
Original Article
J Vet Sci 2018, 19(1), 21-26ㆍhttps://doi.org/10.4142/jvs.2018.19.1.21 JVS

Received 4 Oct. 2016, Revised 19 Dec. 2016, Accepted 7 Feb. 2017
*Corresponding authors: Tel/Fax: +86-29-87091117; E-mails: shantingzhao@hotmail.com (S Zhao), csl_1359@126.com (S Chen)
†The first two authors contributed equally to this work.
Journal of Veterinary Scienceㆍⓒ 2018 The Korean Society of Veterinary Science. All Rights Reserved.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/ 
by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

pISSN 1229-845X
eISSN 1976-555X

Coactosin-like protein 1 inhibits neuronal migration during 
mouse corticogenesis
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Coactosin-like protein 1 (Cotl1), a member of the actin-depolymerizing factor (ADF)/cofilin family, was first purified from a soluble fraction 
of Dictyostelium discoideum cells. Neuronal migration requires cytoskeletal remodeling and actin regulation. Although Cotl1 strongly binds 
to F-actin, the role of Cotl1 in neuronal migration remains undescribed. In this study, we revealed that Cotl1 overexpression impaired migration 
of both early- and late-born neurons during mouse corticogenesis. Moreover, Cotl1 overexpression delayed, rather than blocked, neuronal 
migration in late-born neurons. Cotl1 expression disturbed the morphology of migrating neurons, lengthening the leading processes. This 
study is the first to investigate the function of Cotl1, and the results indicate that Cotl1 is involved in the regulation of neuronal migration 
and morphogenesis.
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Introduction

Neuronal layers are formed during neuronal migration, a 
fundamental process in brain development. In the mammalian 
cerebral cortex, pyramidal neurons are generated in the 
ventricular zone (VZ) and migrate to the cortical plate (CP) via 
the subventricular zone (SVZ) and the intermediate zone (IZ) to 
form a six-layered structure [22,23]. Late-born neurons migrate 
past early-born neurons to superficial positions. This migration 
pattern produces an inside-first and outside-last gradient [1]. 
Early- and late-born cortical neurons display distinct migratory 
behaviors that are regulated by different molecular mechanisms 
[9]. Disturbing any process can impair neuronal migration and 
morphogenesis in the cerebral cortex, thereby causing 
neurological syndromes, such as epilepsy and Alzheimer’s 
disease [15,21,25].

Neuronal migration is a coordinated process that includes 
extension of the leading process, translocation of the nucleus, 
and retraction of the trailing process. These processes are 
associated with cytoskeletal rearrangement [11,18]. Actin- 
associated proteins and microtubule-associated proteins regulate 
the reorganizations of microtubules and F-actin, which are 

essential for neuronal migration. The actin cytoskeleton is 
regulated by numerous actin-binding proteins, including the 
family of actin-depolymerizing factor homology (ADF-H) 
domains [8].

The ADF-H domains consist of three phylogenetically 
distinct classes: ADF/cofilins, twinfilins, and drebrin/Abp1s 
[14]. Coactosin-like protein 1 (Cotl1) is a member of the 
ADF/cofilin family and is highly related to coactosin, an 
actin-binding protein. Coactosin was first purified from a 
soluble fraction of Dictyostelium discoideum cells. In vitro, 
Cotl1 binds strongly to actin filaments [6] and to F-actin but not 
to G-actin [13]. In vitro studies have demonstrated that Cotl1 
and cofilin compete with each other for binding to F-actin. 
Moreover, Cotl1 regulates lamellipodial dynamics by protecting 
F-actin from cofilin-mediated depolymerization [13]. A recent 
study showed that, in CHO cells, Cotl1 directly binds to F-actin 
without forming stable complexes with G-actin [19]. Chai et al. 
[4] have shown that cofilin and reelin cooperate in controlling 
cytoskeletal dynamics during neuronal migration. These results 
implicate Cotl1 in neuronal migration. However, the function of 
Cotl1 during neuronal migration remains undescribed.

In the present study, we examined the expression of Cotl1 
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mRNA in the developing cerebral cortex. Our results revealed 
that Cotl1 overexpression impaired the migration of both 
early-born and late-born neurons during mouse corticogenesis.

Materials and Methods

Animals
The ICR mice used in this study were purchased from Xi’an 

Jiao-tong University, China. Mice were fed and handled 
according to international guidelines. The animal protocols 
were approved by Northwest A&F University, China (approval 
No. 20111006-2).

