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Wnt factors are secreted ligands that affect different aspects of the nervous system behavior like neurodevelopment, synaptogenesis and
neurodegeneration. In different model systems, Wnt signaling has been demonstrated to be regulated by heparan sulfate proteoglycans
(HSPGs). Whether HSPGs modulate Wnt signaling in the context of neuronal behavior is currently unknown. Here we demonstrate that
activation of Wnt signaling with the endogenous ligand Wnt-7a results in an increased of neurite outgrowth in the neuroblastoma N2a
cell line. Interestingly, heparin induces glycogen synthase kinase-3b (GSK-3b) inhibition, b-catenin stabilization and morphological
differentiation in both N2a cells and in rat primary hippocampal neuronal cultures. We also show that heparin modulates Wnt-3a-induced
stabilization of b-catenin. Several extracellular matrix and membrane-attached HSPGs were found to be expressed in both in vitro
neuronal models. Changes in the expression of specific HSPGs were observed upon differentiation of N2a cells. Taken together, our
findings suggest that HSPGs may modulate canonical Wnt signaling for neuronal morphogenesis.
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Wnt factors play crucial roles in the early development of
several species. Nineteen Wnt genes, ten of their Frizzled
receptors and at least three signaling pathways have been
described in vertebrates. In the so-called Wnt ‘‘canonical’’
pathway, Wnt ligands bind seven pass transmembrane Frizzled
receptors triggering the activation of dishevelled (Dvl) which,
in turn, inactivates glycogen synthase kinase-3b (GSK-3b).
As a result, intracellular levels of b-catenin increase allowing its
nuclear translocation to activate the expression of Wnt target
genes in association with the Tcf/LEF family of transcription
factors (Hurlstone and Clevers, 2002; Moon, 2004; Gordon and
Nusse, 2006).

Wnt signaling regulates different aspects of neuronal
behavior, from neural patterning to synapse formation and
function (Ciani and Salinas, 2005; De Ferrari and Moon, 2006;
Farias et al., 2007; Cerpa et al., 2008; Toledo et al., 2008). Wnts
also affect neuronal morphogenesis. For instance, activation of
Wnt signaling induces neurite outgrowth in dorsal root ganglia
neuron cultures (Lu et al., 2004) and dendritogenesis in
hippocampal neuron cultures (Rosso et al., 2005). Also,
inhibition of GSK-3b induces neurite outgrowth and
microtubule stabilization in the neuroblastoma N2a cell line
(Garcia-Perez et al., 1999; Munoz-Montano et al., 1999; Orme
et al., 2003; Ciani et al., 2004). On the other hand, our previous
results suggest that Wnt signaling protects neurons against
amyloid-b-peptide (Ab) neurotoxicity (Garrido et al., 2002;
Inestrosa et al., 2002; Alvarez et al., 2004; Fuentealba et al.,
2004; Quintanilla et al., 2005; Toledo et al., 2008). However, the
molecular mechanisms by which Wnt signaling affects different
features of neuronal behavior remain to be fully elucidated.

The Wnt pathway is finely regulated by extracellular
molecules including endogenous antagonists and co-receptors
(Kawano and Kypta, 2003; Cadigan and Liu, 2006; Gordon and
Nusse, 2006). Heparan sulfate proteoglycans (HSPGs) are cell-
surface and extracellular macromolecules composed of a core
protein and covalently linked, highly sulfated glycosaminoglycan
(GAG) chains (Perrimon and Bernfield, 2000; Dhoot et al.,
2001; Munoz et al., 2006). Two main families of cell-surface
HSPGs correspond to glypicans and syndecans which are linked
to the plasma membrane by a glycosylphosphatidyl inositol
(GPI) tail or a transmembrane polypeptide domain, respectively
(Esko and Selleck, 2002). HSPGs regulate the activity of several
key developmental pathways including Wnt, Hedgehog,
transforming growth factor-b and fibroblast growth factor
pathways by selectively binding these and other factors through
their heparan sulfate GAG chains (Deprez and Inestrosa, 1995;
Lin, 2004; Cabello-Verrugio and Brandan, 2007; Vial et al.,
2008). In Drosophila, genetic evidence shows that dally and Dlp
(the glypican homologs) regulate Wingless (Wg) (the Wnt-1
homolog) activity (Lin and Perrimon, 1999; Baeg et al., 2001). In
vertebrates, specific sulfation of cell-surface HSPGs controls
Wnt signaling during early development (Dhoot et al., 2001;



Ai et al., 2006). Moreover, recent data demonstrated that
syndecan-4 regulates Wnt-dependent early shaping of Xenopus
embryos (Munoz et al., 2006). Whether HSPGs are related to
the observed effects of Wnt signaling on neuronal behavior has
not been addressed.

In the present study, we have analyzed the modulation of
Wnt signaling by HSPGs in neuronal morphogenesis using
heparin an analogue of HS. Our data indicates that the
endogenous Wnt-7a ligand increases neurite outgrowth in the
neuroblastoma N2a cell line, moreover, heparin activates Wnt
signaling inducing GSK-3b inhibition,b-catenin stabilization and
morphological differentiation of both N2a and hippocampal
cells. Heparin modulates Wnt-3a-induced stabilization of
b-catenin. We also observed that differentiation of N2a cells is
accompanied by changes in the expression of specific HSPGs.
Our results suggest that HSPGs modulate canonical Wnt
signaling for morphological differentiation of neuronal cells.

