FAs in fibroblasts while Vcl-258, Vcl-851 
and Vcl-T12 increased the size and number of FAs [30, 55]. 
Correspondingly, Vcl-258, Vcl-851 and Vcl-T12, which sta-
bilised FAs, reduced cell migration rates [55]. Therefore, 
it was expected that the mutant vinculins that increase FA 
formation would exhibit slower neuronal migration while 
Vcl-T, similar to vinculin null cells, which forms poor FAs, 
will exhibit faster migration. However, we found that Vcl-T 
alone caused a delay in neuronal migration and affected cell 
soma and growth cone morphologies, whereas Vcl-258 and 
Vcl-851 expressing neurons exhibited normal morphology 
and migration rates compared to control neurons. But we 
did not observe any significant difference in the number of 
focal adhesions in Vcl-T expressing neurons compared to 
control neurons following immunostaining for focal adhe-
sion kinase. Interestingly, Vcl-T12 enhanced cell migration 
but no discernible deficits in soma morphology.

Vinculin is known to interact directly with talin, and this 
is important for engagement with the integrins at the cell 
surface and for generating the mechanotransduction force 
necessary for cell protrusion and growth [13, 56]. This inter-
action is known to occur through alanine 50 residue in the 
head domain of vinculin since the Vcl-A50I point mutant 
has been shown not to bind talin [16, 30]. We found that 
the expression of Vcl-FLA50I mutant that cannot bind talin 
did not affect both neuronal migration and axon growth. 
Furthermore, the Vcl-851A50I mutant did not exacerbate 
the decrease in axon length caused by Vcl-851 expression. 
Together, these observations suggest that talin binding is 
likely dispensable for these vinculin-dependent processes. 
It is also possible that Vcl-A50I mutants used in this study 
do not exert a dominant-negative effect on axon growth as 
seen for the other mutants or that α-actinin binds vinculin to 
mediate migration and axon growth via a talin-independent 
process.

Among the various mutants, Vcl-T expression alone 
caused a striking increase in neurite branching, and this 
was reversed by abolishing interaction of the tail domain 
with actin or by inhibiting the Arp2/3 complex. Vcl-T has 
been shown to bind the barbed end of F-actin and to the side 
chain of actin filament [42]. This binding to the barbed end 
inhibits actin polymerisation and decreases actin association 
and dissociation [42]. The stalled neurite extension allows 
binding of the Arp2/3 complex to the actin filament, caus-
ing branching. This entire process appears to continue every 
few distances of growth, resulting in highly branched but 
shorter neurites. This is supported by our observation that 
pharmacological inhibition of Arp2/3 complex or abolishing 
actin-Vcl-T binding prevented this excessive branching phe-
notype but could not restore axon length. Attenuated axon 
growth caused by Vcl-T could be due to the altered distribu-
tion of proteins that regulate actin filament formation. We 
did not find any difference in the number of cofilin puncta 

