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ABSTRACT 
 

 

   The embryonic neurogenesis which new neurons are generated in the embryonic 

brain is critical for the development of the central nervous system. Abnormal 

neurogenesis often results in some fatal defects in the brain development as well as 

psychological disorders. As neurons become mature, the decrease of intracellular 

chloride ion concentration in the embryonic neurons determines transmembrane 

potential of neuronal membrane, which regulates actions of GABAergic transmission 

in the early brain development. Although the concentration of intracellular chloride ion 

is actively determined in the embryonic neurodevelopment by chloride transporters, 

NKCC1 and KCC2, it remains clearly unknown about how Cl- permeable chloride 

channels are involved in the embryonic CNS development.  

   The anoctamin family (ANOs) is endogenous calcium activated chloride channels 

with various physiological functions. With the fact that Ca2+ signals, widely known as a 

second messenger, generated during the embryonic neurogenesis mediate calcium 

activated chloride channels, we therefore investigated whether anoctamins are required 

for the embryonic neurogenesis. Using real time quantitative-PCR technique, we 

determined the level of mRNAs of various anoctamin channels as embryonic neural 



 ii 

stem/progenitor cells increase the size of neurosphere. As a result, we found that 

mRNA levels of ANO3, ANO6, ANO8, and ANO10 were increased as the size of 

neurospheres enlarged. Especially, ANO8 was extensively increased by about 1000-

fold.  In addition, we identified ANO8 expression pattern in the developing brain. 

Moreover, we performed the knock down assay of ANO8 for proliferation assay and 

migration assay. Then, we determined that ANO8 had influence on cellular migration, 

not on proliferation. 

   Taken together, these results suggest that ANO3, ANO6, ANO8, and ANO10 play 

important roles in embryonic neural stem/progenitor cells. In particular, ANO8 have 

been strongly connected to embryonic neurogenesis. This study provides insights into 

molecular mechanisms underlying chloride channels are involved in the embryonic 

neurodevelopment.  

 

 

 

 

 

Keywords: Anoctamin, CaCC, embryonic neurogenesis, neurosphere 

Student Number: 2010-24237 
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INTRODUCTION 
 

  

   Neurogenesis is the process that new neurons are generated from neural 

stem/progenitor cells. The birth of new neurons, which is neurogenesis, had been 

known to occur during the embryonic brain development when the central nervous 

system is initially formed. However, very recently, some evidences have been found to 

support that neurogenesis continues into adulthood from the early 1960s (Altman, 

1962). Since then, neurogenesis is widely classified into two stages, before and after 

birth.  

   In the early stage, before birth, neurogenesis occurs in all regions of the embryonic 

developing brain at high level, produces various types of neurons, and establishes new 

cortical layers. This developmental stage is called embryonic neurogenesis. In addition, 

in this embryonic neurogenesis, new neurons migrate from inner layer to outer layer 

using radial glia. On the other hand, after birth, adult neurogenesis occurs in two 

precise regions of the brain, the hippocampus and the olfactory bulb at lower level, 

produces particular types of neurons, and migrates to specific positions within the 

existing layers (Kriegstein and Alvarez-Buylla, 2009; Mackowiak et al., 2004).     

According that the adult neurogenesis is functionally compensatory to the impaired 

brain region where neurons regenerate (Kozorovitskiy and Gould, 2003), this adult 

neurogenesis has been identified to be critical for treating with the neurodegenerative 

disorders such as Parkinson’s disease (Hoglinger et al., 2004), Alzheimer’s disease 
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(Wang et al., 2010), or Huntington’s disease (Curtis et al., 2003).  

   However, we focused on the embryonic neurogenesis based on the fact that 

embryonic neurogenesis is a crucial starting point for understanding neurogenesis, 

providing a basic model for how to produce new neurons and what happens to them 

after the formation. While a bunch of neurons generate in the embryonic brain before 

birth, it was known that diverse ion channels such as Ca2+, Cl-, or K+ channels are 

involved in this developmental stage (Leclerc et al., 2006; Reynolds et al., 2008; Zhou 

et al., 2011). Above all, it was shown that chloride ion channels might have a pivotal 

function in the embryonic neurogenesis through gamma-aminobutyric acid (GABA) 

receptors widely expressed in the neural stem/progenitor cells (Batista-Brito and 

Fishell, 2009; Fukui et al., 2008; Nakamichi et al., 2009). Furthermore, this GABA 

transmitters need to be in transition from excitatory to inhibitory while the activation of 

chloride transporters, such as NKCC1 (Na-K-Cl cotransporter) and KCC2 (K-Cl 

cotransporter), reverses as soon as the birth (Ben-Ari et al., 2012). Accordingly, we 

investigated whether chloride ion channels are concerned with the early developing 

brain, and we made a study related to the effects of a newly found calcium activated 

chloride channel, which is anoctamin family, on the formation of neurosphere in the 

embryonic mouse brain.  