Materials and Methods
Cell culture

Neuroblastoma N2a cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), containing 10% FBS (Invitrogen,
Carlsbad, CA) and penicillin/streptomycin (100 U/ml and 100 mg/
ml, respectively) at 378C and 5% CO2. N2a cells were differentiated
in DMEM plus 1% FBS supplemented with 5 mM dibutyril-cAMP
(db-cAMP, Sigma Chem, St. Louis, MO) (Bronfman et al., 1996).
When applicable, heparin (Sigma) was added to serum-free
Fig. 1. Wnt-7a is an endogenous Wnt ligand in N2a cells. A:Sequences of t
(I and IV) and two internal (II and III) primers were designed. B: Following a
of �300–400 bp, which were purified from agarose gels and further re-amp
pSC-A vector and sequenced. The nucleotide sequence of the isolated col
musculus (FWandRV).E:SpecificamplificationofWnt-7a ligand(PCRprod
previously described. F: Sequence of the PCR product obtained in (E) in b
medium during 24 h (Supplementary Fig. 1). Clones were selected
with Geniticin (Invitrogen) and maintained in 0.4 mg/ml of the
antibiotic.

Primary hippocampal neurons were obtained from E18
Sprague-Dawley rats as previously described (Caceres et al., 1984).
Cells were seeded in poly-L-lysine-coated wells and maintained in
Neurobasal medium (Invitrogen) containing B27 (Invitrogen)
and penicillin/ streptomycin for 6 days. 2 mM 1-b-D-arabino
furanosylcytosine (Ara-C, Sigma) was added on day 3 to reduce the
number of proliferating non-neuronal cells (Garrido et al., 2002;
Alvarez et al., 2004).

Human embryonic kidney 293 cells (HEK-293) were purchased
from ATCC and grown in DMEM containing 10% fetal calf serum
(Invitrogen) and penicillin/streptomycin as described previously
(Alvarez et al., 2004; Quintanilla et al., 2005).

RNA extraction and RT-PCR

Total RNA was obtained using RNA-Solv Reagent (Omega Bio-Tek
Inc., Doraville, GA) and quantified by spectrophotometric
measurement at 260 nm. Two micrograms of total RNA were
subjected to reverse transcription using the Revert AidTM Minus
M-MuLV reverse transcriptase (MBI Fermentas, Vilnius, Lithuania).
The PCR reaction mix (2.5 ml cDNA, 1 ml buffer, 0.5 ml 10 mM
dNTPs, 1.5 ml 25 mM MgCl2, 0.125 ml 100 mM primers, 16.75 ml
DEPC-treated water) was polymerized with 1 U Taq DNA
polymerase (MBI Fermentas #EP0402) for 30 cycles (1 min at 948C,
1 min at 628C and 1 min at 728C). Primers to amplify Wnt genes are
he 19 Wnt ligands in the mouse genome were aligned and two external
semi-nested PCR strategy, external primers amplified PCR products

lified using internal primers (C). Final PCR products were cloned into
onies corresponded to Wnt-7a. D: Specific Wnt-7a primers from Mus
uctof416bp).cDNAwasprepared fromN2acellswhichweregrownas
oth strands.



shown in Figure 1A,D. Primers to b-actin were used as internal
housekeeping control (50-TCTACAATGAGCTGCGTGTG-30

and 50-TACA TGGCTGGGGTGTTGAA-30). PCR products
were separated by electrophoresis on 1% agarose/TAE gels
and visualized by ethidium bromide staining. For specific Wnt-7a
RT-PCR analysis the sequentiated product was analyzed by
BLASTN Program, and confirmed that the amplificated product
corresponds on a 97% to Wnt-7a mRNA sequence from Mus
musculus.

Amplification of Wnt ligands and identification by sequencing

This method was based on previous work of Wnt ligand
identification in rat hippocampal neurons as described (Fuentealba,
2005; Cerpa et al., 2008). Based on the alignment of the sequences
of Wnt ligands in the mouse genome we were able to use two sets
of degenerate primers (Fig. 1A) to amplify the corresponding
regions of these genes. One set of primers, the external ones
including primers I–IV and an internal set of primers, primers II–III.
In order to obtain Wnt ligands amplification, cDNA was prepared
from N2a wt cells which were grown as previously described. A
strategy of semi-nested PCR was then performed. First, the set of
primers I-IV was used. PCR products (300–400 bp) are purified
from a 1% agarose gel (EZNA Gel Extraction Kit, Omega Bio-Tek,
Inc.). 1/25 of the purified band was used to be re-amplified with the
second set of primers (II–III). In order to determine the identity
of the obtained PCR products, this mix is cloned in the vector
pSC-A (StrataCloneTM PCR Cloning Vector, Stratagene, CA).
Plasmidial DNA form the obtained colonies were subjected to
re-amplification by PCR. These plasmids were then sequenced for
specific Wnt ligand identification.

