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The cell adhesion molecule close homolog of L1 (CHL1) plays important functional roles in the developing and adult nervous system. In
search of the binding partners that mediate the diverse and sometimes opposing functions of CHL1, the extracellular matrix-associated
proteins vitronectin and plasminogen activator inhibitor-2 (PAI-2) were identified as novel CHL1 interaction partners and tested for
involvement in CHL1-dependent functions during mouse cerebellar development. CHL1-induced cerebellar neurite outgrowth and cell
migration at postnatal days 6 – 8 were inhibited by a CHL1-derived peptide comprising the integrin binding RGD motif, and by antibodies
against vitronectin or several integrins, indicating a vitronectin-dependent integrin-mediated pathway. A PAI-2-derived peptide, or
antibodies against PAI-2, urokinase type plasminogen activator (uPA), uPA receptor, and several integrins reduced cell migration. CHL1
colocalized with vitronectin, PAI-2, and several integrins in cerebellar granule cells, suggesting an association among these proteins.
Interestingly, at the slightly earlier age of 4 –5 d, cerebellar neurons did not depend on CHL1 for neuritogenesis and cell migration.
However, differentiation of progenitor cells into neurons at this stage was dependent on homophilic CHL1–CHL1 interactions. These observa-
tions indicate that homophilic CHL1 trans-interactions regulate differentiation of neuronal progenitor cells at early postnatal stages, while
heterophilic trans-interactions of CHL1 with vitronectin, integrins, and the plasminogen activator system regulate neuritogenesis and neuronal
cell migration at a later postnatal stage of cerebellar morphogenesis. Thus, within very narrow time windows in postnatal cerebellar develop-
ment, distinct types of molecular interactions mediated by CHL1 underlie the diverse functions of this protein.

Key words: cerebellar development; CHL1; integrins; migration; plasminogen system; vitronectin

Introduction
Cell adhesion molecule close homolog of L1 (CHL1) is important
for neural cell proliferation, migration, differentiation, and sur-

vival, as well as in neuritogenesis, synaptogenesis, synaptic plas-
ticity, and regeneration after injury (Holm et al., 1996;
Hillenbrand et al., 1999; Jakovcevski et al., 2007; Loers and
Schachner, 2007; Maness and Schachner, 2007). In humans,
CHL1 is linked to mental retardation, schizophrenia, major de-
pression, epilepsy, and autism spectrum disorders (Angeloni et
al., 1999a,b; Sakurai et al., 2002; Frints et al., 2003; Chen et al.,
2005; Chu and Liu, 2010; Tam et al., 2010; Cuoco et al., 2011;
Morag et al., 2011; Salyakina et al., 2011; Shoukier et al., 2013).
CHL1-deficient mice show alterations in social and exploratory
behavior, reactivity to novelty, ability to gate sensorimotor infor-
mation, and working memory (Montag-Sallaz et al., 2002; Pratte
et al., 2003; Irintchev et al., 2004; Morellini et al., 2007; Kolata et
al., 2008; Pratte and Jamon, 2009). Morphological alterations and
synaptic dysfunctions have been observed in the hippocampus,
olfactory bulb, and cortex (Montag-Sallaz et al., 2002; Demya-
nenko et al., 2004, 2011; Leshchyns’ka et al., 2006; Nikonenko et
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al., 2006; Wright et al., 2007; Andreyeva et al., 2010). In the cer-
ebellum of constitutively CHL1-deficient mice, increased num-
bers of migrating cells were observed at the end of the first
postnatal week, while a loss of Purkinje and granule cells was
observed in adult mice (Jakovcevski et al., 2009), indicating that
CHL1 plays a role not only in early postnatal mouse cerebellar
development, but also in the adult.

To understand the mechanisms underlying the diverse CHL1
functions, in vitro studies were performed, yielding results that
did not easily fit into a coherent concept of CHL1 functions in
vivo. Function-triggering CHL1 antibodies enhanced neurito-
genesis (Chen et al., 1999), whereas homophilic CHL1 interac-
tions studied with cells from constitutively CHL1-deficient mice
showed that CHL1 is inhibitory for neuritogenesis in vitro and in
vivo: CHL1-deficient mice recover better after spinal cord injury
than their wild-type littermates, CHL1-deficient neurons grow
better on CHL1-expressing astrocytes than wild-type neurons,
and CHL1-expressing neurons grow better on CHL1-negative
astrocytes (Jakovcevski et al., 2007). These observations led to the
conclusion that homophilic (CHL1–CHL1) interactions block
the neurite outgrowth-promoting functions of CHL1, whereas
heterophilic CHL1 interactions with, for instance, integrins in
cis- and trans-configurations are conducive (Hillenbrand et al.,
1999; Buhusi et al., 2003; Demyanenko et al., 2004; Jakovcevski et
al., 2007, 2009).

The present study therefore had the aim to search for novel
interaction partners of CHL1 that would extend the current
knowledge on the molecular mechanisms underlying CHL1
functions. Here, we show that the interaction of vitronectin with
the extracellular domain of CHL1 induces integrin-mediated
neuritogenesis; whereas interactions of CHL1 with vitronectin,
plasminogen activator inhibitor-2 (PAI-2), urokinase type plas-
minogen activator (uPA), uPA receptor (uPAR), or �v, �1, �2,
�3, �1, and �3 integrins, but not other integrin heterodimers,
enhance cerebellar granule cell migration, suggesting that vitro-
nectin and its diverse interaction partners play a crucial role in
determining the functions of CHL1.

Materials and Methods
Animals. Male and female CHL1-deficient (CHL1 �/�; Montag-Sallaz et
al., 2002) and male L1-deficient (L1 �/y; Dahme et al., 1997) mice, which
both had been back-crossed onto the C57BL/6J background for more
than eight generations, and their age-matched wild-type (CHL1 �/� and
L1 �/y) male and female littermates as well as C57BL/6J wild-type mice of
either sex and male vitronectin-deficient (VN �/�) mice (Bae et al., 2013)
were used. All animal experiments were approved by the local authorities
of the State of Hamburg (animal permits ORG 535 and G09/098) and
conform to the guidelines set by the European Union.

Antibodies and reagents. Polyclonal antibodies against the extracellular
domain of CHL1 or L1 were as described previously (Chen et al., 1999;
Rolf et al., 2003), and a polyclonal goat antibody against intracellular
CHL1 epitopes was from R&D Systems. Polyclonal antibodies against
vitronectin were from Santa Cruz Biotechnology (Table 1) or were raised
as described previously (Preissner et al., 1989). Antibodies against the
different integrin subunits, vitronectin, PAI-1, PAI-2, uPA, or uPAR
were from different sources (Table 1). Mouse �III-tubulin antibody was
from Covance, goat doublecortin antibody was from Santa Cruz Bio-
technology, rabbit Pax6 and mouse NeuN antibodies were from Milli-
pore, and rabbit Ki67 antibody was from Abcam. CHL1-Fc, L1-Fc,
NCAM-Fc, and APP-Fc, comprising the extracellular domains of these
murine molecules in fusion with the Fc portion of human IgG, have
been described previously (Chen et al., 1999; Schmidt et al., 2008).
Purification of vitronectin has also been described (Preissner et al.,
1985). Horseradish peroxidase (HRP)-coupled and fluorescent dye-
coupled secondary antibodies were from Jackson ImmunoResearch. Re-

combinant PAI-2, human Fc, streptavidin-HRP, or neutravidin-HRP
were from Sigma-Aldrich.

The synthetic peptides RGD (ERVYMSQRGDLYFANVEE) and
DGEA (KLSWSKDGEAFEMNGTED) comprising amino acids 178 –195
and 549 –566 of mouse CHL1, respectively, and their mutated versions
KGE (ERVYMSQKGELYFANVEE) and AGEV (KLSWSKAGEVFEM
NGTED), respectively, as well as the PAI-2 peptide (KGKANFSGM
SERNDL) comprising amino acids 334 –353 of mouse PAI-2 or its
scrambled version (MRADFEGNSNGKSLK) were from Schafer-N.

The cDNA coding for a recombinant N-terminal vitronectin fragment
comprising amino acids 1–203 was amplified by PCR from a mouse brain
cDNA library. The cDNA coding for the recombinant N- or C-terminal
PAI-2 fragments comprising amino acids 1–200 or 160 – 415 was ampli-
fied from a plasmid coding for full-length PAI-2 (a gift from Dominique
Belin, Département de Pathologie and Immunologie, Centre Médical
Universitaire, Geneva, Switzerland). The cDNAs were cloned into
pQE30 via a BamHI restriction site using the InFusion Cloning Kit
(Clontech). Production of the His-tagged recombinant fragments was
performed according to the manufacturer’s instructions.

Biochemical cross-linking and preparation of brain homogenate and a
synaptosomal fraction. Preparation of brain homogenate and of a synap-
tosomal fraction from 2- to 3-month-old C57BL/6J mice (Schmidt et al.,
2008; Makhina et al., 2009) and cross-linking were performed as de-
scribed previously (Schmidt et al., 2008). Briefly, the trifunctional cross-
linker sulfo-SBED (Thermo Fisher Scientific) was conjugated to
CHL1-Fc or APP-Fc, followed by binding to protein A-coupled magnetic
beads (Dynabeads, Invitrogen). The beads were washed to remove excess
cross-linker and incubated with a synaptosomal fraction isolated from
adult mouse brains. The samples were then exposed to UV light, and
bound proteins were eluted by boiling the beads in SDS sample buffer (80
mM Tris/HCl, pH 6.8, 10% glycerol, 1% SDS; 1% dithiothreitol).

Mass spectrometry. Nano-electrospray mass spectrometry of excised
silver-stained bands was performed as described previously (Kleene et al.,
2007; Schmidt et al., 2008; Makhina et al., 2009).

