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Cerebellar granule neurons migrate from the external gra-
nule cell layer (EGL) to the internal granule cell layer (IGL) 
during postnatal morphogenesis. This migration process 
through 4 different layers is a complex mechanism which 
is highly regulated by many secreted proteins. Although 
chemokines are well-known peptides that trigger cell mi-
gration, but with the exception of CXCL12, which is re-
sponsible for prenatal EGL formation, their functions have 
not been thoroughly studied in granule cell migration. In 
the present study, we examined cerebellar CXCL14 ex-
pression in neonatal and adult mice. CXCL14 mRNA was 
expressed at high levels in adult mouse cerebellum, but 
the protein was not detected. Nevertheless, Western blot-
ting analysis revealed transient expression of CXCL14 in 
the cerebellum in early postnatal days (P1, P8), prior to the 
completion of granule cell migration. Looking at the distri-
bution of CXCL14 by immunohistochemistry revealed a 
strong immune reactivity at the level of the Purkinje cell 
layer and molecular layer which was absent in the adult 
cerebellum. In functional assays, CXCL14 stimulated tran-
swell migration of cultured granule cells and enhanced the 
spreading rate of neurons from EGL microexplants. Taken 
together, these results revealed the transient expression of 
CXCL14 by Purkinje cells in the developing cerebellum 
and demonstrate the ability of the chemokine to stimulate 
granule cell migration, suggesting that it must be involved 
in the postnatal maturation of the cerebellum. 
 
 
INTRODUCTION 
 
Chemokines are a group of small, secreted proteins that con-
tain signal peptides and many basic amino acids. They exert 
their biological effects by binding to and activating G-protein-
coupled receptors. The production and secretion of most 
chemokines are stimulated in immune cells during development 

and by inflammatory responses (Baggiolini et al., 1997). There-
fore, chemokines have been extensively studied for their che-
motactic activity and their ability to control immune cell migra-
tion. More recently, the ability of chemokines to control prolif-
eration, differentiation, or migration in other cell types has gain-
ed interest (Sallusto and Baggiolini, 2008). In particular, it has 
been shown that they can control cell migration during brain 
development and in pathological condition (Rostene et al., 
2011). For example, CXCL12 regulates neuronal progenitor cell 
migration by activating CXCR4, which is its cognate receptor in 
brain and mice with genetic deletion of either CXCL12 or 
CXCR4 die shortly after birth with major defects in the vascula-
ture and central nervous system (CNS) (Li and Ransohoff, 
2008; Miller et al., 2008).  

CXCL14 is a breast- and kidney-expressed chemokine 
(BRAK). Although it is one of three orphan chemokines whose 
receptors has not been yet identified, many studies have sug-
gested its functional significance in cellular responses. CXCL14 
is constitutively expressed in epithelial tissues, and it is likely to 
confer antibacterial activity to skin (Maerki et al., 2009). It is also 
proposed to be involved in the recruitment and maturation of 
monocyte-derived macrophages and the renewal of Langer-
hans cells in the skin. CXCL14 has been reported to inhibit 
angiogenesis, which is a common function of chemokines that 
lack an ELR sequence adjacent to the CXC motif (Shellenber-
ger et al., 2004). Based on these findings, CXCL14 is consid-
ered an anti-cancer peptide, even though there are some re-
ports of opposite effects in certain cancer cells (Augsten et al., 
2009; Wente et al., 2008). Studies in transgenic mice revealed 
that CXCL14 deficiency attenuates obesity and inhibits feeding 
behavior when the mice are exposed to a novel environment, 
implying that CXCL14 may be involved in the neural control of 
appetite (Tanegashima et al., 2010).  