Fig. 7  Vcl-T expression increases actin mobility in  vitro. a Repre-
sentative images of brain sections electroporated with control, Vcl-T 
and Vcl-TI997A constructs. Vcl-TI997A defective in actin-binding has 
stunted axon similar to Vcl-T. Black arrows indicate the axon termi-
nals along the corpus callosum and the red arrows indicate the posi-
tion from where the axon length was quantified. Dashed lines repre-
sent the longitudinal fissure separating the two cerebral hemispheres. 
Scale, 2 mm. b Quantification of the length of axons from (a) (3 sec-
tions/mouse, n = 3 mice). *P = 0.0193, Vcl-T-Vcl-TI997A; *P = 0.0170, 
Ctrl-Vcl-TI997A; ****P = 0.0001, Ctrl-Vcl-T (One-way ANOVA). c 
Representative images of brain sections showing cell soma morphol-
ogy of neurons expressing control GFP, Vcl-T and Vcl-TI997A. Vcl-T 
expressing neurons exhibited abnormal soma (arrows) compared to 
control and Vcl-TI997A expressing neurons. Scale, 100  µm. d Quan-
tification of neuronal cell soma area from (c) (n = 3 animals. n = 100 
cells). ****P < 0.0001; ns, non-significant (One-way ANOVA). e–g 
Neurons were transfected with control GFP, Vcl-T or Vcl-TI997A along 
with LifeAct-mCherry to visualise actin. Fluorescence recovery curve 
(e), mobile fractions (f) and half-time (g) of recovery of fluorescence 
of LifeAct-mCherry after FRAP of neurons, showing that neurons 
expressing Vcl-T have a higher mobile fraction and higher t-half of 
actin compared to control neurons. Abolishing actin-Vcl-T interaction 
(Vcl-TI997A) reduces the mobile fraction and t-half to normal levels. 
(n = 10 cells). **P < 0.01, ****P < 0.0001; ns, non-significant. h–m 
Single-particle tracking of mEOS3.2-LifeAct in control and Vcl-T 
expressing neurons. h Representative super-resolution intensity map 
reconstructed from single-molecule localisation (left) and single-par-
ticle trajectories (right) generated from neurons expressing mEOS3.2-
LifeAct. White arrows indicate the extensions of the neurite. Scale, 
10  µm. The regions marked by arrows are represented below. For 
each region indicated by the arrow, the magnified super-resolution 
intensity map (SR) and single-particle trajectories (SPT) for the same 
region are shown. Scale, 2 µm. i Normalised cumulative distribution 
of logarithmic values of the instantaneous diffusion coefficient of the 
generated tracks (Mean + / − SEM). ****P < 0.0001 (Kolmogorv-
Smirnov test). j Plot of average mean squared displacement (MSD) of 
all trajectories above 6 frames for control and Vcl-T. ****P < 0.0001 
(Wilcoxon matched-pairs signed-rank test). k Pooled values of the 
instantaneous diffusion coefficient of all the detected trajectories from 
control and Vcl-T (median, IQR). ***P = 0.0002 (Unpaired t test). 
l Distribution of median diffusion coefficients of each neuron com-
pared across the conditions. **P = 0.0039 (Unpaired t test). m Dis-
tribution of the area under the curve for average MSD for trajectories 
obtained from each cell of control versus Vcl-T. *P = 0.0469 (Mann–
Whitney test)
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in Vcl-T expressing neurons when compared to control 
neurons. This indicated that Vcl-T affects axon elongation 
through its interaction with actin and not by affecting the dis-
tribution of actin-filament regulating proteins. Furthermore, 
using FRAP, we observed that the fluorescence recovery was 
around 30% in control cells while the recovery was nearly 
100% in Vcl-T expressing neurons. Analysis of the mobile 
fraction from the recovery curve showed that Vcl-T express-
ing neurons had a higher amount of mobile fraction of actin 
compared to control neurons. Furthermore, single-particle 
tracking based photoactivation localisation microscopy of 
LifeAct-mEOS revealed that actin was more mobile in Vcl-T 
expressing neurons compared to control cells. These obser-
vations suggested that there is an increase in the pool of 
F-actin, which was more mobile in the presence of Vcl-T.

Materials and methods

Animals

For all experiments, C57Bl/6 J mice (Jax Stock Number 
#000,664 – internal breeding) were used. 6 to 12 weeks old 
mice were housed in individually ventilated cages (Tech-
niplast, Italy) under conventional conditions (23 ± 2 °C, 
relative humidity 50 ± 10%, 12-h light/dark cycle) and 
had ad libitum access to food and water. The presence of 
a vaginal plug following mating was considered as E0.5. 
Neonatal pups (P1–P3) of both sexes were used for isolating 
primary cortical neurons. All procedures in this study were 
performed according to the rules and guidelines declared in 
the Compendium of CPCSEA 2018 by the Committee for 
the Purpose of Control and Supervision of Experimental 
Animals (CPCSEA), Ministry of Environment, Forest and 
Climate Change, India. The research protocol was approved 
by the Institutional Animal Ethics Committee (IAEC) of 
the Indian Institute of Science (Project No. CAF/Eth-
ics/516/2016), allowing the use of animals for in vitro and 
in vivo studies.