   Anoctamin/Tmem16 family, which is one kind of calcium activated chloride 

channels(Ajmone-Cat et al., 2008), has firstly cloned in our laboratory recently (Yang 

et al., 2008), though some other groups found anoctamins at the time by different 

approaches (Caputo et al., 2008). Anoctamin family has 10 members in the mammal 
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and it is constituted of eight transmembrane proteins with N- and C- termini. While 

among 10 anoctamin members, ANO1 and ANO2 have been found as CaCCs, other 

ANOs are not functionally known yet. In view of numbers of papers demonstrating 

CaCC is responsible for cellular physiological functions including the regulation of pH, 

volume homeostasis, cardiac excitability, cell migration, cell differentiation, and cell 

proliferation (Kunzelmann et al., 2012; Schreiber et al., 2010), we tried to investigate 

whether this anoctamin family has the functional roles in the embryonic neurogenesis 

through 2D neural stem/progenitor cell monolayer culture and 3D neurosphere culture 

system.  

   Neural stem/progenitor cells derived from the embryonic brain are cultured either as 

monolayer 2D culture or as spherical aggregates termed neurospheres (Alvarez-Buylla 

et al., 2001). Neurosphere culture system has been extensively used ever since firstly 

established in the early 1990s (Reynolds and Weiss, 1992). This neurosphere culture 

system was the first in vitro system to demonstrate the presence of cells in the adult 

brain with neural stem cells and extremely useful tool to analyze proliferation and self-

renewal capacity of neural stem/progenitor cells (Reynolds et al., 1992; Reynolds and 

Weiss, 1996). Due to some strengths of neurosphere culture system (Jensen and 

Parmar, 2006), we mainly used neurospheres derived from embryonic mouse cortex as 

major resources in this study.  

   Although the number of reports suggesting some physiological and clinical relevance 

of the anoctamin family is rapidly rising (Duran et al., 2012; Galietta, 2009; Martins et 
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al., 2011; Milenkovic et al., 2010), the anoctamin family needs to be discovered in 

determining their potential molecular functions (Kunzelmann et al., 2011). Especially, 

it is rarely understood whether the anoctamin family is related to neurogenesis or not.        

   Here, we treated some chloride channel blockers on neurospheres, analyzed the 

expression of the anoctamin family in the neurospheres cultured from the embryonic 

mouse cortex, and found that mRNA levels of ANO3, ANO6, ANO8, and ANO10 

were increased while neurospheres formed. Particularly, ANO8 was largely increased 

about 1000-fold. Therefore, we focused on ANO8 to investigate its role on the 

embryonic neurogenesis using siRNA approach. Moreover, we ascertained ANO8 

expression pattern in the embryonic brain using immunostaining. These studies provide 

insights into the probable roles of the anoctamin family in the embryonic neurogenesis. 
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MATERIALS AND METHODS  
 

1. Cortical neurosphere culture 

  

   Pregnant ICR mice were sacrificed by CO2 inhalation, the most common method of 

euthanasia, and embryos were isolated at gestational day 14 by Cesarean section. 

Following removal of the skull layer, parasagittal cuts were made in each hemisphere, 

exposing the cortical zone, which cut away from the underlying tissue and 

mechanically dissociated into single cells in Hank’s balanced salt solution. After 

trituration, cells were seeded in 6 well plates and maintained in suspension culture in 

serum-free neurobasal medium (NEUROBASAL™ Medium; Invitrogen) 

supplemented with B27 (Invitrogen) in the presence of 20 ng/ml human recombinant 

basic fibroblast growth factor (bFGF; Invitrogen) and epidermal growth factor (EGF; 

Invitrogen). For in vitro cell differentiation, floating neurospheres were plated on 

coverslips (Marlenfeld GmbH&Co.; Germany) coated with poly-L-lysine (Sigma) and 

laminin (1-2 ug/cm2; Sigma) and bathed in neurobasal medium in the absence of 

growth factors. 

 

2. Effects of CaCC blockers on the formation of neurospheres 

 

   DIDS (Sigma) and tamoxifen (Sigma) were dissolved in dimethyl sulfoxide 

(DMSO), Niflumic acid (Sigma) and N-phenylanthranilic acid (NPA; Fluka) were 
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dissolved in purified Ethanol, and Mefloquine (Sigma) were diluted in distilled water, 

to give a concentration of 10 mM, stored in aliquots at -20 °C prior to use. These 

chloride channel blockers were treated on neurospheres for in vitro days. Control 

incubation contained DMSO and ethanol instead of inhibitors. The maximum 

concentration of DMSO and ethanol in any experiment was 0.1% (v/v), which did not 

affect the activity of any cell proliferation examined. 