ELISA, label-free binding assay, and bead aggregation assay. ELISA and
label-free binding assay have been described (Schmidt et al., 2008;

Table 1. Antibodies used in this study

Subunit/antigen Name Species Company
Catalog
number

Integrin �1 �1-b Hamster BioLegend 142601
Integrin �2 �2 Hamster BioLegend 103507
Integrin �4 �4 Rat BioLegend 103707
Integrin �5 �5 Rat BioLegend 103807
Integrin �6 �6 Rat BioLegend 313613
Integrin �v �v-b Rat BioLegend 104107
Integrin �1 �1-b Hamster BioLegend 102209
Integrin �2 �2 Rat BioLegend 101409
Integrin �3 �3-b Hamster BioLegend 104309
Integrin �v �v-C Goat Santa Cruz Biotechnology sc-6617
Integrin �v �v-N Goat Santa Cruz Biotechnology sc-6616
Integrin �1 �1-N Mouse Millipore MAB1973Z
Integrin �3 �3 Goat Santa Cruz Biotechnology sc-6588
Integrin �7 �7 Goat Santa Cruz Biotechnology sc-27706
Integrin �1 �1-sc Goat Santa Cruz Biotechnology sc-6622
Integrin �3 �3-sc Goat Santa Cruz Biotechnology sc-6626
Integrin �1 �1-C1 Rat Chemicon ab1997
Integrin �1 �1-C2 Rabbit Chemicon ab1952
Integrin �1 �1-AF Goat R&D Systems AF2405
Vitronectin (amino acids

1–270)
Vitronectin Rabbit Santa Cruz Biotechnology sc-15332

PAI-2 (amino acids 61–130) rb-PAI-2 Rabbit Santa Cruz Biotechnology sc-25746
PAI-1 (amino acids 24 –158) rb-PAI-1 Rabbit Santa Cruz Biotechnology sc-8979
PAI-2 (N terminal) gt-PAI-2 Goat Santa Cruz Biotechnology sc-6649
PAI-1 (C terminal) gt-PAI-1 Goat Santa Cruz Biotechnology sc-6642
uPA (amino acids 136 –275) uPA Rabbit Santa Cruz Biotechnology sc-14019
uPAR (amino acids 1–290) uPAR Rabbit Santa Cruz Biotechnology sc-10815
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Makhina et al., 2009; Loers et al., 2012). For quantitative assessment of
the CHL1 and vitronectin interaction, a bead aggregation assay was per-
formed (Jakovcevski et al., 2007). Briefly, a 10 �l suspension of protein
A-coupled magnetic beads (Dynabeads, Invitrogen) was incubated in
PBS, pH 7.4, overnight at 4°C with 37.5 nM CHL1-Fc, L1-Fc, or NCAM-
Fc. After washing, the beads were resuspended in PBS, sonicated in
ice-cold water, collected by centrifugation, and resuspended in PBS con-
taining 0.1 mg/ml BSA in the absence or presence of 600 �g/ml vitronec-
tin. The resuspended beads were incubated at room temperature, and
bead aggregation was analyzed using a Zeiss Axiovert microscope and
AxioVision software 4.6 (Carl Zeiss). The diameters of the aggregates
were determined and used to estimate the number of beads per aggregate
(Jakovcevski et al., 2007). The aggregates were categorized into the fol-
lowing three groups: aggregates with �10, with 10 –1000, and with
�1000 beads. The number of aggregates relative to all beads in all sam-
ples was calculated.

Neurite outgrowth and migration of cerebellar granule cells. Monolayer
cultures of dissociated cerebellar cells were prepared from 4- to 5-d-old
or 6- to 8-d-old mice, as described previously (Makhina et al., 2009). For
neurite outgrowth assays, single-cell suspensions (1–2 � 10 5 cells/ml)
were seeded onto coverslips precoated with 100 �g/ml poly-L-lysine
(PLL; Sigma-Aldrich) with or without 10 �g/ml CHL1-Fc. After fixation
with 2.5% glutaraldehyde, neurons were stained with toluidine blue and
methylene blue, and neurite outgrowth was quantified by measuring
total neurite lengths of at least 100 neurons per condition using the
AxioVision imaging system 4.6 (Carl Zeiss). Migration of granule cells
was measured in explant cultures from 4- to 5-d-old or 6- to 8-d-old
mice, as described previously (Kalus et al., 2003). Briefly, cerebella were
passed through a Nitrex net with a pore width of 300 �m, and the tissue
pieces were plated onto PLL-coated coverslips with or without CHL1-Fc
and maintained in serum-containing culture medium for 24 h. After-
ward, the explants were transferred into serum-free medium, cultured
for an additional 24 h, then fixed with 2.5% glutaraldehyde, and stained
with toluidine blue and methylene blue. Cell migration was quantitated
by measuring the number of cell bodies in defined distance intervals of 10
explants per condition and an experiment using the AxioVision imaging
system 4.6 (Carl Zeiss). Antibodies, peptides, and recombinant proteins
were applied at final concentrations of 5, 100, and 10 �g/ml, respectively.

Phage display. The Ph.D.-12 Phage Display Peptide Library (New Eng-
land BioLabs) displaying 10 8-10 10 random 12-mer peptides at the pili of
M13-like phage particles in fusion with the N-terminus of the pVIII
major coat protein and CHL1-Fc were used for the screening of peptides
binding to the extracellular domain of CHL1. All selection steps were
performed according to the Ph.D.-12 Phage Display Peptide Library Kit
instruction manual version 2.0 (New England BioLabs; Wang et al.,
2011).

Western blot analysis, immunoprecipitation, and pull-down assay.
Western blot analysis, immunoprecipitation and pull-down assay have
been described in detail (Schmidt et al., 2008; Makhina et al., 2009).

Immunocytochemistry. Live dissociated cerebellar neurons in mono-
layer culture were incubated with 500 �l culture medium containing 15
�g/ml CHL1-Fc or Fc for 20 min at 37°C. After fixation with 4% para-
formaldehyde in HBSS for 15 min, cells were incubated for 30 min with
3% BSA in PBS followed by incubation with primary antibodies for 1 h at
room temperature, washing with PBS, and incubation with secondary
antibodies coupled to fluorescent dyes for 1 h at room temperature in the
dark. Bovine or donkey Cy3-conjugated antibodies directed against goat
IgGs; donkey or goat Cy2-conjugated antibodies directed against mouse
IgGs; and donkey or goat Cy5-, or Alexa Fluor 647-conjugated antibodies
directed against human Fc were used. For permeabilization, fixed cells
were washed twice with PBS and incubated with 3% BSA/0.1% Triton
X-100 in PBS at room temperature for 1 h. Coverslips were embedded in
Aqua-Polymount (Polysciences). Confocal images were taken with an
Olympus Fluoview FV1000 confocal laser-scanning microscope.

For identification of undifferentiated granule cell precursors, dissoci-
ated cerebellar cells were fixed, permeabilized, and stained with �III-
tubulin antibody and DAPI. Ten images per condition were taken (20�
objective). Total cell numbers were determined by counting DAPI-
positive cells, and numbers of undifferentiated cells were determined by

counting �III-tubulin-negative cells identified by their round, dark blue
nucleus.

Tissue preparation, immunohistochemistry, and proximity ligation as-
say. Mice were killed at postnatal days 3, 5 and 7, and their brains were
immersed in 4% formaldehyde solution in 0.1 M cacodylate buffer, pH
7.3, as described previously (Jakovcevski et al., 2009). The brains were
postfixed overnight at 4°C in the formaldehyde solution, immersed into
a 15% sucrose solution in the same buffer for 2 d at 4°C, frozen by
immersion for 2 min into 2-methyl-butane (isopentane) precooled to
�80°C, and stored in liquid nitrogen until sectioned. Serial coronal 25-
�m-thick sections of the whole cerebellum were cut in a cryostat (Leica
CM3050, Leica Instruments) and collected on SuperFrost Plus glass
slides (Carl Roth). Antigen retrieval was performed by incubating the
sections in 10 mM sodium citrate solution, pH 9.0, for 30 min in a water
bath at 80°C, followed by blocking of nonspecific binding sites with PBS
containing 0.2% Triton X-100 (Sigma), 0.02% sodium azide (Merck),
and 5% normal donkey serum (Jackson ImmunoResearch) for 1 h at
room temperature. The sections were incubated with rabbit Ki67 anti-
body, mouse NeuN antibody, and rabbit Pax6 antibody, with a mixture
of goat CHL1 antibody with either rabbit vitronectin or rabbit PAI-2
antibody and with a mixture of rabbit Pax6 antibody with either goat
doublecortin or mouse NeuN antibody, overnight at 4°C in a humid
chamber. All primary antibodies were used at optimal dilutions in PBS.
Following washing in PBS (3� 15 min at room temperature), the sec-
tions were incubated with a donkey Cy3-conjugated anti-mouse anti-
body, donkey Cy3-conjugated anti-rabbit antibody, a mixture of donkey
Cy3-conjugated anti-goat and Cy2-conjugated anti-rabbit antibodies, or
a mixture of donkey Cy3-conjugated anti-rabbit antibody with either
donkey Cy2-conjugated anti-goat or anti-mouse antibody for 2 h at
room temperature. All secondary antibodies were diluted 1:200 in PBS.
After a subsequent wash in PBS, cell nuclei were stained for 10 min at
room temperature with bis-benzimide solution (Hoechst dye 33258, 5
�g/ml in PBS, Sigma). Finally, the sections were washed again, mounted
with Fluoromount G (Southern Biotechnology Associates), and stored at
4°C in the dark. Microphotographs were taken either with a Leica con-
focal laser-scanning microscope (Leica) at a digital resolution 1024 �
1024 and 40� objective or with an Olympus Fluoview FV1000 confocal
laser-scanning microscope in sequential mode with a 60� objective.
Photographs were further processed by using Photoshop CS5 software
(Adobe Systems) to adjust brightness and contrast.