Constructs

Sequences of guide RNAs (gRNAs) for deleting the vin-
culin gene was selected using DeskGen software (www. 
deskg en. com), and two gRNAs that bind to flanking 
regions of translational start site were chosen. The chosen 
gRNA sequences are as follows: Vcl-gRNA-1, 5’-GCG 
TAC GAT CGA GAG CAT CC-3’ and Vcl-gRNA-2, 5’-GCT 
AGC GGG GCG GCG TAC CG-3’. The gRNAs were first 
individually cloned into the pX330-U6-BB-CBh-hSpCas9 
plasmid (Addgene No: 42230) using the BbsI sites. These 
two gRNAs were then subcloned into pSpCas9n(BB)-2A-
GFP plasmid (pX461; Addgene No: 48140). We made use 

of Cas9 nickase (Cas9n) to decrease any potential OFF-
target effects. The resultant vector was named pX461-Vcl-
sg1 + 2–Cas9n-2A-GFP. pSpCas9n(BB)-2A-GFP (PX461) 
and pX330-U6-Chimeric_BB-CBh-hSpCas9 were a gift 
from Feng Zhang (Addgene plasmid # 48,140, 42,230; 
http:// n2t. net/ addge ne: 48140; RRIDs: Addgene_48140, 
Addgene_42230).

The mouse Vcl-encoding gene (Vcl-FL) was amplified 
from cDNA synthesised from whole-brain mRNA. Vcl-
FLA50I was generated from Vcl-FL by mutating the alanine 
residue at 50th position to isoleucine using site-directed 
mutagenesis (SDM). Vcl-FLI997A was generated from Vcl-
FL by mutating isoleucine residue at 997th position to 
alanine using SDM. Vcl-LD was generated from Vcl-FL 
by mutating 1060th residue from arginine to glutamine 
and residue at 1061st from lysine to glutamine by using 
SDM. Vcl-258 was amplified from full-length vinculin by 
using the following primers: Forward 5’-CTT GAA TTC 
GAT GCC GGT GTT TCA CACG-3’ and Reverse 5’-CGG 
GGT ACC CCA GGC GTC TTC ATC CC-3’. Vcl-258A50I 
was generated from Vcl-258 by mutating alanine residue 
at 50th position to isoleucine using SDM. Vcl-851 was 
amplified from full-length vinculin using the following 
primer: Forward, 5’-CTT GAA TTC GAT GCC GGT GTT 
TCA CACG-3’ and Reverse, 5’-CGC GGT ACC CTC TTC 
TGG TGG TGG GG-3’. Vcl-851A50I was generated from 
Vcl-851 by mutating alanine residue at 50th position to 
isoleucine using SDM. Vcl-T12 was generated by mutat-
ing residues 974th from glutamate to alanine, 975th from 
lysine to alanine, 976th from arginine to alanine and 978th 
from arginine to alanine from full-length vinculin by using 
SDM. Vcl-T was amplified from Vcl-FL by using these 
primers: Forward 5’-CTT GAA TTC GAA GGA TGA AGA 
GTT CCCTG-3’ and Reverse 5’-CGC GGA TCC CTG GTA 
CCA GGG AGT CTTTC-3’. All these clones were generated 
in the pCAG-C1 vector. pCAG-C1 was generated from the 
pEGFP-C1 vector by replacing the CMV promoter with 
CAG promoter from pCAGEN, a gift from Connie Cepko 
(Addgene plasmid # 11,160; http:// n2t. net/ addge ne: 11160; 
RRID: Addgene_11160). Vcl-TI997A clone was generated 
from Vcl-T by site-directed mutagenesis of the 997th 
amino acid residue from isoleucine to alanine. LifeAct-
mCherry was a gift from Dr. Paul Bridgman, Washington 
University School of Medicine, St. Louis, MO. mEos3.2-
C1 was a gift from Michael Davidson & Tao Xu (Addgene 
plasmid # 54,550; http:// n2t. net/ addge ne: 54550; RRID: 
Addgene_54550). Vcl-T-mEOS3.2-LifeAct was generated 
by sub-cloning a Vcl-T-T2A fragment in the mEOS3.2-
LifeAct plasmid.

http://www.deskgen.com
http://www.deskgen.com
http://n2t.net/addgene:48140
http://n2t.net/addgene:11160
http://n2t.net/addgene:54550
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Site‑directed mutagenesis

Complementary primers of 30–40 bp were designed with 
the mutation site in the middle of the sequence, and 50 ng 
of template DNA was used along with 25 pmol each of the 
mutant primers. 2 min extension time for every 1 kb of tem-
plate length was used. PCR was for a total of 18 cycles, and 
the following cycling conditions were used: 95 °C for 3 min; 
68 °C for (2 min/kb); 18 cycles; 72 °C for 10 min; end at 
4 °C. The reaction mixture was digested with DpnI enzyme 
to remove template DNA, and ligation was set with T4DNA 
ligase for 1 h at room temperature. A small aliquot of the 
ligation reaction was transformed into DH10B competent 
cells, and transformants were selected on LB + antibiotic 
plates. The site-directed mutation was confirmed by DNA 
sequencing of both strands of at least 2 independent clones.

