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Introduction

Mammalian neocortex contains six layers and is formed by 
the directional migration of post-mitotic neurons from the 
ventricular zone toward the pial surface (Berry and Rog-
ers 1965; Rakic and Lombroso 1998). When neurons reach 
their destinations in the cortical plate, apical dendrites 
extended up to the pial surface, and their axons grow down 
to the ventricle to establish synaptic connections. Neuronal 
migration, which is critical for brain function, is a multi-
faceted process and dependent on a wide variety of cellular 
functions that modulate cell shape, polarity and motility. 
Several neurological diseases are caused by defects in neu-
ronal migration, including epilepsy, dysgnosia and mental 
retardation (Kuzniecky 2006).

Normal central nervous system development relies upon 
the presence of LIMK1, deletion of which has been impli-
cated in the development of Williams syndrome, a complex 
human developmental disorder characterized by mental 
retardation and profound deficits in visuospatial cognition 
(Frangiskakis et  al. 1996; Bellugi et  al. 1999). The LIM 
kinase family is composed of LIMK1 and LIMK2. LIMK1 
contains two LIM domains, an S/P-rich domain and a 
kinase domain, and it plays a central role in numerous 
cellular processes, including cell proliferation, the estab-
lishment of cell morphology, cell motility and structural 
remodeling.

LIMK1 is restricted to neuronal tissues and accumu-
lates at high levels in mature synapses (Bernard et al. 1994; 
Wang et al. 2000; Proschel et al. 1995). In the nervous sys-
tem, it has been shown that LIMK1 is important for neu-
rite outgrowth, spine morphology and synaptic plasticity. 
LIMK1 knockout in mice or genetic mutation in humans is 
associated with spine abnormalities and cognitive impair-
ments (Frangiskakis et  al. 1996; Tassabehji et  al. 1996; 
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Meng et  al. 2002). Moreover, the overexpression of wild-
type LIMK1 in cultured hippocampal pyramidal neurons 
induces growth cone formation and axon outgrowth at 
early time points (Rosso et  al. 2004). LIMK1 is activated 
downstream of Rho and Rac1, and evidences indicate that 
ROCK activates LIMK1 in vitro and in vivo by phospho-
rylation at Thr-508 (Ohashi et al. 2000b; Scott and Olson 
2007; Kapur et  al. 2016). In addition, as a serine/threo-
nine kinase, LIMK1 influences the architecture of the actin 
cytoskeleton by phosphorylating and inactivating its sub-
strate, cofilin family proteins (Arber et al. 1998; Yang et al. 
1998; Gorovoy et  al. 2005). However, it remains largely 
unknown whether LIMK1 functions in neuronal migration, 
and if so, how it contributes to those deficits.

Here, we showed that LIMK1 was essential for neuronal 
migration in  vivo. Overexpression of LIMK1 in cortical 
neurons by in utero electroporation (IUE) induced neur-
ites and branches. Furthermore, the activation of LIMK1 
was significant as well; the two mutants impaired neuronal 
migration through different morphologies. Finally, we 
found that cofilin could partially rescue the defects of neu-
ronal migration caused from constitutively active LIMK1 
(LIMK1-CA). Thus, our findings indicated that LIMK1 
was a negative regulator in proper cortical neuronal migra-
tion through the rearrangement of the actin cytoskeleton.

Methods and materials

Animals and tissue preparation

C57BL/6J mice were purchased from the experimental 
animal center of Xi’an Jiaotong University. The care and 
handling of animals and the experimental procedures were 
performed in accordance with the Guide for Care and 
Experimental of Laboratory Animals of Northwest A&F 
University.

Plasmid construction

All plasmids used a modified chicken β-actin promoter 
with the CMV-IE enhancer (CAG promoter), which can 
drive efficient expression in in utero electroporation experi-
ments. All the fragments were inserted into pCAG-MCS-
EGFP, which was constructed by inserting enhanced green 
fluorescent protein (EGFP) into pCAG-MCS. The full 
length of limk1 (GenBank accession No. NM_002314) was 
cloned from total embryonic neocortex RNA with the spe-
cific primers:

LIMK1-WT: forward primer: 5′-gtcgacgccaccatgaggttga 
cgctactttgttgca-3′ and reverse primer: 5′-agatctgtcagggacct 
cgggg-3′; using gene splicing by overlap extension PCR, 
the dominant-negative form of LIMK1 was generated by 

changing the Asp460 to alanine (Yang et  al. 1998; Ishaq 
et  al. 2011), and the constitutively active form of LIMK1 
was obtained by transforming Thr508 to valine (Kapur 
et al. 2016; Scott and Olson 2007).