Preparation of Wnts- and Sfrp1-enriched conditioned media

HEK-293 cells were transiently transfected with plasmids coding
for the fusion proteins Wnt-7a-HA or Sfrp1-HA, as described
(Alvarez et al., 2004; Farias et al., 2007). Wnt-3a-conditioned media
was obtained from a previously obtained stable HEK-293/Wnt-3a
clone (Alvarez et al., 2004; Cerpa et al., 2008). Cells were grown
to 95% confluence in Neurobasal medium containing penicillin/
streptomycin. Conditioned media were collected for 4–5 days and
filtered through 0.22mm prior to use. Secretion of Wnts and Sfrp1
was routinely confirmed by Western blot using specific anti-HA
and anti-Myc antibodies.

Constructs

The different HA-Wnts constructs were a kind gift of several
individuals, which make this work possible. Wnt-7a was a gift of
Dr. Patricia Salinas, University College London, London, UK.
Wnt-3a was a gift of Dr. Roel Nusse, Stanford University, Palo Alto,
CA; and Sfrp-1 was a gift of Dr. Jeremy Nathans, Johns Hopkins
University School of Medicine, Baltimore, MD.

Cellular fractionation, electrophoresis, and Western blot

Cells were lysed by a 30 min incubation in ice-cold hypotonic buffer
(10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl and DTT) containing a
protease inhibitor cocktail (100 mg/ml PMSF, 2 mg/ml aprotinin,
2 mg/ml leupeptin, and 1 mg/ml pepstatin). Nuclei were removed
by centrifuging for 10 min at 700g and 48C and post-nuclear
supernatants were centrifuged at 100,000g for 1 h at 48C
to separate the soluble cytoplasmic and the pelleted membrane
protein fractions. Equal amounts of proteins from each fraction
were separated by 10% SDS–PAGE and transferred onto
nitrocellulose membranes. Membranes were then blocked with
5% non-fat milk and incubated overnight at 48C with the
appropriate primary antibodies. The secondary horseradish
peroxidase-conjugated antibodies were visualized by enhanced
chemoluminescence (ECL, Santa Cruz Biotechnology,
Santa Cruz, CA).
Indirect immunofluorescence and quantification

N2a cells (15,000 cells/cm2) and hippocampal neurons
(75,000 cells/cm2) were grown on coverslips. Prior to
immunostaining, cells were fixed with 4% paraformaldehyde and
permeabilized with 0.1% Triton X-100. Immunocytochemistry was
performed using anti-b catenin (1:200, Santa Cruz Biotechnology),
anti-c-jun (1:200, Santa Cruz Biotechnology), anti-tau (1:300,
DAKO, CA), anti-syndecan 3 and anti-glypican (both antibodies
generously donated by Dr. David J. Carey of the Sigfried and Janet
Weis Center for Research, Geisinger Clinic, Danville, PA), anti-
perlecan (generously donated by Dr. John R. Hassell University of
South Florida, Tampa, FL) and anti-agrin (Calbiochem Corp.,
La Jolla, CA) antibodies. Alexa Fluor 633 Phalloidin (1:300,
Invitrogen Molecular Probes) was used to stain actin filaments.
Fluorescein isothiocyanate (FITC)-conjugated anti-mouse and
rhodamine-conjugated anti-rabbit antibodies were used as
secondary antibodies. Coverslips were mounted and analyzed in a
Confocal Zeiss LSM 5 PASCAL laser-scanning microscope. For
quantification, a total of 70 cells were chosen at random and
neurite-bearing cells were determined by the presence of at least
one cytoplasmic extension having one cell body diameter or more
in length. Statistical significance (P values) was obtained from paired
t-test of at least three independent experiments.

Immunoprecipitation, phosphorylation and kinase
activity assay of GSK-3b

For immunoprecipitation experiments, cells were rinsed twice
with cold Tris buffer saline (TBS: 50 mM Tris, 150 mM NaCl,
pH 7.4) and then lysed in a buffer containing 25 mM HEPES, 125 mM
NaCl, 25 mM NaF, 30 mM sodium pyrophosphate, 1 mM EDTA,
1% NP-40, 1 mM NaVO3 and a the protease inhibitors cocktail
described above. Cell lysates were incubated overnight at 48C with
10 ml of an anti-GSK-3b rabbit polyclonal IgG (Santa Cruz
Biotechnology) and then with 25 ml protein A-agarose (Santa Cruz
Biotechnology) for 4 h. Immune complexes were centrifuged at
425g at 48C for 1 min and washed 6 times with cold
immunoprecipitation buffer (25 mM HEPES pH 7.4, 10 mM MgCl2,
1 mM NaF, 30 mM sodium pyrophosphate, 1 mM NaVO3 and
protease inhibitors cocktail) (Garrido et al., 2002). Proteins were
separated on 10% SDS–PAGE gels and transferred onto
nitrocellulose membranes for Western blot analysis using a goat
polyclonal anti-phosphoserine p-GSK-3b (Ser-9) (Santa Cruz
Biotechnology) antibody. Densitometric analysis of scanned
gels was measured using MATRIX (Quantavision, Quebec,
Canada) software. For GSK-3b kinase activity assay, 62.5 mM
phospho-glycogen synthase peptide-2 (GS-2, Upstate Biotechnology,
Lake Placid, NY) was used as a substrate in a reaction containing
10mCi [g-32P]ATP. After 30 min at 308C, the reaction was stopped
on phosphocellulose p81 paper, and washed three times with
0.75% (v/v) phosphoric acid before scintillation counting.