In the central nervous system, CXCL14 mRNA is broadly ob-
served in the whole brain by northern blotting and reverse tran-
scription polymerase chain reaction (RT-PCR). In situ hybridi- 
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zation analysis showed CXCL14 mRNA expression in a subset 
of microglia and γ-aminobutyric acid (GABA)-ergic neurons in 
the brain (Schmid et al., 2009). Furthermore, it is known that 
CXCL14 treatment represses GABAergic neurotransmission, 
suggesting that it can act as a neuromodulator (Banisadr et al., 
2011). However, the role of CXCL14 in developing brain has 
not been established yet. In this study, we found that CXCL14 
peptide was transiently expressed in postnatal cerebellum, and 
it stimulated granule cell migration in vitro, which implies that 
CXCL14 is involved in maturation of the developing cerebellum. 

 
MATERIALS AND METHODS 

 
Animals 
C57BL/6 mice were purchased from DBL (www.dbl.co.kr), Korea. 
All experiments used the smallest number of animals neces-
sary, and procedures were designed to be as humane as pos-
sible. All experiments were approved by the Animal Care and 
Use Committee of the Korea University. 

 
RT-PCR 
Total RNA was extracted from several regions of adult mouse 
brain and various parts of the body using an RNeasy mini kit 
(Qiagen, Germany). First-strand cDNAs were synthesized from 
2 μg total RNA with a reverse transcription kit containing Molo-
ney murine leukemia virus reverse transcriptase (M-MLVRT) 
(Promega, USA). Reaction mixtures were diluted and subjected 
to PCR amplification with sense and antisense primers specific 
for mouse CXCL14 and GAPDH. The PCR primer set for 
CXCL14 is shown below. Upper and lower sequences were 5′-
AGG CTC CTG GCG GCC GCG CTG-3′ and 5′-CAC CCT 
ATT CTT CGT AGA CC-3′, respectively, covering a distance of 
297 bp (382-678 bp; accession number, NM_019568). Primers 
for GAPDH were as follows: 5′-GGT GAA GGT CGG TGT 
GAA CG-3′ and 5′-CTC GCT CCT GGA AGA TGG TG-3′. After 
30 cycles of amplification, PCR products were electrophoresed 
on a 1.5% agarose gel and visualized using ethidium bromide. 

 
Western blotting 
Tissues were solubilized by ultrasonification in lysis buffer con-
taining Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.2% 
sodium deoxycholate, 0.1% sodium dodecyl sulfate, and prote-
ase inhibitor cocktail (Roche, Switzerland). Lysates were clari-
fied by centrifugation at 15,000 rpm for 15 min at 4°C, and su-
pernatants were transferred to new tubes. Protein concentra-
tions were determined by the Bradford method. Total protein 
extracts (20 μg) were loaded into each well of an SDS-PAGE 
gel and separated by electrophoresis. The proteins were trans-
ferred onto a nitrocellulose membrane and probed with anti-
CXCL14 antibody or anti-actin antibody, and signals were de-
tected using an enhanced chemiluminescence assay kit. 

 
In situ hybridization 
Mice were sacrificed by cervical dislocation, and their brains 
were removed and quickly frozen in isopentane on dry ice. Tis-
sue sections were cut to 20 μm thickness with a cryostat, thaw 
mounted on Superfrost Plus slides (Thermo Fisher Scientific, 
USA), and stored at -70°C until use. Sections were fixed in 4% 
paraformaldehyde (PFA), washed with phosphate-buffered 
saline (PBS), and acetylated with 0.25% acetic anhydride in 0.1 
M triethanolamine/0.9% NaCl (pH 8.0). Samples were hybrid-
ized overnight with a radiolabeled probe (1.2 × 106 cpm) and 
washed four times with 2× standard sodium citrate (SSC). A 
template for the CXCL14 probe was prepared by subcloning 

the RT-PCR products into a pGEM-T vector (Promega). Sense 
and antisense riboprobes were prepared using an in vitro tran-
scription system (Promega) in the presence of [α-35S] UTP 
(Amersham Pharmacia Biotech, USA). After RNase A treat-
ment, slides were rinsed with 2×, 1×, 0.5×, and 0.1× SSC con-
taining 1 mM dithiothreitol for 10 min each at room temperature, 
then washed with 0.1× SSC at 60°C. The samples were dehy-
drated in ethanol and exposed to X-ray film (Biomax MR, Ko-
dak, USA). 

