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Abstract

Background: The Whnt signaling pathway regulates several fundamental developmental processes
and recently has been shown to be involved in different aspects of synaptic differentiation and
plasticity. Some Wnt signaling components are localized at central synapses, and it is thus possible
that this pathway could be activated at the synapse.

Results: We examined the distribution of the Wnt receptor Frizzled-1 in cultured hippocampal
neurons and determined that this receptor is located at synaptic contacts co-localizing with
presynaptic proteins. Frizzled-1 was found in functional synapses detected with FM[-43 staining and
in synaptic terminals from adult rat brain. Interestingly, overexpression of Frizzled-1 increased the
number of clusters of Bassoon, a component of the active zone, while treatment with the
extracellular cysteine-rich domain (CRD) of Frizzled-| decreased Bassoon clustering, suggesting a
role for this receptor in presynaptic differentiation. Consistent with this, treatment with the
Frizzled-1 ligand Whnt-3a induced presynaptic protein clustering and increased functional
presynaptic recycling sites, and these effects were prevented by co-treatment with the CRD of
Frizzled- 1. Moreover, in synaptically mature neurons Wnt-3a was able to modulate the kinetics of
neurotransmitter release.

Conclusion: Our results indicate that the activation of the Wnt pathway through Frizzled-1 occurs
at the presynaptic level, and suggest that the synaptic effects of the Whnt signaling pathway could be
modulated by local activation through synaptic Frizzled receptors.

Background

The Wnt signaling pathway plays a crucial role during
development, regulating specification of cell fate, cell pro-
liferation, migration and morphogenesis [1]. Wnt signal-
ing is activated by the interaction of Wnt ligands with
members of the Frizzled (Fz) family of seven-transmem-

brane cell surface receptors. Three different Wnt pathways
have been described downstream of Fz receptors: the
canonical Wnt/B-catenin pathway; and the non-canonical
pathways involving intracellular signaling by Ca2* or the
c-Jun-N-terminal kinase (JNK) cascade [1,2]. In the
canonical Wnt/p-catenin signaling pathway, Wnt ligands
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interact with Fz receptors and their co-receptor LRP5/6
and signal through Dishevelled to inhibit the kinase activ-
ity of glycogen synthase kinase-3f in a protein degrada-
tion complex containing Axin and adenomatous
polyposis coli (APC) protein. When Wnt signaling is inac-
tive, B-catenin is phosphorylated by glycogen synthase
kinase-3p and thus rapidly degraded via the proteasome
pathway. When cells receive Wnt signals, the degradation
pathway is inhibited, and B-catenin consequently accu-
mulates in the cytoplasm and is translocated to the
nucleus where it binds the TCF/LEF family of transcrip-
tion factors to regulate the expression of Wnt target genes

[1].

Fz receptors have an extracellular amnio-terminal region
that contains a cysteine-rich domain (CRD) consisting of
120 to 125 residues with 10 conserved cysteines that is
necessary for the binding of Wnt molecules [3,4]. In mam-
mals, 19 different Wnts are known, and 10 Fz proteins
have been identified as Wnt receptors. In addition to Fz,
other Wnt receptors have been described more recently
[2,5], and it has been shown that a single Wnt ligand can
signal through different pathways depending on receptor
context [6], increasing the complexity of the Wnt signaling
cascade.

In the past decade, it has been well established that Wnt
signaling plays a key role in diverse aspects of neuronal
connectivity by regulating axon guidance and remodeling
[7,8], dendritic development [9], and synapse formation
[8,10,11]. Additionally, intracellular modulators of the
Wnt pathway enhanced excitatory transmission in adult
hippocampal preparations, acting predominantly via a
presynaptic mechanism to increase neurotransmitter
release [12], and Wnt-7a was shown to induce recycling
and exocytosis of synaptic vesicles in cultured hippocam-
pal neurons and enhance synaptic transmission in adult
hippocampal slices [13]. Furthermore, Wnt-3a is released
from synapses in an activity-dependent manner, and the
secreted Wnt and the consequent activation of Wnt signal-
ing facilitates long-term potentiation, suggesting that Wnt
signaling plays a role in regulating synaptic plasticity [14].
Wnt-3a was also shown to induce the recycling of synaptic
vesicles in cultured hippocampal neurons [13].