T7E1 endonuclease assay

Primary cortical neurons were transfected with gRNA 
expressing construct (pX461-Vcl-sg1 + 2–Cas9n-2A-GFP) 
or empty Cas9n-GFP construct (pSpCas9n(BB)-2A-GFP). 
Genomic DNA was isolated 4 days post-transfection, and 
10 ng of DNA was used to PCR amplify a 600 bp region 
flanking the gRNA target site using the following prim-
ers: forward, 5’-CAA TAG GAG CCA CAG TCC GG- 3’ and 
reverse, 5’-GCC CCA AGG CAG GAT TTC TC-3’. 600 ng of 
the PCR product from control and Vcl CRISPR-KO cells 
was annealed separately by heating to 95 °C for 5 min, fol-
lowed by cooling to 85 °C at a rate of 2 °C/sec and then it 
was further cooled to 25 °C at a rate of 0.1 °C/sec until the 
reaction reached 4 °C. The annealed PCR products were then 
digested using T7 Endonuclease I (Catalog # M0302S, NEB, 
USA) at 37 °C for 15 min and analysed on a 2% agarose gel.

Immunocytochemistry

Neurons were fixed using 4% PFA + 4% sucrose in PBS for 
20 min and washed in PBS, 2 × 10 min. The cells were per-
meabilised with 0.1% Triton- × 100 in PBS for 5 min and 
blocked with 10% BSA in PBS for 30 min at room tempera-
ture with gentle rocking. Primary antibody incubation was 
done in 3% BSA for 1 h at 4 ºC with gentle rocking and then 
washed with PBS, 3 × 2 min. Secondary antibody incuba-
tion was done in 3% BSA for 30 min at room temperature, 
washed with PBS, 3 × 2 min and mounted with VECTASH-
IELD mounting medium with DAPI (#H-1000, Vector Labo-
ratories, USA). The following primary antibodies were used: 
anti-GFP (#GFP-1020, 1:1000, Aves labs, Inc. USA), anti-
β-III tubulin (#Tuj, 1:1000, Aves labs, Inc. USA), anti-Tau 
(#314,002, 1:1000, Synaptic Systems, Germany), anti-FAK 
(#5175, 1:250, Cell Signaling Technologies, USA) and anti-
cofilin (#ab42824, 1:400, Abcam, USA). The following 

secondary antibodies from Invitrogen Inc. were used: Alexa 
Fluor (AF)-488 conjugated anti-chicken (# A11039, 1:1000), 
AF-594 conjugated anti-mouse (#A21203, 1:1000), AF-647 
conjugated anti-rabbit (# A11012, 1:1000).

Phalloidin staining

Rhodamine-phalloidin (#6876, 1:125, Setareh Biotech, 
USA) was added along with secondary antibody during 
immunocytochemistry.

Immunohistochemistry

Immunohistochemistry was done as follows: embryonic or 
postnatal brains were fixed by transcardial perfusion using 
ice-cold PBS followed by 4%PFA, post-fixed in 4% PFA 
overnight and then cryopreserved in 30% sucrose until the 
brains were saturated with sucrose and sunk to the bottom of 
the tube, and frozen at − 80 ºC until use. The frozen brains 
were sectioned at 20 μm thickness, collected on Superfrost 
plus slides (Brain Research Laboratories, USA) and dried 
overnight before staining. Blocking/permeabilization was 
done in blocking solution (3% bovine serum albumin + 0.3% 
Triton-X100 + 1% goat serum in PBS) for 1 h at RT. Primary 
antibody incubation was done in the blocking solution over-
night at 4 ºC with gentle rocking and washed with PBS for 
5 × 5 min. Secondary antibody was incubated in the block-
ing solution for 1 h at RT, washed with PBS for 5 × 5 min, 
and slides were mounted with VECTASHIELD mounting 
medium with DAPI (Vector Laboratories, USA). The fol-
lowing primary antibodies were used: anti-GFP (GFP-1020, 
1:1000, Aves labs, Inc. USA), anti-Cux1 (#sc-13024, 1:50, 
Santa Cruz Biotechnology, USA). The following secondary 
antibodies from Invitrogen Inc. were used: AlexaFluor-488 
conjugated anti-chicken (#A11039, 1:1000), AlexaFluor-594 
conjugated anti-rabbit (#A11012, 1:1000).