Cofilin-WT was generated by PCR from a mouse cofi-
lin cDNA library (GenBank accession No. NM_007687) 
using the forward primer: 5′-ccggaattcgccaccatggcctctggt-
gtggctgtc-3′ and reverse primer: 5′-ggcgggatcccccaaaggctt-
gccctccagg-3′. Cofilin-S3A was generated to mimic the 
dephosphorylated (constitutively active) form by changing 
Ser3 to alanine (Chai et al. 2016; Noguchi et al. 2016).

In utero electroporation

Plasmids for IUE were purified using the Qiagen Plasmid 
Plus Midi Kit. Pregnant mice with embryos at embry-
onic day 15.5 (E15.5) were anesthetized with amobarbi-
tal sodium (Sigma), followed by inflation of the abdomen 
and then exposure of the uterine horns. Next, 1–2 μL of 
2–3 μg/μL plasmid solution was injected into the lateral 
ventricle through a glass micropipette made from a micro-
capillary tube. Electrical pulses were applied 5 times at 
intervals of 50 ms using an electroporator. Then, the uterine 
horns were put back into the peritoneal cavity for continued 
development (Tabata and Nakajima 2001). At appropriate 
stages, the electroporated brains were fixed with 4% para-
formaldehyde (PFA).

Immunofluorescence

Mouse brains at E18.5 and postnatal day 1 (P1) were sliced 
into coronal sections using a vibratome (VT 1000S; Leica 
Microsystems, Wetzlar, Germany). The slices were incu-
bated overnight with rabbit-anti-GFP and goat-anti-myc 
(1:1000). After rinsing three times with phosphate buffer, 
they were exposed to Alexa Fluor 488-conjugated don-
key anti-rabbit IgG for 3  h at room temperature. After 
another three washes, they were incubated in Alexa Fluor 
568-conjugated donkey anti-goat IgG and DAPI (1:500, 
Invitrogen, Carlsbad, CA, USA) for another 3  h at room 
temperature. Then, the slices were mounted in DAKO fluo-
rescent mounting medium (North America, Inc., CA, USA) 
and photographed using a fluorescent microscope (Axio 
Observer Z1; ZEISS, Germany).

Statistical analysis

To study the role of LIMK1 in neuronal migration, five 
slices at the somatosensory cortex level were selected from 
five transfected mouse brains randomly in each group under 
a fluorescent microscope (Tabata and Nakajima 2001, 
2002). We use rectangular frame to select quantification 
areas in somatosensory cortex slices, and we counted all 
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transfected (GFP positive) cells in each layer of the frame, 
respectively, and then obtained the percentage of cells in 
each layer to analyze whether migration was affected. The 
percentage of cells in the each layer equals GFP-positive 
cells in each layer/GFP-positive cells in the frame. To study 
the percentage of cells with branches in the LIMK1-WT 
and control groups, more than 100 transfected cells in the 
cortical plate (CP) were analyzed at high magnification. 
To evaluate the percentages of cells with two leading pro-
cesses in the LIMK1-DN and control groups, we counted at 
least 100 transfected cells in the CP at high-power magnifi-
cation. To ensure that the quantitative analyses were objec-
tive, we only counted the GFP-positive cells with obvious 
nuclei stained with DAPI. Thus, the subcellular localiza-
tions of GFP in different LIMK1-construct groups did not 
influence cell counting.

All data were obtained from five independent transfected 
brains. SPSS 20 software was used for statistical analysis. 
Student’s t test was used to determine the statistical sig-
nificance of differences between two groups; comparisons 
among multiple groups were made using one-way analysis 
of variance (ANOVA), and the one-way ANOVA was fol-
lowed by Dunnett’s multiple comparison test (*P  <  0.05, 
**P < 0.01, ***P < 0.001).