 

3. Total RNA purification and first cDNA synthesis 

  

   Total RNAs used for RT-PCR and RTQ-PCR were purified from cultured 

neurospheres and neural stem/progenitor cells using easy-spin™ Total RNA Extraction 

Kit (iNtRON Biotech, Korea) according to the manufacture’s protocol.  

   Concentration of purified total RNAs was measured by Ultraspec 1000 (Pharmacia 

Biotech.).  

   First strand cDNAs were reversely transcribed by Transcriptor First Strand cDNA 

Synthesis kit (Roche Diagnotics), according to the manufacturer’s protocol using total 

RNAs as a template, and oligo(dT) primer. 

 

4. Denaturing agarose gel electrophoresis of purified total RNA 

   

   Total RNA samples were electrophoresed on denaturing agarose gel (1%) with 

formaldehyde 37% 2.2 M and further visualized under U.V. light to make sure all 
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RNAs are intact, with no significant degradation. 

 

5. RTQ-PCR analysis 

 

   Selected sets of cDNAs and sense and antisense primers (Table 1) were used in the 

quantitative real time PCR experiment. PCR amplification for RTQ-PCR was 

performed in the LightCycler 2.0 system (Roche Diagnostics, Pensberg, Germany) 

using ANO family specific Universal probes (Table 1) (Intron-spanning assays were 

designed using the online Assay Design Center – www.universalprobelibrary.com). 

The final reaction volume 10 ul contained 2 ul of 5 times Light Cycler™ TaqMan™ 

Master Mix, final concentration of 0.5 uM each PCR primer, and final concentrations 

of 0.2 uM each probe.  

   Amplification conditions were 10 minutes of initial denaturation at 95 °C, followed 

by 45 cycles of each 10 seconds at 95 °C, 30 seconds at 60 °C, and finally 30 seconds 

at 40 °C.  Fluorescence values for the FAM probe signal were detected in channel 530, 

respectively. 

 

6. RT-PCR 

 

   Using cDNAs synthesized from neurospheres, we performed RT-PCR analysis using 

TaKaRa LA Taq™ with GC Buffer (TAKARA BIO INC.; Japan). The sense and 

antisense primers used are identical to RTQ-PCR analysis as listed in Table 1.  
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Table 1. RTQ-PCR and RT-PCR primers and probes 

 
Target gene Primer sequence (5’-3’) # Probe TM 

GAPDH GTGAAGGTCGGTGTGAACGG  59.3 
CCCATCACAAACATGGGGGC 64.1 

ANO1 GGCTTTGTCACCCTGTTTGT 75 53.6 
GGGGTTCCCGGTAATCTTTA 54.2 

ANO2 CCTCGTGGTCATCCTCATCT 109 53.4 
TGCTCTGGACGTTTTGAGTG 53.4 

ANO3 AATTCACCTTACAGTACTGGCACA 71 57.0 
TGCCAAAAACAAGATGCTCA 59.0 

ANO4 TGGCTTCATTTTTGCTGTTCT 2 57.0 
CCTGCTTATTTGTTTATCGATCC 59.0 

ANO5 TCCTGAGGAGGCGTCTTATG 99 59.0 
CCATCTCTGAAGAAGACCGAGT 53.0 

ANO6 TCACTGGAGAATCAGCAGGAC 109 57.0 
GGGCTTCCCGTTAAATTCTT 55.0 

ANO7 TTGGAATCCGAAATGAGGAG 75 57.0 
GAGCTCCTGTGCCAGCTC 57.0 

ANO8 CTTGGAGGACCAGCCAATC 71 59.0 
TGAACTGGAAACACCTGCTG 57.0 

ANO9 CGGACTCTCCTCATGAATCC 50 57.0 
TGTTCACGACAAAGCTCACA 59.0 

ANO10 CTGATTGTGGTGGCCGTAG 21 57.0 
TGGCAAATGCGAGTATGAAC 57.0 
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7. Data analysis of RTQ-PCR 

  

   Standard curve method was used to measure the quantity of each template. The 

absolute copy number per 250 ng of total RNA were calculated using absolute 

quantification with external standard method (Biochemicals, 2000) within LightCycler 

software 4.0. Each ANO templates were diluted to 10-1, 10-2, 10-3, 10-4, 10-5, 10-6 ng/ul 

to create a standard series. Serial dilutions of the standard curve were amplified in the 

same LightCycler run as a target. The PCR efficiency was calculated from the formula 

E = 10-1/slope. 