Neuronal culture and transfection

Neocortex from C57Bl/6 J pups (postnatal day 1–3) was dis-
sected in Hibernate-A medium (#A1247501, Gibco, USA), 
digested with papain (#LS003124, Worthington, USA) for 
30 min at 30 °C and dissociated with micropipette tips in 
Neurobasal-A medium (#10,888,022) supplemented with 
glutaMAX (#35,050,061, Gibco, USA), B27 (#17,504,044, 
Gibco, USA) and 33 U/ml penicillin/streptomycin. The tis-
sue was gently triturated, cells were pelleted by centrifu-
gation, and washed twice with Hibernate-A medium. Cells 
were then plated at a density of 125 cells/mm2 on cover-
glass (#41,001,112, Glaswarenfabrik Karl Hecht, Ger-
many) coated with poly-L-lysine (# P2636, Sigma, USA) 
and laminin (#354,232, BD, USA). Poly-L-lysine (50 µg/
ml) coating was done for 2 h at 37 ºC, washed thrice with 
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Milli-Q water and dried at RT for 15  min followed by 
laminin (10 µg/ml) coating for 2 h at 37 ºC. Cultures were 
incubated at 37 °C with 5% CO2. After allowing for cells to 
attach to poly-L-lysine coverglass (20 min post-plating), the 
medium was gently replaced with fresh neuronal culturing 
medium. After 4 days in culture, neurons were fixed in 4% 
PFA + 4% sucrose in PBS for 20 min. Neuronal transfection 
was done just before plating using Nucleofection (Lonza, 
Switzerland) according to the manufacturer’s instructions.

Drug treatment

For inhibiting the Arp2/3 protein complex in vitro, the phar-
macological inhibitor CK-666 (Sigma Aldrich, SML0006) 
was used at a concentration of 25 nM. CK-666 or DMSO 
(control) was added at 24 h after plating the neurons, and 
neurons were allowed to grow for 3 more days.

In utero electroporation

In utero electroporation for different mutant constructs of 
Vcl were done on embryonic day 14.5 (E14.5) in C57bl/6 J 
embryos by injecting 1-2 μl of 1 μg/μl DNA in the lateral 
ventricle of one of the cerebral hemispheres. Electropora-
tion was done using ECM 830 square wave electroporation 
system (BTX, USA) using 5 mm tweezer electrodes. The 
following parameters were used: voltage, 50 V; pulse length, 
50 ms; number of pulses, 5; pulse interval, 100 ms. The 
brains were harvested at either embryonic day 17.5 (E17.5) 
or at postnatal day 5 (P5) for immunostaining.

Fluorescence recovery after photobleaching (FRAP)

FRAP was performed on an inverted motorised fluorescence 
microscope (IX83 Olympus, Japan) equipped with a 100X 
1.49 NA PL-APO objective and maintained at 37 ºC with the 
aid of a whole microscope temperature-controlled chamber. 
Neuronal primary cultures were loaded in an open chamber 
(Ludin chamber, Life Imaging Services, Switzerland). The 
image acquisition was controlled by MetaMorph (Molecular 
Devices). Image acquisition was performed by illuminating 
with 488 or 561 nm laser, and fluorescence was collected 
with filters to observes Green and Red fluorescence proteins 
in total internal reflection microscopy mode at 50 Hz (Gat-
aca Systems, France). Photobleaching was done by using a 
561 nm laser line for 60 ms in a circular region of diameter 
20 pixels close to the end of the axon. For baseline normali-
sation, 10 images were acquired before photobleaching. To 
observe the fluorescence recovery, 400 frames were acquired 
after the photobleaching sequence. For comparison between 
different experiments average of prebleached values were 
normalised to zero. Percentage calculation and normalisa-
tion were performed using Microsoft Excel software. The 

recovery of fluorescence was fit to the One-Phase association 
equation in GraphPad Prism. The quantification of recovery 
of fluorescence, mobile fraction and T-half graphs were gen-
erated from the curve fitting.