Antibodies and agents
Antibodies included rabbit anti-green fluorescent protein 

(GFP), goat anti-myc, 4’,6-diamidino-2-phenylindole (DAPI; 
Millipore, USA), Alexa Fluor 488-conjugated donkey anti- 
rabbit IgG and Alexa Fluor 568-conjugated donkey anti-goat 
IgG (Life Technologies, USA). Bovine serum albumin, Triton 
X-100, and normal goat serum were purchased from 
Sigma-Aldrich (USA).

RNA bioanalyzer
A bioanalyzer (Agilent Technologies, USA) was used to test 

Cotl1 expression in mouse cerebral cortex at different embryonic 
stages. Total RNA was extracted on ice by lysing cortical 
tissue in Trizol (Thermo Fisher Scientific, USA). Then, the cell 
lysate was centrifuged at 4oC, the supernatant removed, and 
isopropyl alcohol added. The solution was allowed to stand at 
room temperature for 10 min and then centrifuged at 4oC, 
discarded the supernatant. Then 75% alcohol was added to the 
solution and centrifuged at 4oC to discard the supernatant. 
Diethylpyrocarbonate H2O was added to dissolve the 
precipitate. Finally, total RNA was transcribed to cDNA by 
using reverse transcripition kit (Thermo Fisher Scientific). We 
examined the cDNA sequences to determine the expression of 
Cotl1 in mouse cerebral cortex. Glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) was used as the internal reference. 
Forward 5′-AGCGAGACCCCACTAACA-3′ and reverse 5′- 
ATGAGCCCTTCCACAATG-3′ primers were used.

Plasmid construction
The full length of Cotl1 (GenBank: NM_028071.3) was 

constructed by performing reverse transcription polymerase chain 
reaction (RT-PCR) with total embryonic brain RNA and specific 
primers: forward 5′-GGAATTC ATGGCCACGAAGATCG 
ACAAGGAGG-3′ and reverse 5′-GCGTCGACGCCTCTGACTGA 
GCGTCGTAGTTGGCC-3′. The enzyme sites (EcoR I and Sal I) 
were purchased from Fermentas (USA) and are indicated by the 
underlined sections of the primers. The Cotl1 fragment was 
inserted into pCAG-MCS-myc and pCAG-MCS-GFP was used 
as a control.

In utero electroporation 
Plasmid DNA was prepared by using a QIAGEN Plasmid 

Plus Midi Kit (QIAGEN, Germany). Plasmids were transfected 
via trans-uterus pressure microinjection by using in utero 
electroporation (IUE) [4,10]. Briefly, a pregnant mouse was 
anesthetized with 0.56% sodium pentobarbitone (1 mL/100 g) 
and the uterus and embryos were exposed. The pCAG-Cotl1- 
myc, together with pCAG-MCS-GFP (pCAG-Cotl1-myc final 
concentration 3 μg/μL and pCAG-MCS-GFP final concentration 
0.5 μg/μL), were mixed with Fast Green (1 mg/mL; Sigma- 
Aldrich) and injected into the embryo’s lateral ventricle at 
embryonic days (E)12.5 and E15.5. The pCAG-MCS-GFP was 
used as the control (final concentration 3 μg/μL). For 
electroporation, electrical pulses were generated by a square 
wave electroporation system (ECM830; BTX, USA) and 
applied through five pulses (30 V; 50 msec duration; 950 msec 
interval). Subsequently, the embryos were replaced in the 
uterus to allow them to continue normal development. Embryo 
brains were harvested at specified time points.

Immunohistochemistry and confocal microscopy
Brains were harvested on E16.5 after electroporation at E12.5 

and on postnatal days (P)1 and P7 after electroporation at E15.5 
[7,9]. At least four embryonic mouse brains, regardless of sex, 
were harvested per group. Harvested brains were fixed in 4% 
paraformaldehyde for at least 48 h at 4°C. Subsequently, brains 
were sliced into 50 μm thick sections with a vibratome (VT 
1000S; Leica Microsystems, Germany). The sections were 
incubated overnight at 4oC with rabbit anti-GFP (1:1,000) or 
goat anti-myc (1:500). Sections were washed at least thrice with 
0.1 M PBS and then incubated with Alexa Fluor 488- 
conjugated donkey anti-rabbit IgG (1:1,000) or Alexa Fluor 
568-conjugated donkey anti-goat IgG (1:1,000) and DAPI at 
room temperature. The brain sections were then washed and 
covered with fluorescent mounting medium (Dako, Denmark) 
on glass and visualized by using a fluorescent microscope (Axio 
Observer Z1; Zeiss, Germany).