For proximity ligation, the sections were incubated with a mixture of
goat CHL1 antibody and rabbit vitronectin or rabbit PAI-2 antibody
after antigen retrieval, as described above, and blocking of nonspecific
binding sites with Duolink blocking buffer (Sigma-Aldrich) for 1 h at
room temperature. After three washes with Duolink washing buffer A
(Sigma-Aldrich), a pair of secondary antibodies conjugated with oligo-
nucleotides (Duolink anti-goat PLA probe MINUS and Duolink anti-
rabbit PLA probe PLUS, Sigma-Aldrich) was applied to the sections, and
the proximity ligation assay was performed using the Duolink detection
reagents RED (Sigma-Aldrich) according to the manufacturer’s proto-
col. Coverslips were mounted with Duolink Mounting medium with
DAPI (Sigma-Aldrich), and confocal images were taken with an Olym-
pus Fluoview FV1000 confocal laser-scanning microscope in sequential
mode with a 60� objective.

Stereological analyses. Stereological analyses were performed as de-
scribed in detail (Jakovcevski et al., 2009). Countings were performed on
an Axio Imager.M1 microscope (Carl Zeiss) equipped with a motorized
stage and Stereo Investigator 9 software-controlled computer system
(MicroBrightField). Briefly, sections containing the cerebellum were ob-
served under low-power magnification (10� objective) to delineate cer-
ebellar layers by nuclear staining. Two cortical fields, one in the most
caudal folium in the section and one in the third folium rostral to the first
one, containing the cells of interest, were delineated using the Stereo
Investigator software. These fields included the external granular layer,
the internal granular layer, or the molecular and Purkinje cell layers, and
were extended for �600 �m on both sides of the sagittal plane. Four
sections (25 �m; every 10 serial sections) of the cerebellar vermis were
analyzed. Numerical densities were estimated by counting the nuclei of
labeled cells or cells immunopositive for Ki67, NeuN, or Pax6. The pa-

14608 • J. Neurosci., October 29, 2014 • 34(44):14606 –14623 Katic et al. • Functional Roles of Heterophilic CHL1 Interactions



rameters for this analysis were as follows: guard space depth, 2 �m; base
and height of the dissector, 900 �m 2 and 10 �m, respectively; distance
between the optical dissectors, 90 �m; and objective 20� Plan-Neofluar
20�/0.50.

Colocalization analysis. The colocalization toolbox JACoP (Just An-
other Colocalization Plugin) included in the ImageJ software package
(Bolte and Cordelières, 2006) was used for quantification of the degree of
colocalization between CHL1 and vitronectin, and CHL1 and PAI-2.
Three-dimensional photographs were taken on the Olympus confocal
laser-scanning microscope under high magnification (60�) and pro-
cessed within the ImageJ software along the z-axis. The threshold for each
image from the red or green channels was measured, and the pixel gray
values of each image from the red channel were plotted against those of
each image from the green channel using the JACoP toolbox. For every
dual-channel image, a pixel distribution diagram was obtained. From the
distribution diagrams, the Pearson’s coefficient PC and the Mander’s
overlap coefficients M1 and M2 were calculated. PC gives the information
about the linear correlation between pixel intensity in the green and red
images. M1 is the ratio of the summed intensities of pixels from a red
image, for which the intensity in the green channel is in the range from
zero to the maximal intensity, and M2 is defined conversely for a green
image (Bolte and Cordelières, 2006). The coefficient values are ranging
between �1 and �1, where �1 is a total positive correlation, 0 is no
correlation, and �1 is a total negative correlation. All three parameters
were used to compare the degree of colocalization between CHL1 and
vitronectin or PAI-2 in 5- and 7-d-old cerebella.

Statistical analysis. All numerical data are presented as group mean
values with SEM or SD. Parametric or nonparametric tests were used for
comparisons, as indicated in the text and figure legends. Analyses were
performed using the SYSTAT 9 software package (SPSS). The threshold
value for acceptance of differences was 5%.

Results
CHL1 interacts via its extracellular
domain with vitronectin
To find novel extracellular interaction part-
ners of CHL1, a biochemical cross-linking
approach was used to detect directly bound
molecules. A fusion protein consisting of
the extracellular domain of mouse CHL1
and human Fc (CHL1-Fc) was coupled to
the trifunctional biotin-carrying cross-
linker sulfo-SBED and immobilized on pro-
tein A-coupled beads. An Fc-fusion protein
with the extracellular domain of the amy-
loid precursor protein (APP-Fc) was used as
a control. A synaptosomal fraction from
adult mouse brains and the immobilized
conjugates were incubated and then ex-
posed to UV light for cross-linking. Bound
proteins were eluted and subjected to SDS-
PAGE under reducing conditions, resulting
in the release of bound proteins from the
CHL1-Fc and APP-Fc bait proteins and in a
concomitant transfer of the biotin label
from the bait proteins to the bound
proteins.

By Western blot analysis using
peroxidase-conjugated streptavidin, six
major biotinylated proteins with apparent
molecular masses of �40, �50, �60,
�70, �165, and �200 kDa; and three ma-
jor biotinylated proteins apparent molec-
ular masses of �40, �110, and �190 kDa
were detected in the eluates from the
CHL1-Fc or APP-Fc beads, respectively

(Fig. 1A). The �165 and �200 kDa bands in the CHL1-Fc eluate,
and the �110 and �190 kDa bands in the APP-Fc eluate were
detected by an antibody against human Fc (Fig. 1A), indicating
that these proteins contain the Fc portion and were thus derived
from the bait proteins. Upon silver staining, the protein bands
with apparent molecular masses of �40, �50, �60, and �70 kDa
were observed in the eluate from CHL1-Fc beads (Fig. 1A). The
bands of �40 and �50 kDa were also observed in the eluate from
APP-Fc beads, while no �60 and �70 kDa bands were detectable in
this eluate (Fig. 1A), suggesting that the �60 and �70 kDa proteins
are CHL1-binding proteins. The silver stained �60 and �70 kDa
protein bands were subjected to mass spectrometry, and two of the
detected peptides from the �70 kDa band could be assigned to vi-
tronectin (Preissner and Reuning, 2011), while the �60 kDa band
could not be assigned to a known protein. The tandem mass spectrom-
etry spectrum of a 1645.8 and 1384.86 Da precursor mass (detected as a
doubly charged ion at mass/charge ratios of 823.4 and 692.93) matched
the tryptic peptide DVWGIEGPIDAAFTR (1644.79 Da) and
INCQGKTYLFK (1385.72 Da) of mouse vitronectin.

To validate the putative interaction between CHL1 and vitro-
nectin, pull-down experiments were performed using CHL1-Fc
and detergent-solubilized mouse brain homogenate. Western
blot analysis with a vitronectin antibody revealed that CHL1-Fc
pulled down vitronectin, whereas vitronectin was not pulled
down by L1-Fc (Fig. 1B). Direct binding of vitronectin to the
extracellular domain of CHL1 was analyzed by ELISA with
substrate-coated vitronectin and increasing concentrations of
CHL1-Fc. A concentration-dependent and saturable binding of

Figure 1. CHL1 interacts with vitronectin via its extracellular domain. A, CHL1-Fc and APP-Fc were conjugated to the cross-
linker sulfo-SBED and bound to protein A magnetic beads. Beads were incubated with a synaptosomal fraction and subjected to
cross-linking. Biotinylated proteins were isolated and subjected to silver staining or to Western blot (WB) analysis using HRP-
conjugated streptavidin or anti-human Fc antibody. Light gray arrows and numbers indicate distinct protein bands and their
apparent molecular weights. The position of the 70 kDa protein, which is identified as vitronectin (VN) is indicated by a black arrow.
B, CHL1-Fc and L1-Fc were incubated with brain homogenate followed by pulldown with protein A beads. Brain homogenates and
precipitates were probed in Western blot analysis with vitronectin antibody. C, Substrate-coated vitronectin was incubated with
increasing concentrations of soluble CHL1-Fc, L1-Fc, or NCAM-Fc, and binding was determined by ELISA using anti-human Fc
antibody. Mean values � SD for binding from three independent experiments performed in triplicate are shown.
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CHL1-Fc to vitronectin was observed,
whereas no binding of L1-Fc or
NCAM-Fc to vitronectin was detectable
(Fig. 1C).

Vitronectin interferes with the
homophilic CHL1 interaction
Strong homophilic CHL1 binding has
been observed in a bead aggregation assay
(Jakovcevski et al., 2007). We used this as-
say to test whether vitronectin interferes
with this interaction. Beads were coated
with CHL1-Fc, and, for control, with
L1-Fc or NCAM-Fc, and were allowed to
aggregate in the absence or presence of vi-
tronectin. In the absence of vitronectin,
the following strong aggregation of
CHL1-Fc-coated beads was observed:
�45% of the CHL1-Fc-coated beads were
in large aggregates of �1000 beads per ag-
gregate, and 55% were found in aggre-
gates of 10 –1000 beads per aggregate (Fig.
2A). In the presence of vitronectin, no
large aggregates were found, and only
20% of CHL1-Fc-coated beads were
present in aggregates of 10 –1000 beads
per aggregate (Fig. 2A). Conversely,
�80% of the CHL1-Fc-coated beads ei-
ther did not aggregate or were present in
small aggregates of up to 10 beads per
aggregate (Fig. 2A). In contrast, the aggre-
gation behavior of L1-Fc and NCAM-Fc-
coated beads was similar in the absence
and presence of vitronectin: �90% of
beads were present in aggregates contain-
ing 10 –1000 beads per aggregate, and
�10% were found in small aggregates of
�10 beads per aggregate (Fig. 2B,C). These results indicate that
vitronectin inhibits the homophilic CHL1 interaction, while it
has no effect on the homophilic L1 and NCAM interactions.