In the present work, we have studied the distribution of
the canonical Wnt receptor Fz1 in neurons, and the poten-
tial role of this receptor in synapse structure and function.
We determined that, in cultured hippocampal neurons,
Fz1 clusters are localized in synapses co-localizing with
presynaptic markers in close apposition to the postsynap-
tic protein PSD-95. In addition, Fz1 was observed in func-
tional synapses detected with FM1-43 staining and in
synaptic terminals from adult rat brain. Overexpression of
Fz1 increased the number of Bassoon clusters, and treat-
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ment with the Fz1 ligand Wnt-3a induced presynaptic
protein clustering and modulated the kinetics of synaptic
vesicle release, suggesting that the activation of Wnt sign-
aling through Fz1 modulates presynaptic differentiation
and function.

Results

Presynaptic distribution of the Fzl receptor in
hippocampal neurons

In order to better understand the mechanisms involved in
the synaptic effects of the Wnt pathway, we studied the
distribution of the Fz1 receptor, which has been well stud-
ied and has been related to the Wnt/B-catenin pathway
[15,16]. The distribution of Fz1 was analyzed by immun-
ofluorescence in cultured hippocampal neurons at 14
days in vitro (DIV). This receptor shows a punctate distri-
bution in neuronal processes and a low staining in the cell
body (Figure 1A). To test whether Fz1 is present at synap-
tic sites in cultured neurons, we examined the co-localiza-
tion of Fz1 with the presynaptic marker synapsin I (Syn)
and the postsynaptic density scaffold protein PSD-95. Fz1
clusters are in close apposition to PSD-95 puncta and
seem to co-localize with Syn (Figure 1B). This observation
is supported by the overlap coefficient according to Man-
ders et al. [17], which represents the number of co-local-
ized pixels expressed as a fraction of the total number of
pixels within each channel (Syn/PSD-95, 0.214 + 0.023;
Syn/Fz1, 0.376 + 0.039; PSD-95/Fz1, 0.157 + 0.016; Fig-
ure 1C). In addition, another approach was used to estab-
lish the presynaptic distribution of Fz1. In hippocampal
neurons transfected with green fluorescent protein (GFP),
synaptic vesicles were labeled by activity-dependent
uptake of the fluorescent dye FM1-43 and analyzed by
confocal microscopy (Figure 1D, upper panel). Then, cells
were fixed and permeabilized and the presynaptic protein
VAMP and Fz1 were detected by immunofluorescence.
The same GFP-positive neuron was analyzed by confocal
microscopy (Figure 1D, lower panel). Fz1 was present in
most of the presynaptic terminals stained with FM1-43
and VAMP (Figure 1D, arrows). Altogether, these data
strongly suggest that Fz1 is located presynaptically.

Localization of Fzl in functional synapses, during
development and in synaptosomal fractions of adult rat
brain

To determine whether the Fz1-positive synaptic sites were
functional synapses, synaptic vesicles of hippocampal
neurons transfected with GFP were labeled by activity-
dependent uptake of FM1-43 (Figure 2A, left panel) and
then destained by depolarization with 90 mM KCI (Figure
2A, right panel). After fixation and permeabilization, neu-
rons were inmunostained with anti-VAMP and anti-Fz1
antibodies and the same GFP-positive neuron was ana-
lyzed by confocal microscopy. Fz1 is present in most of
the presynaptic terminals that were stained with FM1-43
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GFP/VAMP/Fz1

Fzl is located at presynaptic sites in hippocampal neurons. (A) Immunodetection of Fzl in hippocampal neurons
maintained for 14 days in culture shows a clustered distribution of the receptor (scale bar = 10 um). (B) Representative
merged images with the postsynaptic marker PSD-95 and the presynaptic protein synapsin | (Syn) indicate that Fz| clusters are
located presynaptically in close apposition to PSD-95 puncta. (€C) Overlap coefficient according to Manders et al. [17] indicates
an overlap of Fzl and Syn signals. (D) Synaptic vesicles were labeled by FM1-43 uptake in hippocampal neurons transfected
with GFP. After fixation and permeabilization, cells were inmunostained with anti-VAMP and anti-Fz| and the same GFP-posi-
tive neuron was analyzed by confocal microscopy. As observed, Fzl is present in most of the presynaptic terminals stained with
FM1-43 and VAMP (arrows; scale bar = 10 um). Error bars indicate standard error of the mean. **P < 0.01.

and destained by depolarization, and that are also posi-
tive for VAMP (Figure 2B, arrow), indicating that this
receptor is present in functional synapses at the presynap-
tic site.

In addition, we analyzed the presence of Fz1 in synapto-
somal fractions isolated from adult brains and observed
that, in agreement with the distribution observed by

immunofluorescence, this receptor is enriched in this frac-
tion (Figure 2C). The specificity of the synaptosomal frac-
tion was confirmed by the presence of the synaptic
proteins PSD-95 and synaptophysin (SYP).