Western blot analysis of proteoglycans

Total proteins were subjected to DEAE-Sepharose
anion-exchange chromatography and eluted with 1.2 M NaCl.
Eluted proteins were dialyzed and digested with heparitinase, as
described (Henriquez et al., 2002; Casar et al., 2004). Proteins were
separated in 4–15% gradient SDS–PAGE gels and detected with
anti-D-heparan sulfate monoclonal antibody (3G10; Seikagaku,
Tokyo, Japan) by Western blot.

Silver staining

The gel was incubated with a methanol (50%)/acetic acid (19%)
solution during 1 h followed by three washing steps with H2O 3�.
Subsequently, it was incubated with a solution containing 0.4 g
AgNO3, 10.5 ml of NaOH 0.36% and 0.7 ml of 14.8
M NH4OH during 15 min. The gel was rinsed twice with H2O 3�. It
was then incubated in a solution containing 0.5 ml of 1% citric acid,



50 ml of 38% formaldehyde and 99.5 ml H2O 3�. The reaction was
finally stopped with 1% acetic acid solution.

Iodination of heparin and CTGF

Twenty micrograms of heparin (10 ml) from Sigma were added to
10ml of Connective Tissue Growth Factor (CTGF) buffer (100 mM
Phosphate pH 6.5, heparin 2.5 mg/ml, CHAPS 0,5%), at room
temperature. Two hundred fifty mCi of 125INa were added to the
mixture and the reaction was initiated with 5 ml of chloramine-T
(100mg/ml). Subsequently, chloramine-T was added after 2 min and
then after another 1.5 min. Finally, after 1 min the reaction was
stopped with 10ml of 50 mM N-acetyl-tyrosine and 100ml of 1 M KI
solution (Lopez-Casillas et al., 2002).

Heparitinase assay

Heparin (5 mg/ml) was treated with 1 mU of Heparitinase (Hsa)
(U.S. Biological) in the corresponding buffer as described in Lohse
and Linhardt (1992). The mixture was incubated during 3 h at 378C
and immediately used for the experiments (Gutierrez et al., 2006).

Statistical analysis

Values were expressed as mean� SEM. Statistical significance of
differences was assessed with the Student’s t-test for unpaired
samples from different, independent experiments. Differences with
the control condition were assessed for significance at P< 0.05
based on non-paired Student’s t-test.
Fig. 2. Wnt-7a and heparin induce morphological differentiation
of N2a cells. A: N2a cells were incubated with control and Wnt-7a
conditioned media, as well as, with 5 mg/ml heparin and 5 mM LiCl for
24 h. The morphology of the cells was visualized by staining with
phalloidin-Alexa633 (blue) and an anti-tau antibody (red). B: Seventy
cells were chosen at random and neurite-bearing cells were quantified
by the presence of at least one cytoplasmic extension having one cell
body diameter or more in length. Bars represent mean W SD from
three independent experiments.MP < 0.05, one-way ANOVA.
Results
Endogenous Wnt signaling induces neurite
outgrowth in N2a cells

Several studies suggest that intracellular proteins of the Wnt
pathways affect neurite outgrowth in neuroblastoma N2a cells
(Tanaka et al., 1995; Garcia-Perez et al., 1999; Orme et al.,
2003). To analyze the effect of Wnt signaling on neuronal
morphogenesis we first aimed to identify endogenous Wnt
ligands in N2a cells. To perform this, a RT-PCR approach was
designed using degenerated primers covering sequences with
high homology between all nineteen cloned Wnt genes
(Fig. 1A). The resulting 466 bp product covered a variable
region between Wnt mRNAs for subsequent identification
(Fig. 1B,C). These PCR products were further re-amplified
using internal primers and cloned into pSC-A vector for
sequencing. The nucleotide sequence of the isolated colonies
corresponded to Wnt-7a. In order to confirm this result we
performed a direct RT-PCR analysis for Wnt-7a. We obtained a
specific product of 416 bp which was consequently sequenced
confirming that Wnt-7a is an endogenous ligand of N2a cells
(Fig. 1D–F).

To analyze the potential role of Wnt-7a on neurite
outgrowth, N2a cell cultures were treated with
Wnt-7a-enriched conditioned media obtained from transfected
HEK-293 cells. Cells were co-stained with antibodies anti-tau
and phalloidin and neurite-bearing cells were then quantified.
As shown in Figure 2A,B, Wnt-7a conditioned media
significantly increases the number of neurite-bearing N2a cells
as compared to control conditioned media obtained from
non-transfected and mock-transfected HEK-293 cells. Taken
together, our results show that endogenous Wnt-7a signaling
induces neuronal morphogenesis in N2a cells.