Trans-interactions of CHL1 with integrins and vitronectin
trigger neurite outgrowth
In in vitro experiments, homophilic CHL1 trans-interactions in-
hibit neurite outgrowth, whereas heterophilic CHL1 trans-

Figure 2. Vitronectin interferes with the homophilic CHL1 interaction. Beads coated with CHL1-Fc, L1-Fc, and NCAM-Fc were incubated in the absence or presence of vitronectin (VN). A–C,
Frequency distributions of the number of beads coated with CHL1-Fc (A), L1-Fc (B), and NCAM-Fc (C) per aggregate relative to the total number of all beads in the presence or the absence of
vitronectin are shown. p � 0.01 (A), p � 0.05 (B, C) obtained by Kolmogorov–Smirnov test. A representative result of one of three independent experiments is shown.

Figure 3. CHL1-induced neurite outgrowth depends on vitronectin. A–C, Cerebellar neurons from 6- to 8-d-old wild-type (CHL1 �/�;
A–C) and CHL1-deficient (CHL1 �/�; A, B) mice were maintained on substrate-coated PLL (A–C) or CHL1-Fc (CHL1; B, C) in the absence or
presence of vitronectin (VN; A, B), or the absence (�) or presence of vitronectin antibody (�VN) or nonimmune control antibody (Ig; C).
Images of representative neurons (A) and mean values � SEM of the total lengths of neurites per neuron from three independent
experiments counting at least 100 neurons per group in each experiment (A–C) are shown. The groups were analyzed by one-way ANOVA
with Tukey’s multiple-comparison test, and significant differences between groups (*p � 0.05; ***p � 0.001) are indicated.
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interactions promote neurite outgrowth (Jakovcevski et al., 2007).
To investigate whether vitronectin affects CHL1-dependent neurite
outgrowth, we incubated wild-type and CHL1-deficient cerebel-
lar neurons on substrate-coated PLL or CHL1-Fc in the absence
or presence of vitronectin and determined the total lengths of
neurites per cell. Vitronectin promoted neurite outgrowth of
wild-type and CHL1-deficient cerebellar neurons from 6- to 8-d-
old mice grown on PLL (Fig. 3A), but did not alter the pro-
nounced enhancement of neurite outgrowth from wild-type and
CHL1-deficient cerebellar neurons by CHL1-Fc (Fig. 3B). These
results indicate that the promotion of neurite outgrowth by vi-
tronectin does not depend on CHL1 at the neuronal surface and
that neurite outgrowth triggered by heterophilic CHL1 trans-
interactions is not affected by the addition of exogenous vitronec-
tin to the cultures.

Next, we tested whether CHL1-enhanced neurite outgrowth is
affected when the function of endogenous vitronectin is blocked
by a vitronectin antibody. CHL1-induced neurite outgrowth was
reduced to control values in the presence of the vitronectin anti-
body, but was not altered by a nonimmune control antibody (Fig.
3C), indicating that CHL1-triggered neurite outgrowth depends
on endogenous vitronectin.

CHL1 contains the integrin-binding motifs Arg-Gly-Asp
(RGD) in the second Ig-like domain and Asp-Gly-Glu-Ala
(DGEA) in the sixth Ig-like domain, interacts with �1 integrins in
cis-position, and functions as a coreceptor of integrins to enhance
cell migration and neuritogenesis (Buhusi et al., 2003). Thus, we
determined neurite outgrowth on CHL1-Fc in the absence or
presence of CHL1-specific peptides containing the RGD or
DGEA motif. Peptides with mutations of RGD to KGE or DGEA
to AGEV served as controls. In the presence of the RGD-
containing peptide, promotion of neurite outgrowth of wild-type
and CHL1-deficient cerebellar neurons from 6- to 8-d-old mice
was abolished on the CHL1-Fc substrate and reached values ob-
served for neurite outgrowth on PLL (Fig. 4A). The peptides with
the mutated RGD motif as well as the nonmutated and mutated
DGEA motifs did not affect CHL1-enhanced neurite outgrowth
(Fig. 4A). When L1-Fc was used as substrate coat, none of the
peptides altered L1-promoted neurite outgrowth (Fig. 4B), indi-
cating that the CHL1-derived peptide with the RGD motif inhib-
its the interaction of CHL1 with distinct integrins and that these
integrins do not interact with L1. The results show that interac-
tion of CHL1 with specific integrins via its RGD motif triggers
neurite outgrowth, whereas the DGEA motif does not play a role
in CHL1-induced promotion of neurite outgrowth.

CHL1 interacts with PAI-2
To identify further binding partners for CHL1, we additionally
screened a peptide phage display library with CHL1-Fc as bait
and identified a binding peptide with sequence similarity to a
sequence stretch within PAI-2 (Fig. 5A), suggesting that CHL1
interacts with PAI-2. Coimmunoprecipitation experiments were
performed to probe for this association using brain homogenates
from wild-type, CHL1-deficient, and L1-deficient mice. When a
CHL1 antibody against the extracellular domain was used for
immunoprecipitation, Western blot analysis with a PAI-2 anti-
body detected PAI-2 in CHL1 immunoprecipitates from the ho-
mogenate of wild-type, but not from CHL1-deficient brains (Fig.
5B). Negligible amounts of PAI-2 were observed in the immuno-
precipitates from wild-type and L1-deficient mouse brains when
an antibody against the extracellular domain of L1 was used for
immunoprecipitation (Fig. 5B). This finding supports the notion
that CHL1 and PAI-2 are associated with each other. To deter-

mine a direct interaction between PAI-2 and CHL1, a label-free
binding assay was performed. Soluble recombinant PAI-2
showed a concentration-dependent binding to substrate-coated
CHL1-Fc and negligible binding to Fc (Fig. 5C). Similarly, solu-
ble CHL1-Fc, but not Fc, bound to immobilized PAI-2 in a
concentration-dependent manner, indicating a direct interaction
between PAI-2 and CHL1. Interestingly, L1-Fc as well as
NCAM-Fc bound also to immobilized PAI-2 (Fig. 5C), suggest-
ing that PAI-2 binds not only to CHL1 in vitro, but also to other
recombinantly expressed cell adhesion molecules of the Ig
superfamily.

CHL1 colocalizes with vitronectin and PAI-2 in the
developing cerebellar cortex
The in vitro findings of direct interactions of CHL1-Fc with
vitronectin and PAI-2 suggest that CHL1 also interacts with vi-
tronectin and PAI-2 in vivo. To test this possibility, immunos-
tainings of CHL1, vitronectin, and PAI-2 in cerebellum from
5- and 7-d-old mice were performed. Colocalization of CHL1
with vitronectin and PAI-2 was observed in the cerebellum of
7-d-old mice (Figs. 6A–C, 7A–C), but not in the cerebellum of
5-d-old mice (Figs. 6D–F, 7D–F). Colocalization was observed
along radial fibers of Bergmann glial cells, and at cells located

Figure 4. CHL1 mediates neurite outgrowth via its RGD integrin-binding motif. A, B, Cere-
bellar neurons from 6- to 8-d-old CHL1-deficient (CHL1 �/�) or wild-type (CHL1 �/�) mice
were maintained on substrate-coated PLL, CHL1-Fc (CHL1; A), or L1-Fc (L1; B) in the absence or
presence of CHL1 peptides with the RGD or DGEA motif or with mutation of the motifs to KGE and
AGEV. The total lengths of neurites per neuron were determined, and mean values � SEM from
three independent experiments counting at least 100 neurons per group in each experiment are
shown. The groups were analyzed by one-way ANOVA with Tukey’s multiple-comparison test,
and significant differences between groups (*p � 0.05; ***p � 0.001) are indicated.
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within the inner region of the external
granular layer, within the molecular layer,
and within in the internal granular layer
near the Purkinje cell layer (Figs. 6A–C,
7A–C). Quantification of the coimmu-
nostaining of CHL1 with vitronectin or
PAI-2 showed that a pronounced fraction
of the CHL1 signals overlapped with the
vitronectin and PAI-2 signals in cerebella
of 7-d old mice, while only a small fraction
of the CHL1 signals overlapped with the
vitronectin and PAI-2 signals in cerebella
of 5-d-old mice (Figs. 6G, 7G).

Using an alternative method to con-
firm that CHL1 interacts with vitronectin
and PAI-2, we performed proximity liga-
tion assays. This method allows the gener-
ation and amplification of fluorescent
signals from a pair of oligonucleotide-labeled secondary antibod-
ies when two primary antibodies are bound to their antigens in
close proximity. This technology has proven to be suitable for
detection of direct protein interactions with high sensitivity and
specificity. Fluorescent spots were found in cerebella of 7-d-old
mice at cells located within the inner region of the external gran-
ular layer, within the molecular layer, and within the internal
granular layer (Figs. 6H, 7H), indicating that CHL1 interacts
significantly with vitronectin and PAI-2 at this developmental
stage. In contrast, no or only a few small fluorescent spots were
found in cerebella of 5-d-old mice (Figs. 6I, 7I), indicating that
CHL1 does not interact with vitronectin or PAI-2 at this younger
stage.

In summary, these findings suggest that CHL1 interacts with
vitronectin and PAI-2 on migrating granule cells at a time point
when granule cell migration from the external to the internal
granular layer is prominent (at approximately postnatal day 7),
and that vitronectin and PAI-2 are involved in CHL1-dependent
granule cell migration along Bergmann glial processes.