Results

Overexpression of LIMK1 blocked neuronal migration

To investigate the effect of LIMK1 on neuronal migration, 
we constructed the LIMK1-WT plasmid and employed in 
utero electroporation (Tabata and Nakajima 2001) to label 
new born neurons in embryonic brains at E15.5. The distri-
bution of those transfected neurons was strikingly different 
between the LIMK1-WT group and the GFP control group. 
At E18.5, in the control group, numerous GFP-positive 
cells migrated into both the intermediate zone (IZ) and the 
cortical plate (CP), and more than 20% transfected cells 
settled in the CP (Fig. 1a, b). However, neurons in brains 
transfected with LIMK1-WT accumulated in the sub-ven-
tricular zone (VZ/SVZ) and the IZ, and almost no neurons 
reached the CP (Fig. 1a, b). Consistently, we also observed 
a migratory deficiency at P1 (Fig. 1c). More than 60% of 
the transfected cells in the control group reached the upper 
region of the CP (UCP), and another 30% were in the IZ 
and the deeper region of the CP (DCP) (Fig. 1c, d). In con-
trast, in the LIMK1-WT brain sections, only 15% of the 
transfected neurons migrated into the UCP, while more 
than 50% of transfected cells remained in the IZ and VZ/
SVZ (Fig. 1c, d). These results indicated that overexpres-
sion of LIMK1 impaired neuronal migration.

To explore migratory detects caused by LIMK1 over-
expression, high-magnification microscopy was used to 
observe morphological differences between the transfected 
cells in the control group and the LIMK1-WT group. 
LIMK1-WT-transfected cells in the IZ displayed more neu-
rites (Fig.  2a, bottom) compared with the control group 
(Fig. 2a, top). In addition, we found branches on the lead-
ing processes of migrating neurons at P1 (Fig.  2c, right). 
Nevertheless, in the control group, migrating neurons 
showed the typical bipolar morphology, and most processes 
were smooth and straight, oriented toward the marginal 
zone (MZ) (Fig.  2c, left). Specifically, more than 90% of 
control cells were bipolar, whereas almost 40% of LIMK1-
WT cells gave rise to irregular branches (Fig.  2d). Taken 
together, the aberrant expression of LIMK1 impaired neu-
ronal migration by affecting neurite branching.

LIMK1 activity was important for its function 
in neuronal migration

LIMK1 is a serine/threonine kinase, and its activity is regu-
lated by phosphorylation. To further examine how LIMK1 
activity affects neuronal migration, we transfected neurons 
with a constitutively active form, LIMK1-CA, or a domi-
nant-negative form, LIMK1-DN. As expected, we found a 
marked migration deficiency in the P1 mouse brain trans-
fected at E15.5. In the LIMK1-DN and LIMK1-CA groups, 
more than 45% of transfected cells were located in the VZ/
SVZ and IZ, compared with only 20% of cells in the con-
trol group (Figs.  3b, 4c). In addition, fewer than 15% of 
LIMK1-CA-labeled cells had migrated into the UCP, while 
in the LIMK1-WT group, almost 20% of transfected neu-
rons reached the UCP. However, more than 25% of cells 
expressing LIMK1-DN were located in the UCP. These 
data clearly showed that LIMK1 activity is essential for 
normal neuronal migration.

Given that LIMK1-WT affected neuronal migration 
through changes in neuronal morphology, we compared 
the cellular morphology induced by the overexpression 
of LIMK1-DN and LIMK1-CA. LIMK1-CA-transfected 
cells not only showed branching but also displayed longer 
leading processes during migration (Fig.  4d). Compared 
with the average length of 60 μm for leading processes in 
the control group, that in the LIMK1-CA group was over 
90 μm (Fig. 4e). However, LIMK1-DN brain slices showed 
no significant difference from the control group in the 
length of the leading process. Interestingly, LIMK1-DN-
transfected cells in the CP possessed two leading processes, 
unlike cells in the control group, which typically possessed 
only one leading process (Fig.  3d). The above observa-
tion was confirmed using quantitative analysis. More than 
60% of neurons transfected with LIMK1-DN gave rise to 
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two leading processes, whereas more than 90% of neurons 
in control brain slices showed only one leading process 
(Fig. 3c). These results suggested that both hyperactivation 
and inactivation of LIMK1 affect neuronal migration but 
that the underlying mechanisms are different.

LIMK1 regulated neuronal migration by modulating 
cofilin

In signaling pathways related to actin dynamics, cofilin is 
an effector of LIMK1, which regulates the cytoskeleton via 
phosphorylating cofilin (Ohashi et  al. 2000a; Salvarezza 
et  al. 2009). To verify whether LIMK1 affects neuronal 
migration through cofilin, we co-transfected LIMK1-CA 
and cofilin-S3A into embryonic mouse brains. We found that 
co-expression of cofilin-S3A partially rescued the migration 

defects induced by LIMK1-CA (Fig.  4b). This partial res-
cue effect was demonstrated by quantitative analysis of the 
distribution patterns and the lengths of leading processes in 
the CP—almost 30% of co-transfected cells were located 
in the UCP, a much higher percentage than in LIMK1-CA 
brain slices (Fig. 4c). Additionally, the average length of the 
leading process in co-transfected cells was 60 μm, while it 
was 90 μm in the LIMK1-CA group (Fig. 4e). These results 
showed that cofilin is a downstream target of LIMK1 in 
mediating neuronal migration into the neocortex.