 

8. Synthesis and transfection of small interfering RNA (siRNA) 

 

   To knockdown the endogenous ANO8 of neurospheres, small interfering ANO8 RNA 

(ANO8 siRNA) and scrambled siRNA (as a control) were transfected into 

neurospheres. To identify siRNA-transfected cells, ANO8 siRNA and scrambled 

siRNA were labeled with Fluorescein® and Cy3, respectively. Both siRNAs were 

designed and synthesized from Bioneer (Inc.; Korea). The sequences of ANO8 siRNA 

and scrambled siRNA were: 5’ CUG UUC UAC AUC GGC UUC U 3’ and 5’ CCU 

ACG CCA CCA AUU UCG U 3’. 

   Transfection of siRNA was performed as various concentrations with Lipofectamine 

2000™  (Invitrogen) for 2 days, then monitored diameter at 4-days in vitro and gene 

silencing was confirmed by RT-PCR at 2-days in vitro.  
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9. The measurement: size of neurospheres and the distance of 

migrating cells from the neurospheres 

 

   The diameter of neurospheres was measured using Image J software (National 

Institute of Health, USA) after images of cells were acquired using a fluorescent 

microscope. 

 

10.  Immunofluorescense 

 

   Embryonic brain sections were prepared as below. The embryonic brains were fixed 

in 4% paraformaldehyde overnight and then transferred to a cryo-protective solution 

for dehydrating tissues in serial concentration (from 10% to 30% sucrose in phosphate-

buffered saline). Coronal sections (8uM thick) of O.C.T. (Tissue-Tek, SAKURA)-

embedded brains were cut on silanized glass slides. The brain sections were washed 

three times with distilled water, fixed in methanol for 15 min, and rehydrated in 

distilled water. Then, they were washed once with tween-20 in phosphate-buffered 

saline (PBST) and incubated with phosphate-buffered saline containing 4% Albumin, 

from Bovine Serum (BSA) for 1 hr at room temperature. Brain sections were incubated 

with goat anti-ANO8 (1:100, Santa-Cruz Biotechnology), mouse anti-β-iii-tubulin 

(1:500; Chemicon, Millipore), and mouse anti-Nestin (1:500, Millipore) at 4°C 

overnight, followed by several times of washing with PBST prior to incubation with 
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chicken anti-goat Alexa Fluor 488-conjugated and donkey anti-mouse Alexa Fluor 

546-conjugated secondary antibodies. Following several washes, slides were mounted 

in VectaShield mounting medium (Vector Laboratories, Inc.; Burlingame, CA). 

 

11.  Western blot analysis 

        

   Cortical neurosphere cells were plated onto 6-well plates and incubated in 

Neurobasal medium supplemented with B27 in the presence 20 ng/ml human 

recombinant bFGF and EGF in the CO2 37 °C incubator. Neurosphere cells were lysed 

with PRO-PREPTM protein extraction solution (iNtRON Biotech). The lysates were 

subjected to 8% SDS/PAGE gel, and transferred to PVDF membrane using the 

TRANS-BLOT® SD (Bio-Rad). The membrane was treated for 1 hour with TBS-T 

solution (20mM Tris-HCl, 500mM NaCl, 0.1% Tween-20) containing 2.5% skimmed 

milk powder and then incubated with goat polyclonal antibody against ANO8 (Santa-

Cruz Biotechnology) at 4°C overnight on a rotary shaker. The membrane was washed 3 

times (10 minute each) with TBS-T solution, incubated with secondary antibody for 1 

hour, and washed 3 times again. The West-OneTM ECL solution (iNtRON Biotech) was 

poured onto the membranes and exposed to X-ray film. 
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12.  Statistical analysis 

 

   All results are indicated as mean ± S.E. of at least three independent experiments 

were calculated, and statistical significance test (one-way ANOVA with post hoc 

Tukey) analyses were performed using a statistical package (Graphpad, Prism). 

Statistical significance was accepted at p values of: * p < 0.05, ** p < 0.01, *** p < 

0.001 
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RESULTS 
 

1. Effect of chloride channel blockers on neurosphere formation  

 

   Owing to the fact that there are not specific blockers to the anoctamin family, we 

treated several widely known chloride channel blockers to identify whether chloride 

channels may play a role in the embryonic neurogenesis. We investigated neurospheres 

extracted from the embryonic day 14-mouse cortex. The diameters of neurospheres 

(Fig 1, 2) were measured on 4 days in vitro after chloride channel blockers treatment. 