Trans-interactions of CHL1 with vitronectin and �v�1 or
�v�3 integrin trigger neurite outgrowth
Vitronectin binds to �v�3 and �v�1 integrins (Bodary and
McLean, 1990; Horton, 1997), whereas CHL1 interacts with �1
and possibly �1 and �2 integrins (Buhusi et al., 2003). Since
CHL1-Fc-triggered neurite outgrowth is mediated by the RGD
motif in CHL1, we investigated whether CHL1 interacts with the
RGD receptors �v�3 and/or �v�1 integrin to regulate CHL1-
induced neurite outgrowth using antibodies against the �v, �1,
and/or �3 integrin subunits. In parallel, two independent PAI-2
antibodies were used to investigate the role of PAI-2 in CHL1-
induced neurite outgrowth. Antibodies against the �v, �1, or �3
integrin subunits and against vitronectin reduced the enhanced
neurite outgrowth on substrate-coated CHL1-Fc to values ob-
served on the control substrate PLL, while neither of the two
PAI-2 antibodies affected neurite outgrowth on CHL1-Fc (Fig.
8). All tested antibodies did not alter the basal neurite outgrowth
on PLL (Fig. 8). The results indicate that the promotion of neurite
outgrowth by CHL1 involves the RGD-dependent vitronectin
receptors �v�1 and �v�3 integrin, but not PAI-2.

To further analyze whether CHL1-Fc is associated with vitro-
nectin or �v�1 and �v�3 integrins, we treated live CHL1-deficient
cerebellarneuronswithCHL1-Fcand, after fixation, stained the cells
with antibodies against human Fc, vitronectin, and �v, �1, or �3
integrin subunits. Pronounced colabeling of CHL1-Fc, vitronec-

tin, and �v integrins predominantly along neurites (Fig. 9A), and
a strong costaining of CHL1-Fc, vitronectin, and �1 integrins
along neurites and at cell bodies were observed (Fig. 9B), indicat-
ing colocalization of CHL1-Fc and vitronectin with �v and �1
integrins. In contrast, staining with an antibody against the �3
integrin subunit revealed only a partial colocalization of
CHL1-Fc and �3 integrins, but showed strong colocalization of
�3 integrins with vitronectin (Fig. 9C). Since vitronectin has been
proposed to bind to �3�1 integrin (Wei et al., 2001; Smith and
Marshall, 2010), we tested whether CHL1 and vitronectin
colocalize with �3 integrins and indeed observed a significant
colocalization of CHL1-Fc, vitronectin, and �3 integrins pre-
dominantly along neurites (Fig. 9D). Similarly, a strong colocal-
ization of CHL1-Fc with �2 and �1 integrins was observed
predominantly at cell bodies and along neurites, respectively (Fig.
9E,F). In contrast, CHL1-Fc did not colocalize with �6 integrin
and showed only a weak colocalization with �7 integrin (Fig.
9G,H). Interestingly, CHL1-Fc showed prominent colocalization
with PAI-2, but not with PAI-1, while PAI-1 as well as PAI-2
colocalized with vitronectin (Fig. 9 I, J). These results indicate
that CHL1 is associated with vitronectin; PAI-2; and �v�1, �3�1,
�2�1, �1�1, and �v�3 integrins. Since PAI-2, which is one of the
two inhibitors that regulate the serine protease activity of uPA,
interacts with CHL1-Fc, we analyzed whether uPA and its uPAR
colocalize with CHL1. Colocalization of uPA with CHL1-Fc
could be detected mainly on cell bodies, but no significant colo-
calization of CHL1-Fc with uPAR could be observed (Fig. 9K,L).
No staining of tubulin was observed under the fixation condi-
tions used (Fig. 9M), while strong intracellular tubulin staining
was seen after detergent permeabilization of the fixed cells (Fig.
9N), demonstrating the impermeability of cells after fixation. In
summary, the results indicate that CHL1 is associated with vitro-
nectin; PAI-2; and �v�1, �3�1, �2�1, �1�1, and �v�3 integrins
at the cell surface of cerebellar neurons.

Trans-interactions of CHL1 with integrins, vitronectin, and
PAI-2 trigger neuronal migration in a uPA/uPAR-dependent
manner
In cultures of explants from cerebella of 7-d-old mice, migration
of CHL1-deficient cells is severely impaired (Jakovcevski et al.,
2007). Since granule cells represent �90% of all cells in the cer-
ebellum, this result indicates that granule cell migration is im-
paired in the absence of CHL1 in vitro. Impaired migration of
granule cells was also observed in vivo in cerebella of CHL1-
deficient mice at postnatal day 7 (Jakovcevski et al., 2009). We

Figure 5. CHL1 interacts with PAI-2. A, The peptide sequence, which is derived from a phage that bound to CHL1-Fc and a
peptide stretch of PAI-2 with sequence similarity to the phage peptide, is depicted. Identical amino acids are indicated by bars. B,
Detergent-solubilized brain homogenates from CHL1 �/� mice, L1 �/y mice, or corresponding wild-type littermates (CHL1 �/�,
L1 �/y) were subjected to immunoprecipitation with CHL1 or L1 antibodies and Western blot analysis with PAI-2 antibody. A
representative Western blot from three experiments is shown. C, Label-free binding assay using 0, 50, and 150 nM soluble recom-
binant PAI-2 and substrate-coated CHL1-Fc and Fc, or 0, 0.5, and 2.5 nM CHL1-Fc and Fc with substrate-coated PAI-2. Mean
values � SD of reflected wavelength shifts from three independent experiments performed in triplicate are shown.
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thus investigated whether application of CHL1-Fc to explant cul-
tures affects migration of wild-type or CHL1-deficient cerebellar
granule cells. When maintained on CHL1-Fc substrate, the num-
ber of wild-type and CHL1-deficient cells migrating out of the

explants derived from cerebella of 7-day-old mice was increased
compared with the number observed on the PLL substrate
(Fig. 10A–C), indicating that CHL1 triggers the migration of
granule cells. On both substrates, the total number of migrat-

Figure 6. CHL1 and vitronectin colocalize in the cerebellum of 7-d-old mice, but not 5-d-old mice. A, B, D, E, Representative image of immunofluorescence staining for DAPI (blue) and CHL1 (red;
A, D), and DAPI and vitronectin (VN; green; B, E) are shown. C, F, Superimposition indicates colocalizations as yellow along radial fibers of Bergmann glial cells (arrowheads), and at cells located
within the molecular layer and the external and internal granular layers (arrows). Scale bars, 15 �m. G, Pearson’s coefficient PC and the Mander’s overlap coefficients M1 and M2 were calculated as
parameters for the degree of colocalization between CHL1 and vitronectin. Coefficient values � SEM for cerebella from postnatal day 5 (P5) and P7 as well as wild-type mice (n 	 6) are shown. The
groups were analyzed by two-tailed Student’s t test, and significant differences between groups (*p � 0.01; ***p � 0.001) are indicated. H, I, Representative images from the proximity ligation
assay are shown. Red spots indicate close interaction of CHL1 with vitronectin. Scale bars, 60 �m. A–C, H, 7-d-old cerebella. D–F, I, 5-d-old cerebella. EGL, External granular layer; ML, molecular
layer; PCL, Purkinje cell layer; IGL, internal granular layer.
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ing CHL1-deficient cells was lower than those of wild-type
cells (Fig. 10C).

To analyze the CHL1-induced migration in more detail, the
number of cells in defined distance intervals was measured. On
PLL, a similar number of CHL1-deficient and wild-type cells mi-
grated up to 50 �m away from the explant border (Fig. 10D).

When compared with the numbers of migrating wild-type cells,
fewer CHL1-deficient cells migrated up to 100, 150, or 200 �m
(Fig. 10D). On the CHL1-Fc substrate, more wild-type than
CHL1-deficient cells migrated up to 300 �m, whereas similar
numbers of wild-type and CHL1-deficient cells migrated up to
400 and �500 �m (Fig. 10E).

Figure 7. CHL1 colocalizes with PAI-2 in 7-d-old cerebellum, but not in 5-d-old cerebellum. A, B, D, E, Representative image of immunofluorescence staining for DAPI (blue) and CHL1 (red; A, D)
and DAPI and PAI-2 (green; B, E) are shown. C, F, Superimposition indicates colocalizations as yellow at cells located within the molecular layer and the external and internal granular layers (arrows).
Scale bars, 15 �m. G, Pearson’s coefficient PC and the Mander’s overlap coefficients M1 and M2 were calculated as parameters for the degree of colocalization between CHL1 and vitronectin.
Coefficient values � SEM for cerebella from postnatal day 5 (P5) and P7 as well as wild-type mice (n 	 6) are shown. The groups were analyzed by two-tailed Student’s t test, and significant
differences between groups (*p�0.01; ***p�0.001) are indicated. H, I, Representative images from proximity ligation assay are shown. Red spots indicate the close interaction of CHL1 with PAI2.
Scale bars, 60 �m. A–C, H, 7-d old cerebella. D–F, I, 5-d-old cerebella. EGL, External granular layer; ML, molecular layer; PCL, Purkinje cell layer; IGL, internal granular layer.
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To distinguish whether the reduced number of migrating
CHL1-deficient cells is due to retarded migration and/or to a
missing or nonmigrating subpopulation of CHL1-deficient cells,
we calculated the percentages of migrating neurons for the indi-
vidual distance intervals relative to the total number of migrating
cells. When maintained on PLL, the relative number of CHL1-
deficient cells in the distance interval near the explant border
(�50 �m) was higher than that of wild-type cells, while the rel-
ative numbers in the other intervals were lower (Fig. 10F), indi-
cating retarded migration of CHL1-deficient cells in the absence
of CHL1, leading to an accumulation of cells near the explant
border. On the CHL1-Fc substrate, the relative numbers of
CHL1-deficient and wild-type cells were similar in all distance
intervals (Fig. 10G), showing that migration of CHL1-deficient
cells is similar to that of wild-type cells when CHL1-Fc is present
as a homophilic trans-interacting molecule. The higher number
of migrating wild-type granule cells relative to CHL1-deficient
granule cells migrating up to 300 �m suggests that a significant
portion of CHL1-deficient granule cells does not migrate and/or
that a subpopulation of granule cells is missing.