Statistical analysis
Eight slices were randomly selected from four transfected 

mouse brains per group. Slice selection was performed under 
fluorescent microscopy [7,27]. Quantification areas in the 
somatosensory cortex slices were selected by using a 
rectangular frame. All transfected (GFP-positive) cells in each 
layer of the frame were counted by using the ZEN 2012 
program (Zeiss). Subsequently, the cell percentage in each layer 
was obtained to determine the effect of transfection on 
migration. The percentage of cells in each layer was calculated 
as the GFP-positive cells in each layer/GFP-positive cells in the 
frame. Statistical analysis was performed by using GraphPad 
Prism software (ver. 5.0; GraphPad Software, USA) to apply 
unpaired t-tests. A p value ＜ 0.05 (*) was considered significant. 
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Fig. 1. RNA bioanalyzer results for coactosin-like protein 1 
(Cotl1) by the polymerase chain reaction. (A) Cotl1 RNA was 
expressed at a low level in specific periods in developing mouse
cerebral cortex. (B) Internal reference (glyceraldehyde 
3-phosphate dehydrogenase [GAPDH]) expression in mouse 
cerebral cortex. E, embryonic days; M, marker.

Fig. 2. Coactosin-like protein 1 (Cotl1) overexpression impaired 
the migration of early-born neurons in a dose-dependent manner.
(A) Cotl1 impeded neuronal migration at embryonic days 
(E)16.5. (B) Quantification of transfected neurons in each layer at
E16.5. Significance of differences between the Cotl1 and green 
fluorescent protein (GFP) control groups for each layer were 
determined by using t-tests. (C) Average fluorescence intensity in
intermediate zone (IZ) and cortical plate (CP) layers at E16.5 
were significantly different (***p ＜ 0.001). Bars indicate mean 
± SEM. Scale bar = 100 μm. DAPI, 4′,6-diamidino-2-phenylindole;
VZ/SVZ, ventricular zone/subventricular zone.

A p value ＜ 0.01 (**) was considered very significant, and a p 
value ＜ 0.001 (***) was considered extremely significant.

Results

Cotl1 RNA expression was attenuated during specific 
developmental periods of mouse cerebral cortex

A previous study reported that Cotl1 mRNA transcripts are 
expressed in the human brain [19]. The results in the present 
study showed expression of Cotl1 mRNA in mouse embryonic 
brain, indicating its role in the development of the cerebral 
cortex. The results showed that Cotl1 mRNA was expressed at 
E12.5 and E15.5 at low levels but its expression could not be 
detected at E18.5 (Fig. 1).

Cotl1 overexpression impaired the migration of early-born 
neurons in a dose-dependent manner

To investigate the function of Cotl1 in neuronal migration, we 
transfected neural progenitor cells with the Cotl1 expression 
vector and the GFP plasmid via IUE. Given that early- and 
late-born neurons display distinct migratory behaviors, 
electroporation was first performed at E12.5 to investigate the 
role of Cotl1 in the migration of early-born neurons. The 
distribution of the transfected cells was analyzed at E16.5. We 
found that approximately 72% of the transfected neurons 
reached the CP in the control group, whereas only 
approximately 14% of the cells migrated to the IZ. Moreover, 

only approximately 59% of the Cotl1-transfected cells reached 
the CP, while more than 30% of the neurons clustered in the IZ 
(panels A and B in Fig. 2). These results indicated that Cotl1 
overexpression impaired the migration of early-born neurons.

We further analyzed Cotl1 expression in the CP and IZ. The 
fluorescence intensity of the transfected cells was measured by 
using ZEN 2012 software. The average fluorescence intensity 
of the neurons in the IZ (1,430.0 ± 128.2) was significantly 
higher than that in the CP (907.5 ± 81.8) (panel C in Fig. 2). This 
result indicated that Cotl1 impaired the migration of early-born 
neurons in a dose-dependent manner.

Cotl1 overexpression slowed down the neuronal migration 
of late-born neurons

To investigate the function of Cotl1 in late-born neurons, 
E15.5 neural progenitor cells were transfected with the Cotl1 
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Fig. 3. (A) Coactosin-like protein 1 (Cotl1) overexpression slowed
the migration of late-born neurons at P1. (B) Neurons reached the
upper cortical plate (UCP) at P7. (C) Quantification showed that 
neuron numbers were significantly decreased in the CP layers in
the Cotl1-transfected group than in the green fluorescent protein
(GFP) control group, but were significantly increased in the 
intermediate zone (IZ) and ventricular zone (VZ). Scale bars = 
100 μm. *p < 0.05, **p < 0.01, ***p < 0.001. E, embryonic
days; P, postnatal days; DAPI, 4′,6-diamidino-2-phenylindole; 
DCP, deeper cortical plate.