In an attempt to find out whether Fz1 participates in syn-
apse formation, we studied the expression of Fz1 in the
developing hippocampus, and observed that this receptor
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Figure 2 (see previous page)

Expression of Fzl in functional synapses, synaptosomal fractions from adult brain and during hippocampal
development. (A) In hippocampal neurons transfected with GFP, synaptic vesicles were labeled by activity-dependent uptake
of FM1-43 and subsequently destained by depolarization with 90 mM KCI to identify functional synapses (arrow, scale bar =5
pm). (B) After fixation and permeabilization, neurons were inmunostained with anti-VAMP and anti-Fz| antibodies and the
same GFP-positive neuron was analyzed by confocal microscopy. Fz-1 is present in most of the synaptic terminals that were
destained by depolarization and display immunoreactivity for VAMP (arrow). (C) Analysis of the total homogenized (H) and
synaptosomal fractions (S) obtained from adult rat brains shows that Fzl is enriched in the synaptosomal fraction. PSD-95 and
synatophysin (SYP) were used as synaptic markers. (D) Immunoblots of proteins in the developing hippocampus from embry-
onic day 18 (EI8) and postnatal days 2 (P2) to P50. The same amount of protein was applied to all lanes. Molecular weight
standards are indicated at the right (kDa). -Tub, B-tubulin; N-Cad, N-cadherin; VGlutl, vesicular glutamate transporter |.
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Expression of Fzl in hippocampal neurons during development. (A) Immunoblots of protein extracts from cultured
hippocampal neurons during differentiation from 4 to 14 DIV. The same amount of protein was applied to all lanes. Molecular
weight standards are indicated at the right (kDa). N-Cad, N-cadherin. (B) Immunodetection of Fzl and phosphorylated
MAPIB in cultured hippocampal neurons at 4 DIV. (C-E) Immunodetection of Fzl and Bassoon (scale bar = 10 um). (C) On
DIV 7, Fzl is observed in isolated axons as fine puncta. (D) On DIV 10, larger clusters of Fzl co-localize with Bassoon puncta
in axons contacting other neurons (arrows), but not in isolated axons (E).
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is undetectable before birth, and increases from a small
amount at P2 to high levels in adult brain, as was also
observed for the synaptic proteins vesicular glutamate
transporter 1 (VGlutl) and SYP (Figure 2D) [18]. N-cad-
herin was used as a loading control since it is known to be
present at all developmental stages [19].

We also analyzed the temporal appearance of Fz1 in dif-
ferentiating hippocampal neurons, and observed an
increase of Fz1 during development concomitant with the
increase of VGlut1 and SYP levels (Figure 3A). The spatial
appearance of Fz1 was also analyzed by immunofluores-
cence. At early stages of differentiation (4 DIV), Fz1 dis-
tributes mostly at the axon as determined by double
labeling with the axonal marker phosphorylated MAP1B
[20] (Figure 3B), supporting the presynaptic distribution
of this receptor. By 7 DIV, Fzl is observed in isolated
axons as fine puncta that mostly do not co-localize with
Bassoon puncta (Figure 3C), suggesting that Fz1 is not
associated with presynaptic proteins during the initial
stages of synaptic assembly. Bassoon is a presynaptic
cytomatrix protein recruited early during synapse forma-
tion [21]. By 10 DIV, larger clusters of Fz1 are observed
and it is possible to find co-localization of Fz1 with Bas-
soon mainly in axons contacting other neurons (Figure
3D, arrows), but not in isolated axons (Figure 3E). The
number of Fz1 clusters increases steadily during neuronal
maturation, suggesting an association of Fz1 with synapse
formation.