Since CHL1 triggers granule cell migration and interacts with
vitronectin and integrins, we analyzed whether the interaction of
CHL1 with vitronectin and integrins regulates the migration of gran-
ule cells. In addition, we tested whether PAI-1 and/or PAI-2 and
their interaction partners uPA and uPAR are involved in CHL1-
induced migration. To exclude homophilic CHL1 interactions and
to study only the heterophilic CHL1 interactions, cerebellar explants
from CHL1-deficient mice were used and maintained on substrate-
coated PLL; CHL1-Fc in the absence and presence of antibodies
against the different integrin subunits, vitronectin, PAI-2, PAI-1,
uPA, and uPAR; in the presence of the putative CHL1-binding PAI-
2-derived peptides; or the CHL1-derived peptides with integrin-
binding motifs. Compared with the number of cells migrating out
from explants on PLL, three to four times more cells migrated out of
the explants on the CHL1-Fc substrate (Fig. 11A). This CHL1-
enhanced cell migration was reduced to PLL values by antibodies
against vitronectin, PAI-2, uPA, and uPAR, but not by an antibody
against PAI-1 (Fig. 11A).

Likewise, the putative CHL1-binding peptide comprising
amino acids 335–349 of PAI-2 inhibited CHL1-induced granule

cell migration, while a scrambled version
of this peptide had no effect (Fig. 11A).
The CHL1-derived peptide with the RGD
motif also blocked CHL1-induced migra-
tion, while neither the peptide with the
integrin-binding DGEA motif nor the
peptides with the mutated motifs altered
CHL1-enhanced migration (Fig. 11A).
Antibodies against �v, �1, �2, �3, �1, and
�3 integrin subunits reduced granule cell
migration, while antibodies against �4,
�5, �6, �7, and �2 integrin subunits had
no effect (Fig. 11B). Neither antibodies
nor peptides had an effect on neuronal
migration on PLL (data not shown).
These results indicate that CHL1-
triggered migration of granule cells de-
pends on the interaction and functional
interplay of CHL1 with vitronectin;
PAI-2; uPA; uPAR; and �v�1, �1�1,
�2�1, �3�1, and/or �v�3 integrins.

Since CHL1-triggered migration is in-
hibited by vitronectin and PAI-2 antibod-

ies reacting with N-terminal epitopes, and by the PAI-2-derived
peptide with a C-terminal sequence stretch, we tested whether a
recombinant N-terminal vitronectin fragment or recombinant
N- and C-terminal PAI-2 fragments affect CHL1-dependent mi-
gration. Beforehand, we verified by label-free binding assay and
ELISA that CHL1-Fc binds to these recombinant fragments.
CHL1-Fc showed a pronounced binding to all fragments in both
assays (Fig. 12A,B). No binding of Fc was detectable in the label-
free binding assay (data not shown), while low binding of Fc to
the C-terminal PAI-2 fragment and negligible binding to the
N-terminal PAI-2 and vitronectin fragments was seen in ELISA
(Fig. 12B). Interestingly, vitronectin also did not show any bind-
ing to the PAI-2 fragments in the label-free binding assay (Fig.
12A), indicating that vitronectin does not directly bind to PAI-2.
In both assays, L1-Fc showed binding to the C-terminal PAI-2
fragment, but low binding to the N-terminal PAI-2 and vitronec-
tin fragments (Fig. 12A,B). These results suggest that the
N-terminal parts of vitronectin and PAI-2 mediate the specific inter-
action with CHL1, while the C-terminal part of PAI-2 mediates the
interaction of PAI-2 with CHL1 and L1.

In the absence of CHL1-Fc, the N-terminal vitronectin frag-
ment enhanced the migration of neurons from wild-type, but not
CHL1-deficient, explants (Fig. 12C). The N-terminal PAI-2 frag-
ment did not stimulate migration, while the C-terminal PAI-2
fragment triggered migration from wild-type and CHL1-
deficient explants in the absence of CHL1-Fc (Fig. 12C). All frag-
ments interfered with the CHL1-Fc-enhanced cell migration
from CHL1-deficient explants, while only the N-terminal vitro-
nectin fragment blocked the CHL1-induced migration in wild-
type explants (Fig. 12C). These results indicate that these
fragments are capable of disturbing heterophilic CHL1 trans-
interactions; that the N-terminal vitronectin fragment interferes
with the homophilic CHL1 cis-interaction in wild-type cells, thus
enhancing migration; and that the C-terminal PAI-2 fragment
stimulates migration in a CHL1-independent manner.

Homophilic CHL1 trans-interactions reduce
neuronal differentiation
Our experiments on neuronal migration suggest that a subpop-
ulation of CHL1-deficient granule cells does not migrate, is post-

Figure 8. CHL1-induced neurite outgrowth depends on vitronectin, and �v, �3, and/or �1 integrins, but not on PAI-2. Cere-
bellar neurons from 6- to 8-d-old CHL1-deficient mice were maintained on substrate-coated PLL or CHL1-Fc in the absence or
presence of rabbit antibodies against vitronectin (VN), PAI-2 (rb PAI-2), or goat antibodies against integrin subunits �v, �1, �3,
or PAI-2 (gt PAI-2). The total lengths of neurites per neuron were determined, and mean values � SEM from three independent
experiments counting at least 100 neurons per group in each experiment are shown. The groups were analyzed by one-way ANOVA
with Tukey’s multiple-comparison test, and significant differences between groups (***p � 0.001) are indicated.
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Figure 9. CHL1 colocalizes with vitronectin, integrins, and PAI-2. Live CHL1-deficient cerebellar neurons from 6- to 8-d-old CHL1-deficient mice were incubated with CHL1-Fc. A–M, After fixation,
cells were first incubated with goat antibodies against �v (A), �1 (B), �3 (C), �3 (D), �6 (G), or �7 (H ) integrin subunit, PAI-1 (I ) or PAI-2 (J ); with mouse antibodies against �1 (E) or �2 (F )
integrin subunit and with rabbit antibodies against vitronectin (VN; A–D, I, J ), uPA (K ), uPAR (L), or tubulin (M ), and then with Cy2-conjugated anti-human Fc (green), Cy3-conjugated anti-goat
(red; A–M ) and Cy5-conjugated anti-rabbit (blue; A–D, I, J ) antibodies. N, Cells were fixed, permeabilized, and incubated with tubulin antibody and Cy3-conjugated secondary antibody (red).
Colocalization of CHL1 and �v or �3 integrin subunit (�/C), �1 or �3 (�/C) integrin subunit, or PAI-2 (P/C) is shown in yellow. Colocalization of vitronectin and CHL1 (V/C) or PAI-2 (V/P) is shown
in pink. Colocalization of vitronectin and �v or �3 integrin subunit (V/�) and �1 or �3 (V/�) integrin subunit is shown in turquoise. Colocalization of CHL1; vitronectin; and �v or �3 integrin
subunit (V/�/C), �1 or �3 (V/�/C) integrin subunit, or PAI-2 (V/P/C) is seen in white. Magnifications are indicated by boxes.
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migratory, or is missing at the end of the first postnatal week.
Since we did not observe a loss of granule cells in early postnatal
cerebella in vivo (Jakovcevski et al., 2009), it is unlikely that a
subpopulation of cells is missing. Thus, we favor the view that
some cells do not migrate, and represent postmitotic and post-
migratory granule cells. Since CHL1 negatively affects neuronal
differentiation (Huang et al., 2011), we infer that the ablation of
CHL1 leads to enhanced differentiation, precocious maturation,
and reduced numbers of migrating cells.

To test this hypothesis, explants from cerebella of 4- to 5-d-
old wild-type and CHL1-deficient mice were analyzed for granule
cell migration on PLL or CHL1-Fc substrates. Similar numbers of
wild-type and CHL1-deficient cells migrated out of the explants
when maintained on PLL or CHL1-Fc (data not shown), imply-
ing that cell migration at this developmental stage is CHL1 inde-
pendent. Likewise, the total length of neurites extending from the
explants was similar under all conditions (data not shown), indi-
cating that neurite outgrowth is also CHL1 independent at this

Figure 10. CHL1 stimulates granule cell migration. Cerebellar explants from 6- to 8-d-old wild-type (CHL1 �/�) and CHL1-deficient (CHL1 �/�) mice were maintained on substrate-coated PLL
or CHL1-Fc (CHL1). A–C, Representative images of explants (A, B), the total numbers of cell bodies migrating out of the explants, and the number of migrating CHL1-deficient cells relative to the
number of migrating wild-type cells are shown (C). D–G, Numbers of cell bodies in distinct distance intervals from the explant border (D, E) and the numbers of cells in a distance interval relative
to the total number of migrating cells (F, G) are shown. C–G, Mean values � SEM from three independent experiments counting all migrating cells from 10 explants per group in each experiment
are shown. The groups were analyzed by two-tailed Student’s t test, and significant differences between groups (*p � 0.01; **p � 0.005; ***p � 0.001) are indicated. Scale bars, 100 �m.
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early developmental stage. Next, we ana-
lyzed differentiation in cultures of disso-
ciated cells from cerebella of 4- to 5-d-old
wild-type and CHL1-deficient mice by
immunostaining for �III-tubulin and de-
termined numbers of undifferentiated
�III-tubulin-negative cells. Compared
with the numbers determined on PLL, the
numbers of �III-tubulin-negative cells
relative to the total cell number was in-
creased when wild-type cerebellar cells
were maintained on CHL1-Fc (Fig. 13).
On PLL and CHL1-Fc, the numbers of
�III-tubulin-negative CHL1-deficient cells
relative to the total cell number were sim-
ilar to those observed for wild-type cells
on PLL (Fig. 13). This result indicates that
a homophilic CHL1 trans-interaction in-
hibits the differentiation of granule cell
precursors at early developmental stages
and that their differentiation is enhanced
in the absence of this trans-interaction. Of
note, similar numbers of �III-tubulin-
positive cells with neurites and similar
neurite lengths were seen under all condi-
tions (data not shown), confirming that
neurite outgrowth does not depend on
CHL1 during early stages of postnatal cer-
ebellar development.