Heparin induces neurite outgrowth by activating
Wnt signaling in N2a cells

In order to analyze whether HSPGs exert a modulatory role on
Wnt-7a-induced neuronal morphogenesis, we incubated N2a
cell cultures with exogenous heparin, a functional and structural
analogue of heparan sulfate GAG chains (Brandan and
Inestrosa, 1984). As a positive control, we used 5 mM lithium
chloride since it has been previously demonstrated that
lithium-induced GSK-3b inhibition results in enhanced neurite
outgrowth in these cells (Garcia-Perez et al., 1999; Orme et al.,
2003). As shown in Figure 2A,B, heparin treatment increased
the number of neurite-bearing N2a cells as compared to
control N2a cell cultures. These results show that heparin
treatment mimics Wnt-7a effects on neuronal morphogenesis
and raise the possibility that heparin effects are mediated by
activation of Wnt signaling.

As a first approach to understand the relation between
heparin and Wnt activity, we analyzed the specific GSK-3b
kinase activity in undifferentiated N2a cells treated with
increasing concentrations of heparin. As shown in
Figure 3A, heparin incubation decreased GSK-3b activity in a
concentration-dependent manner in N2a cells, with a maximum
effect at 5 mg/ml heparin with a partial recovery in GSK-3b



Fig. 3. Heparin inhibits GSK-3b in N2a cells. Protein extracts
were obtained from control and N2a cells treated with increasing
concentrations of heparin. A: In vitro phosphorylation assays using a
specific GSK-3b substrate show that heparin treatment decreased
GSK-3b in a concentration-dependent manner. This effect was
maximum at 5 mg/ml heparin as a recovery in GSK-3b activity was
observed at 10 mg/ml heparin. B: Western blot analysis showed that
phosphorylation of the Ser-9 residue of GSK-3b increased twofold up
to a heparin concentration of 5 mg/ml and decreased at 10 mg/ml
heparin. The intensity of pSer9 band was normalized to the total
amount of GSK-3b Bars represent mean W SD from three
independent experiments.MP < 0.05, paired t-test.
activity at 10 mg/ml heparin. To get more insights into the
molecular mechanism involved in this heparin dependent
inhibition, we tested whether heparin affected the
phosphorylation of the Ser-9 residue of GSK-3b, which has
been shown to create a pseudo-substrate that precludes
phosphorylation of the substrate (Garrido et al., 2002).
Western blot analysis showed that phosphorylation of the
Ser-9 residue of GSK-3b increased twofold up at 5 mg/ml
heparin (Fig. 3B). Coincident with the partial recovery in
enzymatic activity observed in Fig. 3A, 10 mg/ml heparin
decreased the Ser-9 phosphorylation of GSK-3b. These results
show that heparin induced an inhibition of GSK-3b activity by
increasing the phosphorylation of its Ser-9 residue.

To further analyze heparin effects in Wnt signaling on
neuronal morphogenesis, we performed Western blot analyses
to determine the levels of cytoplasmic b-catenin upon
treatment of undifferentiated N2a cells with heparin. We
observed that heparin induced a concentration-dependent
increase of cytoplasmic b-catenin as compared to control
untreated cells (Fig. 4A). Thus, our results suggest that
heparin-mediated GSK-3b inhibition is associated with an
increase in b-catenin stabilization. To investigate the role of
heparin in the relation between activation of the Wnt/b-catenin
pathway and neuronal differentiation, we analyzed b-catenin
levels in N2a cells induced to differentiate with 5 mM db-cAMP.
Western blot analyses showed that cytoplasmic levels
increased in differentiated cells as soon as 24 h after db-cAMP
treatment (Fig. 4B) as compared to control undifferentiated
N2a cells. Immunofluorescence assays showed that heparin
strongly induced an accumulation of b-catenin in N2a cells
differentiated with db-cAMP (Fig. 4C). Taken together, our
results suggest that heparin activates Wnt/b-catenin pathway
leading to morphological differentiation of N2a cells. Activation
of Wnt signaling by heparin was not mimicked when using
equivalent concentrations of exogenous chondroitin and
dermatan sulfate GAG chains, which did not have any effect
on cytoplasmic b-catenin accumulation (data not shown).

In order to rule out the possibility that heparin was
contaminated with any growth factor including Wnt ligands, we
performed a biochemical characterization of the heparin used in
our studies, through electrophoresis (SDS–PAGE) plus silver
staining (Fig. S1A) and iodination of the heparin batch (Fig. S1B).
Both experimental approaches showed that heparin was not
contaminated with any protein or polypeptide. Furthermore,
we tested the specificity of the heparin effect after heparitinase
digestion, and found that, the effect of heparin on b-catenin
stabilization was no longer present in hippocampal neurons
(Fig. S1C). These control experiments strongly support that
heparin affects the canonical Wnt signaling pathway in this
system.