 
Immunohistochemistry 
Immunohistochemistry using brain slices was performed as 
described previously (Kim et al., 2011). In brief, brains from 
neonatal (P1 and P8) and adult (6 weeks old) mice were re-
moved after cardiac perfusion with 4% PFA. All tissue was 
postfixed in 4% PFA overnight at 4°C, cryoprotected in 20% 
sucrose in PBS until it sank, and frozen in optimal cutting tem-
perature (O.C.T.) compound. Sections on slides were dried, 
washed with PBS, and blocked with blocking buffer (10% nor-
mal goat serum and 0.2% Triton X-100 in PBS) for 1 h at room 
temperature (RT). Then the slices were incubated in primary 
antibody overnight at 4°C. Primary antibodies included rabbit 
polyclonal CXCL14 (1:300; Abcam, UK), mouse monoclonal 
TAG1 (1:100; Developmental Studies Hybridoma Bank, USA), 
and mouse monoclonal calbindin (1:500; Sigma-Aldrich, USA). 
Primary antibodies were removed, and sections were rinsed in 
PBS containing 0.2% Triton X-100 (PBS-T) before incubation in 
secondary antibodies for 2 h at room temperature. Secondary 
antibodies were either conjugated to Alexa Fluor 488 (1:1,000; 
Invitrogen, USA) or Cyanine 3.5 (1:500; Abcam). The nucleus 
was stained with Hoechst 33342 (1:20,000; Invitrogen). Sec-
tions were rinsed with PBS and coverslipped (Marienfeld, Ger-
many). All staining patterns were observed under an LSM510 
confocal microscope or a fluorescence microscope (Carl Zeiss 
Microimaging, Inc., Germany). 

 
Transwell migration assay 
A suspension of granule cells was obtained by trypsin-EDTA 
treatments for 10 min at 37°C and subsequent trituration with a 
Pasteur pipette. Before the migration assay, transwell inserts 
with 8-μm pores (Corning, Inc., USA) were coated with laminin 
for 2 h at 37°C. Cells (2 × 104) in Neurobasal medium supple-
mented with B27 were added to transwell inserts. Medium con-
taining different concentrations of CXCL14 was placed in the 
bottom wells. The plates were maintained in a humidified incu-
bator with 5% CO2 at 37°C for 24 h. Transwell inserts were 
washed in PBS, and the non-migrated cells in the inner well 
were removed with a cotton swab. The membranes were fixed 
in 4% formalin, stained with hematoxylin, and migrated cells 
were counted in five high-power microscope fields.  

 
Cell spreading assay 
Microexplants were prepared for the in vitro cell-spreading as-
say as described previously (Nagata and Nakatsuji, 1990). In 
brief, the EGL of P5 mice were freed from meninges, cut into 
pieces (300-400 μm), and plated on dishes coated with poly-L-
lysine (10 μg/ml) and laminin (25 μg/ml). The explants were 
maintained in Neurobasal media supplemented with B27 for 24 
h and then treated with CXCL14. Then, images were captured 
in the same field at 24-h intervals. Microscope image analysis 
software from Metamorph (Molecular Devices, Inc., USA) was 
used to measure the distance between neuronal cell bodies 
and the farthest cells migrated from the explant margin. Dis-
tances were measured in at least 10 explants to obtain mean 
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values. To explore blocking effect of antibodies on CXLC14-
stimulated spreading, the peptides were mixed with anti-CXCL14 
antibodies before treatment. After 48 h, spreading distances 
were measured as described above. All experiments were re-
peated more than three times. 