When neurospheres were stimulated with 10uM of chloride channel blockers such as 

DIDS, niflumic acid (NFA), and N-Phenylanthranilic acid (NPA) for 4 days in vitro 

(DIV), the diameters of neurospheres reduced compared to those of control 

neurospheres (Fig 1, 2). Moreover, when neurospheres treated with 10 uM of chloride 

channel blockers, tamoxifen and mefloquine, for 4 days in vitro were completely 

inhibited, in which neuronal cells did not aggregate and failed to form neurospheres 

with significant alteration of cell viability. The stimulation of chloride channel blockers 

was thought to be involved in the formation of neurospheres, which implies the effect 

of chloride channels on the embryonic neurogenesis. Therefore, we focused on a novel 

chloride channel, anoctamin family.   
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2. Overall comparison of the anoctamin family mRNA distribution in 

the neurosphere and neural stem/progenitor cells 

 

2.1. mRNA distribution of anoctamin family  during the formation of 

neurospheres 

  

   To assess the role of the anoctamin family mediating the formation of neurospheres, 

we examined the mRNA expression of all members of the anoctamin family, from 

ANO1 to ANO10, and GAPDH (as a control) in the embryonic day 14-mouse brain-

derived neurospheres using RT-PCR (Fig 3). Relative to control values measured in 

neural stem/progenitor cells before cells aggregate into neurospheres, mRNA levels of 

ANO1 and ANO4 were decreased after 4 days in vitro (DIV). Otherwise, mRNA levels 

of ANO3, ANO6, and ANO8 were increased after 4 DIV and those of ANO2, ANO5, 

ANO7, and ANO9 were not even detected in both 0 DIV neurospheres and 4 DIV 

neurospheres. Furthermore, mRNA level of ANO10 did not show a significant 

difference. To confirm further mRNA levels of ANOs during the neurosphere 

formation specifically, we performed real time quantitative polymerase chain reaction 

(RTQ-PCR)(Fig 4). Compared to the result from RT-PCR, mRNA levels of ANO3, 

ANO6, ANO8, and ANO10 were much enhanced by about 5-fold, 8-fold, 1000-fold, 

and 10-fold respectively when neuronal cells proliferated while they form aggregations 

as neurospheres (Fig 5). Above all, mRNA level of ANO8 was markedly up-regulated. 

On the other hand, although mRNA levels of ANO1 and ANO2 decreased, these are 
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not constant.  

 

2.2. mRNA distribution of anoctamin family  during the proliferation of 

neural progenitor cells 

 

   Next, we further inspected mRNA levels of ANO3, ANO6, ANO8, and ANO10 

during the proliferation of neural progenitor cells in order to assure that results from 

3D neurosphere culture system are consistent with those from 2D monolayer culture 

system. In agreement with results adopted from neurospheres, mRNA levels of ANO3, 

ANO6, ANO8, and ANO10 rise upon days in vitro (Fig 6). 

   All of these results suggested that ANO3, ANO6, ANO8, and ANO10 might be 

correlated with the embryonic neurogenesis. Particularly, by reason of the noteworthy 

results that ANO8 was enhanced about 1000 folds, we focused on ANO8. 

 

3. Overall comparison of the anoctamin family mRNA distribution 

upon the developmental stage 

 

   Based on the outcome of in vitro 2D and 3D cultures, we subsequently ascertained 

mRNA levels of ANO3, ANO6, ANO8 and ANO10 in vivo (fig 7). Compared to 

ANOs, NKCCl and KCC2, which are acknowledged as a significant transition upon 

the developmental stage, were applied as controls. We extracted mouse brains of 

embryonic day (E) 14, E18, postnatal day (P) 1 and P7, and then performed RT-PCR. 
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While mRNA level of NKCC1 was decreased and that of KCC2 was increased as 

expected, mRNA levels of ANO3 and ANO10 do not show any detectable changes 

during the brain development. However, interestingly, mRNA levels of ANO6 and 

ANO8 were increased in comparison with embryonic brains and postnatal brains. 

Above all, ANO8 was detected about 2-fold change. Thereafter, we firstly carried out 

the research on ANO8. 

 

4. ANO8 expression pattern in the embryonic brain 

 

   First of all, to visualize the tissue distribution of ANO8 and investigate the function 

of ANO8 during the embryonic neurodevelopment, we performed immunofluorescence 

staining in the embryonic developing mouse brain. ANO8-positive cells were generally 

distributed in the developing brain of 14-day embryos (E14) (fig 8, 9). To verify the 

identity of ANO8-positive cells, we next inspected double immunofluorescence 

staining of ANO8 antibody with markers for neural stem cells (nestin) and immature 

neurons (neuron-specific beta tubulin, Tuj-1). We found ANO8-positive cells were not 

co-localized with nestin (fig 8), however, they were co-expressed with Tuj-l (fig 9). 