Heparin activates Wnt signaling for morphological
differentiation in rat primary hippocampal neurons

In hippocampal neurons, Wnt signaling induces post-natal
neurogenesis, dendritogenesis and protection against Ab
peptide (Alvarez et al., 2004; Rosso et al., 2005; Lie et al., 2005).
We studied morphological differentiation of rat primary
hippocampal neurons treated with heparin by
immunofluorescence, using an anti-tau antibody as an axonal
marker. As shown in Figure 5, heparin induced an increase
in axonal length as compared to control untreated neurons.
Accordingly, we observed a strong increase in the number of
polarized neurons upon heparin treatment (Fig. 5C). To
evaluate whether the morphological response to heparin was
due to Wnt signaling activation, we co-incubated hippocampal
neurons with the Wnt endogenous antagonist Sfrp1 (Finch
et al., 1997; Rattner et al., 1997). Results presented in Fig. 5A,B
indicated that the presence of the Sfrp1 blocks the effect of
heparin. Our results suggest that heparin effects are mediated
by activation of Wnt signaling as co-incubation with Sfrp1
strongly inhibited heparin-mediated morphological
differentiation of primary hippocampal neuron cultures
(Fig. 5B).

To analyze the molecular mechanisms involved in the
activation of Wnt pathway by heparin, we studied b-catenin
stabilization. As shown in Figure 6A, 1 mg/ml heparin induced
cytoplasmic b-catenin accumulation to a similar extent than
Wnt-3a, an endogenous ligand for hippocampal neurons (Lee
et al., 2000; Alvarez et al., 2004). To further analyze the heparin
effect on b-catenin, N2a cells were incubated with and without
the Wnt antagonist Sfrp1, and the levels of b-catenin
determined by Western blots, Figure 6B indicates that Sfrp1
almost completely abolished heparin-dependent stabilization of
b-catenin, reinforcing the idea that heparin activates Wnt
signaling in hippocampal neurons. As in N2a cells, cytoplasmatic
b-catenin accumulation is accompanied by a time-dependent
decrease in GSK-3b activity upon heparin treatment of
hippocampal neurons (Supplementary Fig. 2). At a higher
heparin (100 mg/ml) concentration a decrease in the



Fig. 4. Heparin induces accumulation ofb-catenin in N2a cells. A: Cytosolic proteins obtained from control and heparin-treated N2a cells were
separated through 10% SDS gel electrophoresis and subjected to Western blot using an anti b-catenin monoclonal antibody. B: N2a cells were
induced to differentiate by treatment with 5 mM db-cAMP for 24, 48, and 72 h. At each time N2a cells were lysed and fractioned as described.
Cytosolic fractions were subjected toWestern blotanalysisusing anantib-catenin antibody. Antib-tubulinwasusedas loading control. InAandB,
barsrepresentmean W SDfromthreeindependentwesternblotsexperiments.MP < 0.001,pairedt-test.C:N2acellswereseededanddifferentiated
for 48 h onto glass coverslips. Control and heparin treated cells were stained with an antib-catenin antibody. TRITC-conjugated anti-mouse IgG
was used as secondary antibody. In C, scale bar U 20 mm.
amount of cytoplasmic b-catenin and an inhibition of the
Wnt-3a-mediated stabilization of b-catenin to a level
comparable to controls was observed (Figure 6B). These results
suggest that heparin has a biphasic, concentration-dependent
regulatory role on Wnt signaling activation in hippocampal
neurons.
The expression of various HSPGs is increased in
differentiated neuronal cells

In order to evaluate the possibility that endogenous HSPGs
might finely regulate Wnt signaling in neuronal models we
identified the HSPGs present in neurons as well as in



Fig. 5. Heparin induces morphological differentiation of embryonic hippocampal neurons in vitro in a Wnt-like fashion. A: Rat E18 embryonic
hippocampal neurons were cultured for 6 days and subsequently incubated with 5 mg/ml heparin and Sfrp1-conditioned media obtained from
transfected HEK-293 cells. Control-conditionedmedia (from pcDNAtransfectedcells) was usedas control. Primary neurons were stained with an
anti-tau antibody. Axonal length (B) and neuronal polarization (C) were quantified as described. In B and C, bars represent mean W SD from three
independent experiments. MP < 0.05, paired t-test.
undifferentiated and db-cAMP differentiated N2a cells. As a
positive control, we used C2C12 muscle cells; a model cell line
where the expression of several HSPGs has been previously
demonstrated (Henriquez et al., 2002). We performed
Western blot assays using the anti-D-heparan sulfate
monoclonal antibody, which recognizes the core protein of
HSPGs after heparitinase treatment (Gutierrez et al., 2006). As
shown in Figure 7, several membrane-anchored and
extracellular matrix HSPGs were detected in hippocampal
neurons and N2a cells. The expression of HSPGs was
dramatically augmented upon differentiation of N2a cells
(Fig. 7A). Major changes were observed in HSPGs core proteins
of high molecular weight (over 205 kDa) and in a 66 kDa triplet.
Further analyses with specific antibodies identified agrin,
perlecan and syndecan-3 as high molecular weight HSPGs and
glypican as the 66 kDa triplet (Fig. 7D). Immunocytochemical
analysis demonstrated that these HSPGs are expressed in the
cell body and neuronal projections of differentiated
hippocampal neurons (Fig. 7E). These results suggest that
neuronal differentiation is accompanied by strong modifications
in the expression of specific HSPGs. Collectively, our results
suggest that endogenous cell-surface occurring HSPGs are
present in the neuronal types studied in the present work, and
therefore they may be the available endogenous heparin-like