Single‑particle tracking (SPT)

Single-particle tracking using photoactivation was per-
formed on live neurons expressing mEOS3.2 as previously 
described [57]. These cells were loaded in an open chamber 
and photoactivated using a 405 nm laser (Omicron, Gataca 
Systems, France), and the images were acquired using a 
561 nm laser (Cobolt, Gataca Systems, France). The power 
of lasers was adjusted to keep the number of the stochasti-
cally activated molecules constant and well separated during 
the acquisition. Continuous acquisition of 20,000 frames of 
images at 50 Hz (20 ms) were captured using a sensitive 
EMCCD camera (Evolve, Photometric). Image acquisi-
tion was controlled using MetaMorph software (Molecular 
Devices). Super resolved intensity images and single-parti-
cle trajectories were obtained using custom-built analysis for 
high-density single-particle tracking, which were described 
previously [57].

Data analyses and quantifications

Western blot quantification was done by using ImageJ. Axon 
length was measured using the ‘traced line’ tool in Meta-
Morph software (Molecular Devices). Numbers of primary 
and secondary neurites in cultured neurons were counted 
using Sholl analysis for different vinculin mutants. Cell body 
area was measured using the ‘trace area’ tool in MetaMorph 
software (Molecular Devices). The number of cells in differ-
ent layers of the cortex was counted in ImageJ by using the 
‘cell counter’ plugin. GFP fluorescence intensity was meas-
ured from the cell soma of neurons using the ‘traced region’ 
tool in MetaMorph software (Molecular Devices). For 
counting the FAK and Cofilin density, the intensity thresh-
old was used to select the labelled cell soma and axonal 
growth cone. The active region of the cell soma and growth 
cone was used to filter the puncta. To detect the puncta of 
focal adhesion points labelled with FAK and Cofilin, inten-
sity threshold of average intensity + SD of intensity in the 
active region was used. The number of puncta per unit area 
(number per µm2) was plotted for both. All the graphs were 
generated using GraphPad Prism software.

Statistical analyses

One-way ANOVA followed by Tukey’s post-hoc test or two-
tailed Student’s t test was used to determine statistical dif-
ferences between groups using GraphPad Prism software. 
Error bars in figures are mean ± SEM unless otherwise 
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stated. For the statistical difference between frequency dis-
tribution of logarithmic values of diffusion coefficients, we 
used the Kolmogorov–Smirnov test. Diffusion coefficients 
were compared by unpaired t test. Wilcoxon matched-pair 
signed-rank test was used to conclude the difference between 
MSD curves. The area under the curve was calculated and 
compared using the Mann–Whitney test.

Image acquisition

Fluorescent images were acquired using Nikon Eclipse 80i 
upright fluorescent microscope (Nikon Instruments, USA) 
and confocal LSM880 microscope (Zeiss, Germany). FAK 
and Cofilin images were acquired using IX83 Olympus 
inverted motorised fluorescence microscope (Olympus, 
Japan) at 100 × in TIRF illumination mode. Images were 
acquired and pseudo coloured using MetaMorph software 
(Molecular Devices) for Nikon Eclipse 80i and IX83 Olym-
pus microscope and Zen software for confocal LSM880 
microscope. For imaging dynamics of growth cones, live 
imaging was performed on IX83 Olympus inverted motor-
ised fluorescence microscope (Olympus, Japan) using 100× 
in TIRF illumination and 561 nm filter. The chamber was 
maintained at 37 ºC with the aid of a whole microscope 
temperature-controlled chamber. Neuronal primary cul-
tures were loaded in an open chamber (Ludin chamber, Life 
Imaging Services, Switzerland). The images were obtained 
sequentially with a frame rate of 50 Hz for 5 min using Met-
amorph software (Molecular Devices).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 021- 03879-7.
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