Therefore, ANO8 is likely to be expressed in the immature neurons of the embryonic 

developing brain. This result seems different from the hypothesis that ANO8 would be 

co-labeled with nestin, which is a neural stem cell marker, because neurospheres are 

composed of neural stem/progenitor cells aggregation. To figure this out, we 

subsequently down-regulated ANO8. 
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5. Specificity of polyclonal antibody for ANO8 

 

 Though Immunostaining is a powerful method for identification of proteins in cells 

and tissues, this method is dependent on the specificity of the antibody binding to the 

epitope of the protein used as an immunogen (Burry, 2000). Therefore, we tested the 

specificity of ANO8 antibody in mouse cortical neurosphere lysates. The predicted 

protein molecular weight was 119 kDa and we identified the specificity of ANO8 

antibody (fig 10). 

 

6. Effect of ANO8 siRNA on the formation of neurospheres 

 

   To examine whether the down-regulation of ANO8 has an effect on the size of 

neurosphere, small interfering ANO8 RNA (siRNA) or scrambled siRNA (as a control) 

was transfected into neurosphere. To recognize siRNA-transfected neurospheres, 

siRNAs were labeled with Fluorescein ® or Cy3.  

   Firstly, to identify the effect of siRNA on gene levels, scrambled control siRNA- or 

ANO8 siRNA-transfected neural stem/progenitor cells were harvested 2 days after 

transfection and total mRNAs were prepared. RT-PCR was performed using specific 

primers for ANO8, which generated a product of 434bp in length (fig 11). Noteworthy, 

a significant decrease of ANO8 expression was observed in neural stem/progenitor 
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cells transfected with siRNA, whereas the levels of GAPDH remained relatively 

constant under these experimental conditions, confirming the specificity of the effect of 

ANO8 siRNA.  

   Next, we transfected scrambled siRNA or ANO8 siRNA into neurospheres whlie 

proliferating and growing (fig 11). Then, we inspected its effect on the diameters of 

neurospheres with various concentrations of ANO8 siRNA (only showed 100pM and 

200pM transfection of neurospheres). The knockdown of ANO8 does not alter the size 

of neurospheres as compared to scrambled control siRNA-transfected neurospheres, 

confirming ANO8 is not related to regulate proliferation of neurospheres.  

 

7. Effect of ANO8 siRNA on the migration of neurospheres 

 

As the down-regulation of ANO8 did not have any effect on the formation of 

neurospheres assuming the proliferation of neural stem/progenitor cells, we supposed 

that knockdown of ANO8 would influence cellular motility, namely migration, which 

is the next stage of proliferative cellular response. After neurospheres are formed, we 

transfected scrambled control siRNA or ANO8 siRNA into neurospheres and carried 

out the migration assay.  

The migrating cell numbers derived from ANO8 siRNA-transfected neurospheres 

more increased than those from scrambled neurospheres (fig 12). Moreover, the 

distances of migrating cells from ANO8 siRNA-transfected neurospheres are longer 

than those of scrambled neurospheres. Hence, we infer that ANO8 may regulate the 
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inhibitory response on the migration of neurosphere-derived cells.  
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Figure 1. Effect of chloride channel blockers on neurosphere formation 

Treatment of chloride channel blockers inhibited the formation of neurospheres 

compared to control neurospheres. 
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Figure 2. Effect of chloride channel blockers on neurosphere formation 

The classical chloride channel blockers were applied for 4 days in vitro during the formation 

of neurospheres. DIDS, Niflumic acid, and NPA (10 uM each) decreased the diameters of 

neurospheres. Neural stem/progenitor cells treated with Tamoxifen and mefloquine (10 uM and 

5 uM, respectively) were completely blocked aggregation as neurospheres and their viabilities 

were very low.  
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Figure 3. mRNA transcript levels of ANOs during neurosphere formation 

Anoctamin mRNA transcript levels in neurosphere 0 days in vitro (DIV) and 4 DIV. 

ANO1 and ANO4 slightly reduced at neurosphere 4 DIV. ANO3, ANO6, and ANO8 

highly increased at neurosphere 4 DIV. 
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Figure 4.  RTQ-PCR analysis  

ANO1 and ANO4 transcripts are decreased at neurosphere 4 DIV. ANO3, ANO6, 

ANO8, and ANO10 are increased at neurosphere 4 DIV (n=3).  
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Figure 5. RTQ-PCR analysis 

This indicates that mRNA transcripts ratio between neurosphere 0 DIV and 4 DIV. 