To investigate whether differentiation,
proliferation, and/or migration is affected
in CHL1-deficient mice at early cerebellar
developmental stages in vivo, sections of
cerebella from 3-, 5-, and 7-d-old wild-
type, and CHL1-deficient mice were im-
munostained for Ki67, a marker of
proliferating cells; for doublecortin, a
marker for migrating cells; for Pax6, a marker for granule cells;
and for NeuN, a marker for differentiated neurons. Similar num-
bers of Ki67-positive cells were observed in the external granular
layer of 3-d-old wild-type and CHL1-deficient mice (n 	 6:
545.08 � 24.74 vs 563.99 � 48.61 � 10 3 cells/mm�3; p � 0.75),
whereas the numbers of Ki67-positive cells in the external gran-
ular layer were higher in 5-d-old CHL1-deficient mice than in
5-d-old wild-type mice (Fig. 14A). Since we observed no differ-
ences in numbers of Ki67-positive cells in the external granular
layers of 7-d-old wild-type and CHL1-deficient cerebella (Jak-
ovcevski et al., 2009), the previous and present results show that
granule cell proliferation depends on CHL1 during a narrow time
window of early postnatal cerebellar development.

Previously, we found an enhanced number of NeuN-positive
cells in the molecular (�45%) and internal granular layers
(�14%) of 7-d-old CHL1-deficient cerebella relative to wild-
type cerebella (Jakovcevski et al., 2009). Here, we also observed an
increased number of NeuN-positive cells in the molecular and
internal granular layers of 7-d-old as well as 5-d-old CHL1-
deficient cerebella (Fig. 14B), while no differences were detect-
able in the layers of 3-d-old cerebella (data not shown). No
significant differences between the genotypes were found for the
numbers of Pax6-positive cells in the external granular, molecu-
lar, and internal granular layers of cerebella from 5- and 7-d-old
mice (Fig. 14C) as well as 3-d-old mice (data not shown). How-
ever, increased or decreased numbers of NeuN and Pax6 double-

positive cells were found in the internal layers of 5- or 7-d-old
CHL1-deficient cerebella, respectively, relative to the numbers
observed in wild-type cerebella (Fig. 14D), while no differences
were seen in 3-d-old cerebella (data not shown). These changes in
the numbers of differentiated granule cells in cerebella of 5- and
7-d-old CHL1-deficient mice suggest that differentiation at this
developmental stage is regulated by CHL1.

The numbers of Pax6 and doublecortin double-positive cells
in the external granular layers of cerebella from 5-d-old wild-type
and CHL1-deficient mice were similar, while a reduced number
was found in the external granular layers of 7-d-old CHL1-
deficient relative to wild-type cerebella (Fig. 14E). No differences
were detected in the external granular layers of cerebella from
3-d-old wild-type and CHL1-deficient mice. This result indicates
that the migration of cerebellar granule cells is CHL1 indepen-
dent at early developmental stages, but CHL1 dependent at later
stages.

To analyze whether migration at later stages depends on vi-
tronectin, we determined the number of NeuN-positive cells as
well as the number of Pax6 and doublecortin double-positive
cells in cerebella of 5- and 7-d-old vitronectin-deficient mice. In
addition, we analyzed whether differentiation and/or prolifera-
tion is affected in vitronectin-deficient mice at early cerebellar
developmental stages by counting Ki67-positive, Pax6-positive,
as well as NeuN and Pax6 double-positive cells in cerebella of 5-
and 7-d-old vitronectin-deficient mice. Increased numbers of

Figure 11. CHL1-induced granule cell migration depends on vitronectin, integrins, PAI-2, uPA, and uPAR. A, B, Cerebellar
explants from 6- to 8-d-old CHL1-deficient mice were maintained on substrate-coated PLL or CHL1-Fc (CHL1) in the absence (�)
or presence of antibodies against vitronectin (VN), PAI-1, PAI-2, uPA, and uPAR; the presence of PAI-2 peptide (pPAI2), the
scrambled version of the PAI-2 peptide (scr), and CHL1-derived peptides RGD, DGEA, KGE, and AGEV; or the presence of the integrin
subunit antibodies �v-C, �v-N, �1-N, �1-b, �2, �3, �4, �5, �6, �7, �1-AF, �1-C1, �1-sc, �1-b, �2, or �3-sc and �3-b (see
Table 1). The numbers of cell bodies migrating out of the explants were determined, and mean values � SEM from three
independent experiments, counting all migrating cells from 10 explants per group in each experiment, are shown. The groups were
analyzed by two-tailed Student’s t test, and significant differences between groups (***p � 0.001) are indicated.
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Ki67-positive cells were observed in the external granular layer of
vitronectin-deficient mice compared with wild-type mice (Fig.
14A), whereas similar numbers of Ki67-positive cells were ob-
served in the external granular layer of 7-d-old wild-type and
vitronectin-deficientmice(n	6;715.28�74.9vs713.12�80.5�103

cells/mm�3; p � 1). These results suggest that, similar to CHL1,
vitronectin is involved in the regulation of granule cell prolifera-
tion around postnatal day 5. Increased numbers of NeuN-
positive cells were observed in the molecular and internal layers

of 5- and 7-d-old vitronectin-deficient
cerebella (Fig. 14B). The numbers of
Pax6-positive cells in the molecular and
internal granular layers of cerebella from
5- and 7-d-old vitronectin-deficient mice
were similar to those in wild-type mice
(Fig. 14C). The numbers were also similar
in the external granular layers of 7-d-old
cerebella, whereas increased numbers
were observed in the external granular
layer of cerbella from 5-d-old vitronectin-
deficient mice (Fig. 14C). Numbers of
NeuN and Pax6 double-positive cells
found in the internal layers of 5-d-old wild-
type and vitronectin-deficient cerebella were
similar, while decreased numbers were
found in 7-d-old vitronectin-deficient
cerebella when compared with the num-
bers observed in wild-type mice (Fig.
14D). The numbers of Pax6 and dou-
blecortin double-positive cells in the
external granular layers of cerebella from
5-d-old wild-type and vitronectin-
deficient mice were similar, while a re-
duced number was found in the external
granular layers of 7-d-old vitronectin-
deficient mice when compared with the
numbers found in wild-type mice (Fig.
14E).

The similar histological phenotypes
of CHL1- and vitronectin-deficient cere-
bella indicate that migration and differen-
tiation in the mouse cerebellum depend
on CHL1 and vitronectin, and suggest
that the interaction between CHL1 and vi-

tronectin regulates the migration of granule cells.

Discussion
In the present study, we provide evidence that homophilic CHL1
trans-interactions promote the differentiation of cerebellar gran-
ule cells at approximately postnatal day 5 in the early proliferative
developmental stages of the mouse cerebellum, while hetero-
philic trans-interactions of CHL1 with vitronectin, integrins,
PAI-2, uPA, and uPAR contribute to postproliferative neurite
outgrowth and granule cell migration 1–2 d later.

The number of undifferentiated granule cells was increased
only when dissociated cells from cerebella of 4- to 5-d-old wild-
type mice were cultured on CHL1-Fc substrate, but not on a
neutral control substrate, suggesting that homophilic CHL1
trans-interactions inhibit or delay differentiation of granule cell
precursors before radial glia-guided outside-in migration starts.
Increased numbers of differentiated granule neurons in 5-d-old
CHL1-deficient cerebella versus wild-type cerebella infer that ho-
mophilic CHL1 trans-interactions delay the differentiation of
granule cell precursors. Neurite outgrowth and migration from
dissociated cerebellar cells and explants of 4- to 5-d-old wild-type
and CHL1-deficient mice are similar and are not affected by
CHL1-Fc, indicating that neither homophilic nor heterophilic
CHL1 trans-interactions affect neuritogenesis or neuronal cell
migration in early development. CHL1 is present on parallel fiber
axons in the developing molecular layer (Figs. 6, 7; Jakovcevski et
al., 2009), and it is thus conceivable that the differentiation of
CHL1-expressing postmitotic granule cells is delayed by their

Figure 12. N-terminal vitronectin and PAI-2 parts mediate binding to CHL1 and are involved in CHL1-dependent granule cell
migration. A, Label-free binding assay using 125 nM soluble CHL1-Fc, L1-Fc, or vitronectin, and 25 nM substrate-coated recombi-
nant N-terminal PAI-2 (N-P), C-terminal PAI-2 (C-P), and N-terminal vitronectin (N-V) fragments. Mean values � SD of reflected
wavelength shifts from three independent experiments performed in triplicate are shown. B, ELISA with 25 nM substrate-coated
recombinant N-terminal PAI-2 (N-P), C-terminal PAI-2 (C-P), and N-terminal vitronectin (N-V) fragments, and 5 nM soluble CHL1-
Fc, L1-Fc, or Fc. Mean values � SD from three independent experiments performed in triplicate are shown. C, Cerebellar explants
from 6- to 8-d-old wild-type and CHL1-deficient mice were maintained on substrate-coated PLL or CHL1-Fc (CHL1) in the absence
(�) or presence of N-terminal PAI-2 (N-P), C-terminal PAI-2 (C-P), and N-terminal vitronectin (N-V) fragments. The numbers of
cell bodies migrating out of the explants were determined, and mean values � SEM from three independent experiments,
counting all migrating cells from 10 explants per group in each experiment, are shown. The groups were analyzed by two-tailed
Student’s t test, and significant differences between groups (***p � 0.001) are indicated.