Fig. 6. Heparin inducesb-catenin stabilization in rat hippocampal neurons. Inhibition by Sfrp1. Rat primary hippocampal neurons were treated
with increasingconcentrationsofheparin (A)or1mg/mlofheparin (B)aswell aswithWnt-3a- (A)andSfrp1- (B)conditionedmedia,obtained from
transfected HEK-293 cells. Control-conditioned media (from pcDNA transfected cells) was used as control. Cytosolic protein fractions were
subjected to immunodetection with ab-catenin antibody. In B, densitometric analysis ofb-catenin levels was normalized againstb-tubulin levels.
Bars represent mean W SD from three independent western blots experiments. MP < 0.05, paired t-test.
macromolecules to modulate Wnt signaling for neuronal
morphogenesis.

Discussion

The main finding of the present study is that heparin, an
analogue of heparan sulfate GAG chains of HSPGs, activates
canonical Wnt signaling in two in vitro neuronal models in order
to induce morphological differentiation. These results suggest
that HSPGs may regulate Wnt/b-catenin signaling in the
vertebrate nervous system.

Our data suggest that heparin effects are mediated by Wnt/
b-catenin signaling activation; in fact heparin treatment
promotes GSK-3b inhibition and b-catenin stabilization in both
neuronal models. Moreover, heparin-induced polarity was
inhibited by the Wnt endogenous antagonist Sfrp1 in
hippocampal neurons.

It is tempting to speculate that the addition of low
concentrations of heparin promotes Wnt signaling activation by
enhancing the bioavailability of endogenous Wnt ligands to their
cognate Frizzled receptors, as it has been previously shown for
other HSPGs ligands (Iozzo, 2005). This idea is consistent with
previous data obtained in Drosophila, where Wg is able to bind
with high affinity to heparin-agarose beads and that the addition
of heparin to Wg conditioned medium leads to increased Wg
activity (Reichsman et al., 1996). Furthermore, two Drosophila
glypicans, dally and dlp have been shown to regulate the
distribution, as well as, the function of Wg (Lin and Perrimon,



Fig. 7. Different heparan sulfate proteoglycans are expressed in N2a cells and rat primary hippocampal neurons. A: Non-differentiated and
differentiated N2a cell protein extracts were enriched through a DEAE-Sepharose column. Salt-eluted fractions were dialyzed and incubated
with heparitinase for 24 h. The protein concentration was quantified and equal protein amounts were separated in a 4–12% gradient SDS gel
electrophoresis and subjected to Western blot using an anti-D-heparan sulfate antibody. B: Extracts of C2C12 myoblasts were used as positive
control.Asimilarprocedurewasfollowedwithratprimaryhippocampalneuronsculturesand(C)Westernblotswerestainedwithanti-D-heparan
sulfate and specific antibodies against agrin, glypican, syndecan-3 and perlecan (D). These antibodies were also used for immunocytochemical
staining of primary hippocampal neurons (E). Inserts are negative controls.
1999; Kirkpatrick et al., 2004). Moreover, recent genetic data
obtained in Xenopus embryos add more complexity to the
interaction between HSPGs and Wnt ligands. Following a
gain- and loss-of-function approach, Munoz et al. (2006)
demonstrated that the transmembrane-anchored HSPG
syndecan-4 directly associates with Frizzled-7 and Dvl to
activate a non-canonical Wnt pathway during frog
development. Interestingly, the dendritogenic activity of Wnt



signaling in primary hippocampal neurons has been also linked
to activation of a Wnt non-canonical pathway (Rosso et al.,
2005), and recently we found that a non-canonical Wnt ligand
control postsynaptic differentiation (Inestrosa et al., 2007). It
would be then relevant to study whether a similar mechanism
could underlie some of the effects we have observed for heparin
on morphological neuronal differentiation of neurons.