ANO3, ANO6, ANO8, and ANO10 have risen 5-fold, 7-fold, 900-fold, and 9-fold, 

respectively. 
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Figure 6. mRNA transcript levels of ANOs during the proliferation of 

neural stem/progenitor cells 

ANO3, ANO6, ANO8, and ANO10 mRNA transcripts increased while neural 

stem/progenitor cells are proliferating. 
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Figure 7. Anoctamin family mRNA distribution upon the developmental 

stage 

ANO6 and ANO8 are mainly up-regulated during the development of brain from 

embryonic day (E) 14, E18, postnatal day (P) 1, and P7.   
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Figure 8. ANO8 was not co-localized with nestin.  

ANO8 was largely expressed in CP and IZ of embryonic 14-day mouse brain. Nestin, a 

neural stem cell marker, was distributed in VZ of embryonic 14-day mouse brain. 

CP; Cortical Plate, VZ; Ventricular zone, IZ; Intermediate Zone 
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Figure 9. ANO8 was co-localized with tuj-1. 

ANO8 was mostly co-expressed with tuj-1, an immature neuron marker, although it 

does not perfectly match with tuj-1. 
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Figure 10. Western blot of mouse ANO8 in the mouse neurosphere lysates 
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Figure 11. Effect of ANO8 siRNA on neurospheres 

ANO8 siRNA effectively down-regulated ANO8 mRNA transcript level of 

neurospheres, while ANO8 siRNA does not have influence on the formation of 

neurospheres compared to scrambled neurospheres (as a control).  
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Figure 12. Effect of ANO8 siRNA on migrating cells derived from  

                  neurospheres 

ANO8 siRNA transfection into neurospheres increased the number of migrating cells 

and distance of migrating cells from the neurospheres. 
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DISCUSSION 
  

   The reversal of intracellular chloride gradient by two major transporters NKCC1 and 

KCC2 is considered as the onset of development and assessed the global impact on 

CNS development (Reynolds et al., 2008). Prior to the transition from excitatory to 

inhibitory GABAergic polarity, intracellular chloride concentration is relatively high in 

immature neurons. Thus activation of chloride ion channels gated by GABA or glycine 

is thought to influence a lot of aspects of embryonic neurogenesis (Ben-Ari, 2002; 

Fiumelli and Woodin, 2007). 

   While tremendous studies on two chloride transporters, NKCC1 and KCC2, 

regarding the regulation of neuronal intracellular chloride ions have researched (Payne 

et al., 2003; Rivera et al., 2005), chloride ion channels correlated with the switch of 

GABAergic transmission have barely uncovered. Therefore, in the present study, 

anoctamin channel family, a novel chloride channel family firstly cloned in our 

laboratory (Yang et al., 2008), is considered as a candidate that plays a crucial role on 

embryonic neurogenesis.  

   To investigate the roles of chloride channels on the embryonic neurogenesis, we 

inhibited chloride channels during the formation of neurospheres by the treatment of 

various chloride channel blockers such as DIDS, niflumic acid, NPA, tamoxifen, and 

mefloquine. We thereafter identified some significant deformation of neurospheres 

treated with inhibitors and assumed that chloride channels are involved in regulating 

embryonic neurogenesis.  
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   Using RT-PCR and RTQ-PCR technology, we firstly identified the distribution of 

anoctamin family in both neurosphere 0 DIV and 4 DIV cells as a 3D suspension 

culture system; mRNA transcript of ANO3, ANO6, ANO8, and ANO10 are up-

regulated while neurospheres formed. Then, we reconfirmed that these four anoctamins 

distributed in neural stem/progenitor cells as 2D monolayer culture. Consistent with 

the results from neurosphere culture, mRNA levels of ANO3, ANO6, ANO8, and 

ANO10 increased according to proliferation of neural stem/progenitor cells. Apart 

from in vitro experiments, we confirmed mRNA levels of ANO3, ANO6, ANO8, and 

ANO10 compared to those of NKCC1 and KCC2 depending on different developing 

brains, E14, E18, P1, and P7. Interestingly, mRNA levels of ANO6 and ANO8 altered 

and increased during the brain development. We derived a valuable perspective 

suggesting ANO8 could be essential for embryonic neurogenesis from the outcomes of 

in vitro and in vivo experiment up to now, therefore we focused following research on 

ANO8 to know its role in embryonic neurodevelopment.  

   On the preferential basis, we inspected ANO8 expression pattern in the embryonic 

brain and ANO8 was mostly expressed in the cortical plate (CP) and intermediate zone 

(IZ). Although we expected ANO8 would match to nestin-positive cells, it was co-

expressed with tuj-1 but not with neural stem cell marker, nestin. Thus, we further 

investigated the function of ANO8 in the neurogenesis using ANO8 siRNA.  