Fig. 4. Coactosin-like protein 1 (Cotl1) induced an abnormal 
morphology in neurons of the cerebral cortex. (A) The 
Cotl1-transfected neurons that migrated into the cortical plate 
were different from those in the green fluorescent protein (GFP) 
control group. The average length of the leading process in the 
Cotl1-transfected group was significantly greater than that in the
GFP control group. The arrow refers to a single neuron as shown
in panel B. (B) Single neuron transfected with plasmid; left image
is a representative neuron from the control group and the right 
image is from the Cotl1-transfected group. (C) The statistic of the
length of neuronal leading process. Scale bar = 10 μm. ***p <
0.001. DAPI, 4′,6-diamidino-2-phenylindole.

expression vector and the GFP plasmid. In the control group, 
nearly 80% of the transfected neurons reached the upper CP 
(UCP), whereas only approximately 8% of the transfected 
neurons resided in the IZ in the control group at P1, and 
approximately 6.7% of transfected neurons resided in the VZ. 
However, the distribution of the transfected cells was 
significantly different in the Cotl1-transfected group: 27% (p ＜ 
0.0001) of Cotl1-transfected neurons reached the UCP, 32% (p 
＜ 0.0001) of neurons had arrested in the IZ, and 30% of the 
neurons (p = 0.0097) remained in the VZ (panels A and C in Fig. 
3). These results indicated that Cotl1 overexpression impaired 
the migration of late-born neurons.

The distribution of the transfected neurons was analyzed at P7 
to investigate whether Cotl1 expression blocked or delayed 
neuronal migration. We observed that nearly all transfected 
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neurons reached the UCP (panel B in Fig. 3), suggesting that 
Cotl1 overexpression delayed, rather than blocked, the 
migration of late-born neurons.

Cotl1 overexpression lengthened the leading process
We examined the morphology of Cotl1-transfected neurons 

in the CP to investigate the mechanisms contributing to the 
Cotl1 effect on late-born neuronal migration. The Cotl1- 
transfected neurons exhibited a typical bipolar morphology 
with a leading process toward the pial surface. However, the 
leading processes in the Cotl1-transfected group were longer 
than those in the control group (panels A and B in Fig. 4). The 
average length of the leading processes in the control group was 
54.41 ± 2.91 μm, whereas it was 89.62 ± 4.45 μm in the 
Cotl1-transfected group, an extremely significant difference 
(Fig. 4). Thus, Cotl1 overexpression modified the morphology 
of the migrating neurons, which delayed neuronal migration.

Discussion

We observed that Cotl1 RNA was expressed during specific 
periods in the course of development of mouse cerebral cortex. 
Moreover, Cotl1 overexpression impaired both early- and 
late-born neuronal migration in a dose-dependent manner. In 
addition, neuronal leading processes were elongated when 
late-born neurons migrated to the CP. Overall, these results 
suggested that Cotl1 overexpression impaired late-born 
neuronal migration partly because of the longer leading process 
in the CP.

Neuronal migration requires the balance of many molecules 
in multiple steps [3,7,24]. Postmitotic neurons that are 
generated in the VZ/SVZ migrate toward the pial surface and 
experience various morphological changes and neuronal 
maturation events [12,20]. There are two modes of neuronal 
migration in the cerebral cortex: radial and tangential 
[2,5,17,26]. Radial migration is crucial in the establishment of 
layered structures. Previous reports have suggested that both 
early-born neurons (the earliest emigrants from the E12.5 VZ) 
and late-born neurons (those derived from the E15.5 VZ) 
transform from a stellate to a bipolar shape. Neurons show 
migratory behavior that is regulated by distinct molecular 
mechanisms [9]. Somal translocation occurs during relatively 
early stages of corticogenesis in the E13 to E14 mouse [17], 
whereas locomotion subsequently dominates [16]. In the 
present study, Cotl1 overexpression impaired the neuronal 
migration of both early- and late-born neurons. This result 
suggested that Cotl1 is required for both somal translocation 
and locomotion. Neuronal migration requires precisely 
coordinated cytoskeletal dynamics. Cotl1 competes with 
cofilin to bind with F-actin, and previous studies have shown 
that cofilin is important for neuronal migration. Moreover, 
cofilin overexpression has been reported to lengthen leading 

processes, indicating that Cotl1 may cooperate with cofilin in 
controlling cytoskeletal dynamics during neuronal migration.

In summary, our study showed that Cotl1 is involved in 
neuronal migration and morphology. The results further support 
the hypothesis that Cotl1 is important for cell architecture and 
motility in actin regulation. 
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