We aimed to study endogenous Wnt signaling in the
neuroblastoma N2a cell line. Following a direct RT-PCR
analysis; we identified Wnt-7a as an endogenous ligand that
induces neurite outgrowth in N2a cells. To our knowledge, this
is the first evidence for the identification and function of
endogenous Wnt ligands in N2a cells. In agreement with our
results, it has been previously demonstrated that endogenous
Wnt ligands induced neurite outgrowth and dendritogenesis
in dorsal root ganglia and hippocampal neurons, respectively
(Lu et al., 2004; Rosso et al., 2005). Moreover, lithium induces
neurite outgrowth by inhibiting GSK-3b in N2a cells
(Garcia-Perez et al., 1999; Orme et al., 2003) and primary
neurons (Munoz-Montano et al., 1999). Also, ligand-independent
Wnt signaling activation, through overexpression of Dvl,
induced neurite outgrowth and microtubule stability in
differentiated N2a cells (Ciani et al., 2004; Fan et al., 2004) and
primary cerebellar granule cells (Ciani et al., 2004). Concerning
the molecular mechanism involved, our data suggest that the
heparin-induced neurite outgrowth is mediated by inhibition
of GSK-3b activity through Ser-9 phosphorylation. GSK-3b
inhibition-mediated neurite outgrowth is accompanied by
cytosolic b-catenin accumulation, as it has been previously
shown (Garcia-Perez et al., 1999; Orme et al., 2003). These data
suggest that heparin specifically activates the canonical
Wnt/b-catenin pathway to induce neuronal morphogenesis.
In PC12 cells, it has been shown that the stabilized pool of
b-catenin that binds to APC inhibits neurite outgrowth (Votin
et al., 2005). These discrepancies could be explained by the
‘‘divergent canonical Wnt pathway’’ model suggested by Ciani
et al. (2004) where Dvl stabilizes microtubules in neurites of
differentiated N2a cells in a b-catenin independent but an
GSK-3b dependent fashion; however controversial data
exist on the topic suggesting differential effects on distinct cell
types (Endo and Rubin, 2007). Thus, Wnt signaling would
operate inactivating local GSK-3b targets, mainly
microtubule-associated proteins (e.g., MAP1B), molecules with
a well-studied role during morphological changes of neuronal
processes (Dent and Gertler, 2003).

In addition to Wnt pathway, b-catenin functions in cell–cell
adhesion processes connecting cadherins and a-catenin to the
actin cytoskeleton. Indeed, it has been suggested that during
early central nervous system development in Drosophila,
Armadillo (the homolog ofb-catenin in the fly) plays first a role in
cell fate through Wnt signaling and later on, in the maintenance
of the synaptic structure, through its interaction with cadherins
(Loureiro and Peifer, 1998). Of particular interest in this regard,
it has been shown that overexpression of b-catenin displays
enhanced axonal length and branching (Yu and Malenka, 2004),
branching of dendritic processes and an increase in the density
of dendritic spines (Yu and Malenka, 2003) in primary
hippocampal neurons. The authors suggest a model where
neuronal activity stimulates Wnt secretion, triggering a local
increase of cytosolic b-catenin for dendritic development (Yu
and Malenka, 2003, 2004). However, Wnt signaling is apparently
not involved because the TCF/Lef transcription does not affect
dendritogenesis a b-catenin dependent process (Yu and
Malenka, 2004). Interestingly, we show that neuronal
differentiation of N2a cells induced by db-cAMP is concomitant
to b-catenin accumulation, which is further increased by
heparin treatment. Future studies will shed light regarding the
specific role of b-catenin on neuronal morphogenesis and the
possible modulation of heparin on this effect.
A large number of PGs have been implicated as either
positive or negative regulators of neuronal morphogenesis and
polarity. Moreover, genetic evidence shows that specific
depletion of heparan sulfate GAGs by disruption of the heparan
sulfate-polymerizing enzyme in the embryonic mouse brain
displays severe defects on brain morphogenesis and on the
guidance of major nerve tracts (Inatani et al., 2003). Several lines
of evidence suggest that HSPGs regulate neurite outgrowth
in both in vivo and in vitro models. For instance, the in vivo
expression of neuronal HSPGs like glypican-2 (also named
cerebroglycan) and syndecan-3 (also named N-syndecan)
correlates with growing axon tracts of post-mitotic neurons
and decreases as axons reach their synaptic targets (Carey et al.,
1992; Raulo et al., 1994; Stipp et al., 1994; Ivins et al., 1997).
Also, syndecan-1 has been shown to function in neurons
controlling neural migration and guidance of outgrowing axons
(Rhiner et al., 2005). In vitro studies suggest that HSPGs
support neurite outgrowth by positively regulating the activity
of secreted, as well as, ECM-attached growth-enhancing
molecules (reviewed in Bovolenta and Fernaud-Espinosa,
2000). Our results suggest that the Wnt family of secreted
ligands may be one of such molecules. In N2a cells, heparin
enhances the neuritogenic effect of the endogenous ligand
Wnt-7a. Interestingly, heparin on its own supports neurite
outgrowth of N2a cells and neuronal polarity in primary
hippocampal neurons.

In this regard, our data show that several HSPGs are
expressed in N2a cells as well as in primary hippocampal
neurons. Indeed, two HSPGs involved in the regulation of Wnt
signaling, glypican and syndecan-4 were immunodetected in
hippocampal neurons. In addition, we observed that neuronal
differentiation of N2a cells determined specific changes in
HSPGs expression, with a burst not only of novel HSPGs core
protein expression, but also of an overall increase in HSPGs
synthesis. This suggests that the amount of HSPG expressed on
the cell surface may confer to neuronal cells an increased
sensitivity to the action of their ligands, including Wnt factors.

In summary, our results strongly suggest that specific cell
surface HSPGs in neurons may regulate Wnt signaling to
control crucial aspect of the differentiation and physiology
of the nervous system.
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