Fzl modulates presynaptic protein clustering

In order to determine whether Fz1 could have a presynap-
tic role, we evaluated Bassoon clustering during the initial
stages of synaptic assembly in neurons treated for 24 h
with different concentrations of the soluble Fz1 CRD (Fig-
ure 4A). In these hippocampal neurons at 9 DIV, there
was a significant decrease in the density of Bassoon clus-
ters after treatment with 1 pg/ml Fz1-CRD (34.42 + 0.98
Bassoon puncta per 100 um neurite length) compared to
control (40.12 + 1.07). This decrease was not observed
when neurons were treated with 1 pg/ml of the soluble
CRD of the Fz2 receptor, which has been shown to be
involved in non-canonical Wnt pathways [22,23] (40.18
+ 0.73 Bassoon puncta per 100 um), indicating a specific
effect of Fz1 on Bassoon clustering that is not mediated by
all Fz receptors. Figure 4B shows representative images of
control neurons and neurons treated with 1 pg/ml Fz1-
CRD or Fz2-CRD. This result suggests that FzZ1 may nor-
mally participate in the presynaptic differentiation. To fur-
ther assess this hypothesis, we overexpressed Fzl in
hippocampal neurons. First, to evaluate whether overex-
pressed Fz1 localizes at presynaptic sites, neurons were
transfected with GFP-tagged Fz1. We observed that this
receptor was present in axons stained with phosphor-
ylated MAP1B (MAP1BP) antibody (Figure 4C, upper
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panel), showing a punctuate distribution at higher magni-
fication (Figure 4C, lower panels). In addition, Fz1-GFP
co-localized with active synaptic terminals that were
loaded with FM4-64 under stimulation with KCI (Figure
4D, arrows), indicating a synaptic location of the overex-
pressed Fz1 receptor. To assess the effect of this overex-
pression on presynaptic differentiation, we transfected
neurons with rat Fz1-myc, which we previously demon-
strated to be able to increase the activation of the Wnt sig-
naling pathway, indicating that this is a functional
receptor [24]. Neurons were co-transfected with GFP to
easily identify transfected neurons (Figure 4E, F). As deter-
mined by anti-Fz1 immunoreactivity (Figure 4E), Fz1 is
highly overexpressed in transfected neurons (asterisk)
compared to non transfected neurons (arrow), and this
overexpressed receptor is located in axons stained with
MAPI1BP. We then evaluated Bassoon clustering during
the initial stages of synaptic assembly. At 9 DIV, hippoc-
ampal neurons transfected with Fzl-myc showed
increased numbers of Bassoon puncta compared to con-
trol neurons transfected with the empty vector (pCS2+;
Figure 4F), strongly supporting a role for Fz1 in presynap-
tic differentiation.

Whnt-3alFzl signaling modulates presynaptic protein
clustering and synaptic vesicle recycling

To better establish the role of Fz1 in synapse assembly, we
evaluated the effect of the canonical Wnt ligand Wnt-3a. It
has been previously shown that Fz1 is a functional partner
for Wnt-3a, inducing TCF-dependent transcription [16].
In fact, we have demonstrated that Wnt-3a signaling is
mediated by Fz1 in PC12 cells and, moreover, Fz1 modu-
lates the protective effect of Wnt-3a against AP oligomers
in hippocampal neurons [24]. So, in an attempt to under-
stand the potential role of Fz1 in the synapse, we studied
the effect of Wnt-3a on synaptic protein clustering. Treat-
ment of hippocampal neurons at 10 DIV with 150 ng/ml
Whnt-3a for 1 h induced an increase in the number of Bas-
soon clusters (50.04 + 1.42 puncta per 100 um) compared
to control (39.68 + 1.72 puncta per 100 pm) (Figure 5A).
Interestingly, this effect was blocked by the soluble Fz1-
CRD (39.92 + 1.67 puncta per 100 um; Figure 5A, graph),
suggesting that this effect is mediated by the Fz1 receptor.
Moreover, the number of functional, activity-dependent
recycling presynaptic sites was also increased by Wnt-3a
compared to control (Figure 5B), in agreement with our
previous findings [13]. This effect was also blocked by
Fz1-CRD, suggesting that it is mediated by Fzl. These
results indicate that Wnt-3a regulates the formation of
functional presynaptic terminals. The effect of Wnt-3a was
also evaluated in older neurons (14 DIV) where treatment
with Wnt-3a induced the clustering of VGlutl (47.36 +
1.88 puncta per 100 pm) compared to untreated neurons
(36.38 + 1.22 puncta per 100 um) and to neurons treated
with Wnt-3a plus Fz1-CRD (29.00 + 0.89 puncta per 100
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Figure 4 (see previous page)