   While knock down of ANO8 did not influence the formation of neurospheres 

indicating cell proliferative action, it contributed much to migrating cells extended 

from neurospheres. After we performed the migration assay, we figured out migrating 
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cells from ANO8 siRNA transfected neurospheres further moved than those from 

scramble siRNA (as a control) transfected neurospheres. In addition to migrating 

distance, the number of migrating cells has showed significant difference between 

ANO8 siRNA transfected neurospheres and control neurospheres. Therefore, we 

assume that ANO8 might regulate inhibitory effect on cell migration.  

   In addition, we should further investigate whether ANO8 may affect determination of 

cell fate. Moreover, we need to scrutinize how other anoctamin members including 

ANO3, ANO6, and ANO10 would be reguired to regulate the embryonic neurogenesis. 

   In conclusion, among 10 members of anoctamin chloride channel family, ANO3, 

ANO6, ANO8, and ANO10 are supposed to be involved in embryonic neurogenesis. 

Above all, ANO8 mainly seems to play a functional role in the regulation of embryonic 

neurogenesis. Through the knockdown assay of ANO8 siRNA, we assumed that ANO8 

is not associated with neural stem/progenitor cell proliferation. However, we inferred 

ANO8 might be connected to the migration of neural stem/progenitor cells. Due to 

some previous studies suggesting potassium-chloride co-transporter KCC2 be engaged 

in cortical interneuron migration (Bortone and Polleux, 2009; Inamura et al., 2012; 

Reynolds et al., 2008), we consider ANO8 would play a functional intrinsic or extrinsic 

role in neuronal migration together with a neuron-specific KCC2.  
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국 문 초 록 
 

 

 초기 신경발생, 즉 배아의 뇌에서 새로운 신경들이 형성되는 과정은 중추신경계 발

달의 시발점이자 필수불가결한 요소이다. 따라서 비정상적인 신경발생은 뇌 발달과

정에 치명적인 영향을 미칠 뿐 아니라 정신적인 질병을 초래하기도 한다. 초기 뇌 

발달과정에서 신경이 발생하고 성숙하는 동안, 신경전달물질의 하나인 GABA성 전

달에 의해 배아 신경내의 세포내 염소 이온 농도가 감소하면서 신경막의 막전위를 

결정하게 된다. 초기의 중추 신경계 발생 과정에서 세포내의 염소이온의 농도는 주

로 염소이온 운반체인 NKCC1과 KCC2에 의한 GABA성 전달로 결정되는 것으로 

잘 알려져 있지만, 염소이온의 농도를 결정함에 있어 이러한 운반체들 외에 염소이

온을 통과시키는 염소이온채널이이 초기 신경발생과정에 관여하는 바에 대해서는 

알려진 바가 거의 없다.  

 Anoctamin family(ANOs)는 칼슘에 의해 활성되는 염소 이온 채널로 다양한 생리

학적 기능을 가지고 있다. 초기 신경발생에서 생성된 2차 전달자인 칼슘이 칼슘에 

의해 활성되는 염소이온 채널을 조절할 것이라는 가정에 근거하여, 칼슘 활성 염소

이온 채널중의 하나인 Anoctamin 염소 이온 채널이 초기의 배아 신경 발생과정에

서 어떠한 역할을 하는지 알아보기 위해  본 연구를 진행하였다. 먼저 실시간 중합

효소 연쇄반응을 통하여 배아줄기세포에서 뉴로스피어가 형성되는 동안의 10개의 

Anoctamin 채널의 mRNA 정도를 측정하였다. 그 결과, 뉴로스피어가 분열하여 크

기가 증가함에 따라 ANO3, ANO6, ANO8, ANO10의 mRNA가 증가하였다. 특

히, ANO8이 약 1000배 정도 증가하는 양상을 보였다. 따라서 가장 큰 차이를 보인 
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ANO8이 발생중인 뇌에서 어떠한 양상으로 발현하고 있는지를 확인하기 위해 

ANO8 특정 항체로 형광면역염색을 하였다. 또한  짧은 간섭 RNA (small 

interfering RNA)를 통해 ANO8을 억제시키는 실험을 진행하였고, 이를 통해 분열

검정 (Proliferation  assay)과 이동 검정 (Migration assay)을 하였다.  

 결론적으로 칼슘에 의해 활성되는 염소이온채널인 Anoctamin 중에서 ANO3, 

ANO6, ANO8, ANO10이 배아 신경발생과정에 중요한 역할을 할 것으로 예상된

다. 그중에서도 특히 ANO8이 신경발생과정동안 크게 증가하였다. 더욱이 ANO8

은 발달중인 뇌의 미성숙 신경과 일치하는 발현양상을 보였다. 또한 ANO8은 세포

의 분열과정보다는 이동과정에 연관될 것으로 여겨진다. 따라서 본 연구는 초기 신

경발생 과정에 관여하는 염소 이온채널의 역할을 시사한다.  
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