Figure 13. CHL1 regulates neuronal differentiation at early stages of cerebellar develop-
ment in vitro. Dissociated cells from 4- to 5-d-old wild-type and CHL1-deficient mice were fixed,
permeabilized, and stained for �III-tubulin. Representative cells are shown, and �III-tubulin-
negative cells with dark blue round nuclei are indicated by arrows. Mean values � SD of the
numbers of �III-tubulin-negative cells relative to total cell numbers from four independent
experiments are shown. The groups were analyzed by two-tailed Student’s t test, and signifi-
cant differences between groups (*p � 0.01) are indicated.

Katic et al. • Functional Roles of Heterophilic CHL1 Interactions J. Neurosci., October 29, 2014 • 34(44):14606 –14623 • 14619



homophilic CHL1 trans-interactions with CHL1-positive parallel
fibers. Since clonally related granule cells develop within a dis-
tinct time window and stack their axons in chronological order
from deep to superficial sublayers (Espinosa and Luo, 2008),
CHL1 likely regulates the staggered organization of the molecular
layer. Of note, axons of granule cells in deep and superficial sub-
layers form synaptic contacts predominantly with basket and
stellate cells, respectively (Lemkey-Johnston and Larramendi,
1968), and CHL1 ablation causes aberrant branching and orien-
tation of stellate cell, but not basket cell, axons (Ango et al., 2008).

Cells from 6- to 8-d-old mice of both genotypes showed
CHL1-Fc enhanced migration and neuritogenesis, indicating
that heterophilic trans-interactions regulate migration and neu-
ritogenesis at later stages when granule cell bodies initiate migra-
tion along radial Bergmann glial processes. Since Bergmann glial
processes start expressing CHL1 at approximately postnatal day 7
(Ango et al., 2008; Jakovcevski et al., 2009), interactions of CHL1
on Bergmann glial processes with its binding partners on leading
processes and on cell bodies of granule cells may stimulate the
migration of granule cells to the internal granular layer. The re-

ceptors for CHL1 on the migrating granule cell neurons are un-
known, but may involve the newly identified CHL1 interaction
partners of the present study.

Postmitotic extension of granule cell axons precedes migra-
tion of their cell bodies, and we propose that this extension relies
on the heterophilic trans-interaction of CHL1 on Bergmann glia
with binding partners on parallel fibers. Bergmann glial processes
serve as scaffold for the extension of stellate cell axons and inter-
act with Purkinje cell dendrites (Ango et al., 2008). Interestingly,
the numbers of NeuN-positive granule cells in the molecular
layer are increased in 5- and 7-day-old CHL1-deficient mice,
suggesting that the lack of heterophilic CHL1 trans-interactions
impairs neuronal migration and results in an accumulation of
granule cells in the molecular layer. The numbers of NeuN-
positive granule cell neurons in the internal granular layer are
increased in 5- and 7-d-old CHL1-deficient mice, while the num-
bers of NeuN/Pax6 double-positive granule neurons in the inter-
nal granular layer are increased in 5-d-old CHL1-deficient
cerebella, but decreased in 7-d-old CHL1-deficient cerebella. Ab-
lation of CHL1 causes precocious differentiation of granule cell

Figure 14. CHL1 regulates neuronal differentiation and migration at early stages of cerebellar development in vivo. A–E, Sections of cerebella from postnatal day 5 or 7 (P5; P7) wild-type (WT)
and CHL1-deficient (CHL1 �/�) or vitronectin-deficient (VN �/�) mice were immunostained for Ki67 (A), NeuN (B), Pax6 (C), NeuN (green), and Pax6 (red; D); and doublecortin (Dcx; green) and
Pax6 (red; E). A, Mean values � SEM of Ki67-positive cells per area in the external granular layer (EGL) of cerebella from 5-d-old wild-type mice (n 	 8), CHL1-deficient mice (n 	 8), and
vitronectin-deficient mice (n 	 5) are shown. B, C, Mean values � SEM of NeuN- or Pax6-positive cells per area in the external granular layer, the molecular layer (ML), or the internal granular layer
(IGL) of cerebella from 5- and 7-d-old wild-type mice (n 	 6), CHL1-deficient (n 	 6), and vitronectin-deficient (n 	 5) mice are shown. D, E, Representative immunofluorescence images and mean
values � SEM of relative numbers of NeuN/Pax6 double-positive cells (yellow and orange) in the internal granular layer (D) or doublecortin/Pax6 double-positive cells (yellow) in the inner part of
the external granular layer (E) of cerebella from 5- and 7-d-old wild-type mice (n 	 6), CHL1-deficient mice (n 	 6), and vitronectin-deficient mice (n 	 5) are shown. A–C, The groups were
analyzed by two-tailed Student’s t test, and significant differences between groups (*p � 0.01; ***p � 0.001) are indicated. Scale bars, 20 �m.
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precursors before migration, enhances migration of premature
granule cells into the internal granular layer, and may lead to
increased numbers of NeuN-positive differentiated granule cells
in this layer in CHL1-deficient mice at postnatal day 7. Since Pax6
levels in granule neurons decrease after outside-in migration into
the internal granular layer (Yamasaki et al., 2001; Mathisen et al.,
2013), granule cells in the internal granular layer of CHL1-
deficient cerebella are likely Pax6 negative at postnatal day 7.
Reduction in the numbers of Pax6/NeuN double-positive cells in
the internal granular layer of 7-d-old CHL1-deficient mice may
be due to premature development of granule cells. These cells are
prematurely differentiated postmigratory granule neurons and
may represent a subpopulation of CHL1-deficient granule cells,
which do not migrate from cerebellar explants of 7-d-old CHL1-
deficient mice (present study) and which are eliminated at 2
months of age (Jakovcevski et al., 2009).

Vitronectin and PAI-2 bind to CHL1 and colocalize with
CHL1 on migrating granule cells. The migration of granule cells
along Bergmann glial processes and the extension of their parallel
fiber axons involve heterophilic CHL1 interactions with vitro-
nectin, and with the vitronectin receptors �v�1 and �v�3 integ-
rins. Previous studies had shown that �1 integrin is expressed by
migrating granule cells (Blaess et al., 2004), that vitronectin and
CHL1 are located on parallel fibers (Murase and Hayashi, 1998;
Jakovcevski et al., 2009), and that �v�3 is expressed in the inner
granular layer (Pons et al., 2001). Here, we show that granule cell
migration depends on heterophilic trans-interactions of CHL1
with PAI-2, and integrins �3�1, �2�1, and �1�1, suggesting that
cross talk among integrins, vitronectin, and PAI-2 underlies
CHL1-mediated migration. In contrast, laminin receptors con-
taining �6 or �7 integrin subunits, expressed by proliferating
granule cell precursors (Pons et al., 2001), are not involved in
CHL1-triggered migration. The similar histological phenotypes
of cerebella from 7-d-old CHL1- and vitronectin-deficient mice
showing an accumulation of migrating granule cells in the mo-
lecular layer underscore the importance of CHL1 and vitronectin
for granule cell migration. Notably, these results suggest that the
interaction between CHL1 and vitronectin is required for
outside-in migration of granule cells.

Migration also depends on CHL1-induced signaling via uPA/
uPAR. Interactions of the glycosylphosphatidylinositol-anchored
signaling receptor uPAR with its signaling coreceptors (e.g., �3�1
and �v�3 integrins), and with its ligands uPA and vitronectin,
trigger signaling pathways and also promote non-neural cell mi-
gration (Madsen et al., 2007). These signaling pathways might be
modulated by the interaction of CHL1 with PAI-2, vitronectin,
and integrins. Since we observed that CHL1, but not vitronectin,
binds to PAI-2 fragments in the label-free binding assay, we pro-
pose that the binding of CHL1 to PAI-2 shifts the PAI-2 protein
into a conformation that allows binding of PAI-2 to vitronectin
(Lobov et al., 2004). Binding of CHL1 to PAI-2 and CHL1-
induced binding of PAI-2 to vitronectin may affect not only the
PAI-2/uPA and vitronectin/uPA/uPAR interactions (Smith and
Marshall, 2010), but also the PAI-2-dependent effects on cell
adhesion and migration (Lobov and Ranson, 2011).

The expression of PAI-2 and uPA increases upon excitotoxic
kainate treatment, leading to epileptic seizures (Masos and Mis-
kin, 1997; Sharon et al., 2002; Iyer et al., 2010; Cho et al., 2012).
The expression of PAI-2 is upregulated in response to synaptic
activity and is neuroprotective under stress conditions (Zhang et
al., 2009). Stress, injury, and inflammation induce uPAR expres-
sion; and uPAR-deficient mice exhibit reduced damage upon
ischemia, a reduced number of GABAergic interneurons, in-

creased sensitivity to pharmacologically induced seizures, en-
hanced anxiety, and atypical social behavior. These findings
indicate that these molecules influence essential brain functions
(Powell et al., 2003; Levitt, 2005; Nagai et al., 2008; Royer-
Zemmour et al., 2008; Archinti et al., 2011; Ndode-Ekane and
Pitkänen, 2013).

In humans, uPAR, similar to CHL1, is linked to epilepsy and
autism spectrum/cognitive disorders (Campbell et al., 2008;
Lahtinen et al., 2009; Eagleson et al., 2010; Liu et al., 2010; Bru-
neau and Szepetowski, 2011), suggesting an involvement of
PAI-2, uPA, and uPAR in synaptic plasticity under physiological
conditions and in neuropathological disorders. Since CHL1 is
also involved in synaptic plasticity and behavior, we propose that
CHL1-induced cellular responses underlying synaptic plasticity
are triggered—at least partially— by CHL1 interaction with
PAI-2, mediated via uPA/uPAR-dependent signaling, which de-
pends not only on integrins but also on vitronectin. Our obser-
vations draw attention to the fact that the functions of novel
receptors for Ig superfamily cell adhesion molecules are closely
linked to decisive morphogenetic events in diverse activities dur-
ing development, synaptic plasticity, and regeneration. These
changes in cooperating molecules occur in a short time window
of only several days of major morphogenetic changes during cer-
ebellar development.
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