 
RESULTS AND DISCUSSION  

 
CXCL14 mRNA was detected in most brain regions by RT-
PCR (Fig. 1A), which is in agreement with a previously pub-
lished northern blot analysis (Sleeman et al., 2000). In situ hy-
bridization also revealed that it was highly expressed in most 
brain regions, including septum, hippocampus, and cerebellum 

(Fig. 1B). By contrast, Western blotting with a specific antibody 
against CXCL14 showed that it was in cerebral cortex, hippo-
campus, and hypothalamus, but not in the cerebellum of adult 
mice (Fig. 1C). We further investigated CXCL14 expression in 
brains from mice of different ages with Western blotting. In 
cerebral cortex and hypothalamus, CXCL14 was highly ex-
pressed in neonates, was sustained until P8-22, and then de-
creased in adult brain. However, in the cerebellum, the expres-
sion level of CXCL14 declined more sharply, and CXCL14 pro-
tein was not detected in P22 or adult brain (Fig. 1D).  

Next, we explored specific cell-type CXCL14 protein expres- 
sion in the cerebellum (Fig. 2). Although CXCL14 was localized 
in the Purkinje cell layers (PCL)/molecular layer (ML) of P1 and

Fig. 1. Regional expression of

CXCL14 in the mouse brain on

different postnatal days. (A) CXCL4

mRNA expression was detected

by RT-PCR in various brain re-

gions. (B) Autoradiogram of in situ

hybridized brain slices of adult

mice. (C) CXCL14 expression was

examined in cortex, cerebral cor-

tex; Hc, hippocampus; HT, hypo-

thalamus; and Cbl, cerebellum (D)

Extracts from cerebral cortex, hy-

pothalamus, and cerebellum of

different postnatal day mice (P1,

P8, P22, adult) were subjected to

Western blotting. 1, blot with anti-

CXCL14 antibody; 2, blot with anti-

actin antibody. 

Fig. 2. Regional CXCL14 expres-

sion in the mouse cerebellum on

different postnatal days. (A, B, and

C) Slices of cerebellum were im-

munostained with anti-CXCL14

antibody, and nuclei were stained

with Hoechst 33342. CXCL14 was

localized in the molecular layer on

P1 and P8, but it was not detected

in adult cerebellum. (D and E) Co-

staining of CXCL14 with neuronal

markers. Slices of P8 cerebellum

were stained with anti-CXLC14

antibodies (green) and antibodies

for calbindin or TAG1 (red). Nuclei

were stained with Hoechst 33342.

IGL, Internal granular layer; EGL,

external granular layer; PCL/ML,

Purkinje cell layers/molecular layer.
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treat. (D) EGL microexplants were treated with CXCL14 (100 ng/ml) or premixture of CXCL14 (100 ng/ml) and anti-CXCL14 antibodies (2 

µg/ml). After 48 h, spreading distance of neuronal cells was measured. n = 9-10, *p < 0.05. All experiments were performed more than 3 times. 
 
 
 
P8 cerebellum, there was no CXCL14 signal in the adult cere-
bellum (Figs. 2A-2C). Double immunofluorescent labeling fur-
ther revealed that CXCL14 was expressed in the dendrites of 
calbindin-expressing Purkinje cells localized in the ML (Fig. 2D). 
Some CXCL14 signal was also observed in extracellular re-
gions near the dendrites, suggesting that CXCL14 is secreted 
from Purkinje cell dendrites and associates with the extracellu-
lar matrix. TAG1 is considered as a marker of early migrating 
granule cells (Xenaki et al., 2011). As shown in Fig. 2E, CXCL14 
was closely localized with TAG1-expressing early migrating 
granule cells.  

The spatiotemporal expression of CXCL14 in the developing 
cerebellum suggests that it may contribute to granule cell 
migration. Therefore, we examined whether CXCL14 influences 
granule cell migration using two different migration assays. In 
the transwell assay, we found that CXCL14 induced cell migra-
tion with maximum activity at a concentration of 100 ng/ml, 
suggesting that CXCL14 induces granule cell chemotaxis (Fig. 
3A). Similar to how granule cells migrate from the EGL to the 
IGL due to in vivo factors, granule cells migrate away from EGL 
explants in vitro, independent of glial cells (Nagata and Naka-
tsuji, 1990). To examine the effect of CXCL14 on granule cell 
spreading, we treated explants with different concentrations of 
CXCL14 and found that it enhanced the granule cell migration 
in a dose-dependent manner. The maximum effect was ob-
served in 100 ng/ml CXCL14-treated explants, which had a 
1.75-fold increase in migration distance compared with control 
explants at 48 h (1807 ± 206 µm versus 1033 ± 105 µm, p < 