Discussion

Neuronal migration requires a sophisticated interplay of 
complex molecular machines in its multiple steps (Govek 

Fig. 1   Overexpression of LIMK1 impairs the radial neuronal migra-
tion of cortical neurons in  vivo. a Coronal sections of the E18.5 
brains were electroporated at E15.5 with EGFP (control, top) or 
LIMK1-WT (bottom). In the control group, many transfected neu-
rons were located in the CP, whereas the majority of neurons trans-
fected with LIMK1-WT accumulated in the IZ. b Quantification of 
transfected neurons in each layer at E18.5 showed that compared 
with the control group, the number of LIMK1-transfected neurons in 
the CP decreased significantly. Statistical significance was assessed 
using t test (DF = 8, T = 0.6828, P = 0.5039 for VZ/SVZ; DF = 8, 

T = 13.20, P < 0.0001 for IZ; and DF = 8, T = 15.87, P < 0.0001 
for CP). c EGFP-positive cells (control, top) and LIMK1-WT-posi-
tive cells (bottom) in the brains fixed at P1. Many control-transfected 
cells invaded the UCP; however, many neurons expressing LIMK1-
WT failed to reach the UCP. d Quantification showed the percent-
age of neurons in each layer at P1, and statistical significance was 
assessed using t test (DF = 8, T = 0.4459, P = 0.6593 for VZ/SVZ; 
DF = 8, T = 6.411, P < 0.0001 for IZ; DF = 8, T = 6.610, P < 0.001 
for DCP; and DF = 8, T = 15.67, P < 0.0001 for UCP). Scale bar 
100 μm. ***P < 0.001; ns not significant, E embryo, P postnatal
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et  al. 2011; Kawauchi and Hoshino 2008; Ayala et  al. 
2007). Neurons derived from the ventricular zone (VZ) 
pass through a multipolar stage to become bipolar and then 
undergo radial-glia-guided migration to reach their final 
destination within the cortex (Valiente and Marin 2010; 
Kriegstein 2005). Recent studies have shown that cofilin 
plays a critical role in cortical neuronal migration (Chai 
et  al. 2016; Bellenchi et  al. 2007). Because LIMK1 is 
important for the activation of cofilin (Ohashi et al. 2000a; 
Salvarezza et  al. 2009), we investigated whether LIMK1 
is also involved in neuronal migration during cortical 
development. In this study, using in utero electroporation, 
we found that LIMK1 regulated neuronal migration by 
changing the morphology of migrating neurons. Increased 
numbers of neurites and cell branches were found in the 
LIMK1-WT group. To further examine whether the activa-
tion state of LIMK1 was important for its effect on neu-
ronal migration, we analyzed two mutants, LIMK1-CA and 
LIMK1-DN, and they showed that multiple mechanisms 
contribute to the migration defects. Moreover, co-trans-
fection of LIMK1-CA and cofilin-S3A partially rescued 
the neuronal migration defect observed with LIMK1-CA 

alone. Taken together, our results suggested that LIMK1 
controlled neuronal migration through the regulation of 
actin dynamics.

LIMK1 is a member of the LIM kinase family, which 
regulates cell migration, cell morphology and cell prolifera-
tion through phosphorylating cofilin (Yoshioka et al. 2003). 
Because LIMK1 is a critical molecule in Williams syn-
drome, many studies have focused on neurite outgrowth, 
spine morphology and synaptic plasticity in the neuronal 
system (Meng et al. 2002; Rosso et al. 2004). However, the 
role of LIMK1 in neuronal migration is largely unknown. 
Using in utero electroporation, we observed that over-
expressing LIMK1-WT blocked neuronal migration. At 
E18.5, neurons had accumulated in the IZ and the VZ/SVZ, 
and neurons in the IZ showed increased numbers of neu-
rites. Moreover, we obtained tissue at P1, and fewer than 
20% of neurons had reached their destination. In addition, 
more than 30% of neurons remained in the CP and showed 
abnormal branches. Neurons must transform their morphol-
ogy from multipolar to bipolar as they migrate from the 
IZ into the CP, whereas mature neurons possess a similar 
multipolar morphology (Sakakibara et al. 2014; Sakakibara 

Fig. 2   Overexpression of LIMK1 induces neuronal branching and 
increases the number of neurites. a Increased neurite outgrowth 
in the IZ at E18.5. b Drawings of the cell morphology from high-
power magnification. Scale bar 10  μm. c High-power magnifica-
tion of migrating neurons in the CP of P1 brain sections. Sections 
stained with DAPI (blue). In the control group, the transfected cells 
showed the typical bipolar morphology of migrating neurons, includ-
ing the oval soma with a long and thick leading process and a short, 

thin trailing process (left). In contrast, many LIMK1-WT-transfected 
neurons gave rise to many branches (right). d Quantitative analysis 
of branched neurons in the CP at P1. Data were collected from more 
than 100 cells in three brains. Statistical significance was assessed 
using Student’s t test (DF = 4, T = 12.853, P = 0.0002 for branched 
cells; DF  =  4, T  =  −12.853, P  =  0.0002 for branched cells), 
***P < 0.001
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and Hatanaka 2015). The present study indicated that 
LIMK1 induced neuronal branching that impaired neu-
ronal migration. Therefore, it is understandable that the 
transfected neurons accumulated between the IZ and CP 
but not between the VZ and IZ. We hypothesized that these 
branches might contribute to the migration defects, with 
the increase in obstruction inhibiting neuronal migration 
(Nadarajah et al. 2003; Marin et al. 2006). The morphologi-
cal changes might result from actin polymerization induced 
by inactivated cofilin.

Most neurons transfected with LIMK1-CA did not 
reach their destination, instead remaining in the IZ and 
DCP. This might be because LIMK1 phosphorylates cofi-
lin and inhibits its ability to bind and depolymerize actin, 
leading to the accumulation of F-actin aggregates and fila-
ments. Meanwhile, our results showed that the inactiva-
tion of LIMK1, in neurons expressing LIMK1-DN, also 
negatively regulated neuronal migration, possibly because 
dominant-negative LIMK1 inhibits the accumulation of the 
F-actin. In migrating cells, the actin cytoskeleton (F-actin) 
at the leading edge is subjected to an organized process of 

assembly/disassembly to move the edge forward (Pollard 
and Borisy 2003). Therefore, an increase or a decrease in 
actin cytoskeleton dynamics would impair neuronal migra-
tion. Interestingly, overexpressing wild-type LIMK1 in 
cultured hippocampal pyramidal neurons induced growth 
cone formation and axon outgrowth at early time points 
(Rosso et  al. 2004). This scenario is similar to our find-
ings that LIMK1-WT gave rise to irregular branches and 
LIMK1-CA to the formation of longer leading processes 
in the migratory neurons in  vivo, even though it is found 
on the other side of the bipolar neuron. However, LIMK1-
DN-transfected cells possessed two leading processes and 
also impaired neuronal migration. Previous studies have 
shown that the overexpression of a dominant-negative 
form of LIMK1 in metastatic cancer cells inhibited motil-
ity, invasiveness and metastasis (Davila et al. 2003; Yosh-
ioka et al. 2003). This might be due to the dephosphoryla-
tion of cofilin, an actin-depolymerizing protein, which 
binds to F-actin, thus promoting their disassembly and 
rearrangement (Jovceva et  al. 2007; Kiuchi et  al. 2007). 
Moreover, after the co-transfection of LIMK1-CA and 

Fig. 3   Overexpression of LIMK1-DN impairs neuronal migration 
by giving rise to two leading processes. a Representative images of 
EGFP (top) and LIMK1-DN (bottom) brain sections at P1. Compared 
to the control group, over 70% of LIMK1-DN-transfected cells failed 
to migrate to the UCP. Scale bar 100 μm. b Quantitative analysis of 
the distribution of transfected cells in different layers. More than 5 
brain sections were counted. Statistical significance was assessed 
using Student’s t test (DF  =  8, T  =  3.874, P  =  0.0047 for VZ/