0.01) (Figs. 3B and 3C). Since specific antibodies for peptide 
ligands are likely to block cell-stimulating activity of the peptides, 
we mixed CXCL14 with anti-CXCL14 antibodies before apply-
ing them to the explants. Interestingly, the antibody-mixed pep-
tides partially decreased the migration (at 48 h, 1977 ± 122 µm 
versus 1583 ± 172 µm, p < 0.05) (Fig. 3D), suggesting that the 
pro-migration activity of CXCL14 was specific for cerebellar 
granule cells. 

Here, we demonstrate that CXCL14 expression in Purkinje 
cells is spatiotemporally regulated during cerebellar develop-
ment. Even though the CXCL14 gene is transcribed into mRNA 
in Purkinje cells throughout postnatal stages, CXCL14 protein 
expression is restricted to early postnatal stages when granule 
cell migration is active. It is not clear whether CXCL14 mRNA 
translation is inhibited by microRNA or if the peptide is easily 
degraded by specific amino acid sequences in the mature 
cerebellar environment (Peterson et al., 2006). Immunohisto-
chemical studies indicated that Purkinje cells seem to express 
and release CXCL14 through dendrites that project to the mo-
lecular layer. Because CXCL14 can easily attach to glycopro-
teins that are enriched in the plasma membrane and the ex-
tracellular matrix (Shellenberger et al., 2004), it is likely that 
CXCL14 in the PCL/ML induces granule cell migration. This 
hypothesis was confirmed by transwell migration assays and 
microexplant culture experiments. CXCL14 stimulated migra-
tion of a crude population of EGL cells and enhanced the 
spreading rate cells from EGL microexplants. 

During cerebellar development, granule cells in the EGL mi-

Fig. 3. Effect of CXCL14 on gran-

ule cell migration and EGL micro-

explant spreading. (A) Transwell

migration assay. Isolated granule

cells were placed in upper wells

coated with laminin, and different

concentrations of CXCL14 (0, 10,

20, 100, or 500 ng/ml) were added

to the bottom wells. After 24 h of

incubation, migrated cells were

fixed, stained with hematoxylin,

and counted in five high-power

microscope fields. The numbers

are the average of three experi-

ments. (B) EGL microexplant sprea-

ding rates. Small pieces of EGL

were seeded on laminin-coated cul-

ture dishes. Twenty-four hours later,

explants were treated with CXCL14,

and the distances of neuronal cell

bodies from explant margins were

measured using the scale bar

function of Metamorph in images

taken of the same fields at 24-h

intervals. (C) Representative mi-

croexplant pictures. Several im-

ages captured under 200× magni-

fication were combined into a

single picture. Values with lines

were converted with the scale bar

function of Metamorph. NT, non-
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grate to the IGL through the ML and PCL; this process is com-
pleted by approximately P14 (Komuro and Yacubova, 2003). 
Chemokines may be an important factor for this process. For 
instance, CXCL12 is expressed in the pia mater and is known 
to be responsible for EGL formation and immature granule cell 
maintenance in the EGL by chemoattracting them toward the 
pia mater (Zou et al., 1998). CXCL12 gene knockout results in 
the premature migration of immature granule cells into the IGL. 
Interestingly, CXCL14 is localized in the PCL/ML, which is the 
primary route of granule cell migration. It is known that Purkinje 
cells play a key role in the control of granule cell proliferation 
and migration from the EGL to the IGL (Feddersen et al., 1992) 
and the present data indicate that CXCL14 released by Pur-
kinje cells may have a unique function in the control of granule 
cell migration; by stimulating an unknown receptor expressed 
on migrating granule cells.  
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