SVZ; DF = 8, T = 3.119, P = 0.0133 for IZ; DF = 8, T = 0.4233, 
P = 0.6807 for DCP; and DF = 8, T = 8.928, P < 0.001 for UCP). 
c High-power magnification of neurons transfected with LIMK1-DN 
in the CP. Some cells gave rise to two leading processes. Scale bar 
10 μm. d Quantitative analysis of neurons transfected with LIMK1-
DN showing two leading processes. At least 100 cells from three 
brains were counted. ***P  <  0.001; **P  <  0.01; *P  <  0.05; ns not 
significant
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cofilin-S3A, we found that the obstruction of migration 
was partially rescued, with more neurons having migrated 
to the UCP. This result was consistent with the finding that 
during dendritic Golgi outpost formation, co-transfection 

of hippocampal pyramidal neurons with cofilin-S3A and 
LIMK1-WT increased the deployment of Golgi appa-
ratus, while LIMK1-WT alone produced fewer deploy-
ments (Quassollo et al. 2015). Surprisingly, we found that 

Fig. 4   Cofilin-S3A partially rescued the neuronal migration defect 
induced by LIMK1-CA. a LIMK1-CA was transfected into neurons 
of the VZ/SVZ, and the brains were fixed and analyzed at P1. Con-
trol (top), LIMK1-CA (bottom). Scale bar 100 μm. b Co-transfection 
of LIMK1-CA (green) and cofilin-S3A-myc (red), evaluated at P1. 
Scale bar 100 μm. c Quantitative comparison of the control (EGFP), 
LIMK1-CA and the co-transfection of LIMK1-CA and cofilin-S3A. 
Distribution patterns were analyzed at P1. More neurons reached 
their destinations in LIMK1-CA + cofilin-S3A-co-transfected brains 
than in LIMK1-CA brains. Statistical significance was assessed 
using one-way ANOVA (the one-way ANOVA was followed by Dun-
nett’s multiple comparison test; in VZ/SVZ, DF =  2, F =  17.480, 
P = 0.999 for control and LIMK1-CA group, P = 0.002 for control 
and LIMK1-CA  +  cofilin-S3A group, P  =  0.002 for LIMK1-CA 
and LIMK1-CA +  cofilin-S3A group; in IZ, DF =  2, F =  21.240, 
P = 0.046 for control and LIMK1-CA group, P < 0.001 for control 
and LIMK1-CA  +  cofilin-S3A group, P  =  0.307 for LIMK1-CA 
and LIMK1-CA + cofilin-S3A group; in DCP, DF = 2, F = 95.046, 

P  <  0.001 for control and LIMK1-CA group, P  <  0.01 for control 
and LIMK1-CA + cofilin-S3A group, P < 0.001 for LIMK1-CA and 
LIMK1-CA + cofilin-S3A group; and in UCP, DF = 2, F = 99.080, 
P < 0.001 for control and LIMK1-CA group, P < 0.001 for control 
and LIMK1-CA  +  cofilin-S3A group, P  =  0.192 for LIMK1-CA 
and LIMK1-CA +  cofilin-S3A group). d High-magnification analy-
sis at P1 of neurons in the CP transfected with EGFP, LIMK1-CA or 
LIMK1-CA +  cofilin-S3A. Scale bar 10 μm. e Quantitative analy-
sis of the length of the leading process from neurons transfected with 
EGFP, LIMK1-CA or LIMK1-CA +  cofilin-S3A. At least 100 cells 
from three brains were counted. Statistical significance was assessed 
using one-way ANOVA (the one-way ANOVA was followed by Dun-
nett’s multiple comparison test; DF = 2, F = 96.839, P < 0.001 for 
control and LIMK1-CA group, P =  0.971 for control and LIMK1-
CA  +  cofilin-S3A group, P  <  0.001 for LIMK1-CA and LIMK1-
CA + cofilin-S3A group). ***P < 0.001; **P < 0.01; *P < 0.05; ns 
not significant



478	 Histochem Cell Biol (2017) 147:471–479

1 3

branches disappeared and that the length of the leading 
process decreased, which was consistent with previous 
results regarding the obstruction of neuronal migration. 
These results showed that cofilin was a downstream target 
of LIMK1 in mediating neuronal migration into the neocor-
tex. Nevertheless, the cause of this partial rescue requires 
further study. All in all, we hypothesized that there is a bal-
ance between activation and inactivation of LIMK1 in vivo. 
Once the balance was broken, neuronal migration would be 
blocked (Fig. 5).

In summary, our results imply LIMK1 is a negative 
regulator of neuronal migration during brain development. 
Furthermore, our results might provide a theoretical basis 
for a cure for Williams syndrome.
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