Fzl overexpression induces presynaptic protein clustering. (A) The number of Bassoon clusters per neurite length
was evaluated in hippocampal neurons (9 DIV) treated for 24 h with different concentrations of the soluble extracellular Fzl
CRD or 1,000 ng/ml Fz2-CRD. (B) Representative images of control neurons and neurons treated with | pg/ml FzI-CRD or
Fz2-CRD for 24 h. (C) Hippocampal neurons were transfected with FzI-GFP, which was detected in axons stained with phos-
phorylated MAPIB (MAPIBP). (D) Fz|-GFP clusters co-localize with pre-synaptic terminals loaded with FM4-64 under stimu-
lation with 90 mM KCI (arrows). (E) Hippocampal neurons were transfected with Fzl-myc plus GFP to easily identify
transfected neurons. Fzl staining (red) is highly increased in transfected neurons (asterisk) compared to non-transfected neu-
rons (arrow). (F) Bassoon puncta were analyzed in neurons transfected with FzI-myc or with empty vector (pCS2+) using an
anti-Bassoon antibody and quantifying the clusters per neurite length in GFP-positive axons. There was an increased number of
Bassoon puncta in neurons transfected with Fzl-myc compared to control. *P < 0.05; **P < 0.01; NS, not significant. Error bars
indicate standard error of the mean.

pm) (Figure 5C). At 14 DIV, Wnt-3a treatment also  treatment, Wnt-3a did not increase the number of syn-
induced the clustering of SYP (control, 38.56 + 2.04; Wnt-  apses per 100 um neurite length (PSD-95/Syn_, ;o 19.94
3a, 50.70 + 2.71 puncta per 100 pm; P < 0.01). Consider-  +2.37; PSD-95/Syny,,, 3., 19.32 + 2.33; PSD-95/SV2 o1
ing the increase observed in presynaptic protein punctaby  19.69 + 3.23; PSD-95/SV2y,,, 35, 20.96 + 3.04). These
Whnt-3a treatment, we evaluated whether synaptic contact  results suggest that Wnt-3a/Fz1 signaling induces a fast
numbers, identified by PSD-95/Syn or PSD-95/SV2 co-  increase in pre-synaptic protein clustering, which may
clusters, were also affected in 14 DIV neurons. Aftera 1-h  precede the increase in synaptic contact number. Indeed,
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Whnt-3a induces presynaptic differentiation in cultured hippocampal neurons mediated by the Fzl receptor. (A)
Neurons at 9 DIV exposed to Wnt-3a for | h show elevated numbers of Bassoon clusters detected by immunofluorescence.
Addition of the soluble FzI-CRD prevents this induction. (B) Synaptic vesicle recycling is visualized by FM4-64 uptake (I |
DIV). One-hour treatment with Wnt-3a induced a significant increase in the number of FM4-64-positive sites, which was pre-
vented by co-treatment with the Fz|-CRD. (C) Whnt-3a induces the number of VGlutl clusters in neurons at 14 DIV, which
was prevented by co-treatment with Fz|-CRD. Error bars indicate standard error of the mean. * P < 0.05; ** P < 0.01.
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after 24 h of treatment, Wnt-3a induced an almost 20%
increase in synaptic contact number, which was not
observed in neurons treated with Wnt-3a plus Fz1-CRD
(Wnt-3a versus control, 1.19 + 0.05, P < 0.05; Wnt-
3a+CRD versus control, 0.95 + 0.04).

The rate and efficacy of synaptic vesicle recycling at pre-
synaptic nerve terminals determine normal synaptic trans-
mission and play a role in several forms of synaptic plas-
ticity [25]. Recently, we demonstrated that Wnt-7a
modulates the synaptic vesicle cycle in presynaptic nerve
terminals of hippocampal neurons and that this canonical
Whnt ligand is able to increase the synaptic transmission in
CA3-CA1 synapses of hippocampal slices by a presynaptic
mechanism [13]. To evaluate if the Fz1 ligand Wnt-3a is
able to modulate the pre-synaptic function, mature hip-
pocampal neurons at 21 DIV were treated with control or
Wnt-3a conditioned media for 1 h and the efficiency of
the activity-dependent vesicle recycling was evaluated by
measuring the uptake of the amphiphatic fluorescent dye
FM1-43 in response to depolarization with 90 mM KCl
(Figure 6A). In contrast to the effect observed in young
neurons, no differences were found in the density of FM1-
43 clusters in response to Wnt-3a in mature neurons at 21
DIV (Figure 6B), although the mean intensity and area of
FM1-43 puncta were increased in Wnt-3a-treated neurons
compared to control cells (Mean intensity o 193.580
+ 1.55; Mean intensityy,, 3, 200.939 + 1.24; Area o1
0.39 + 0.02; Areayy,,.5,, 0.44 + 0.02; Figure 6C and 6D).
The fluorescence intensity of buttons depends on the
number of labeled vesicles retrieved during endocytosis,
and is indicative of the total functional recycling pool size
of synaptic vesicles [26].

We also analyzed the probability of synaptic vesicle
release. After treatment with recombinant Wnt-3a or vehi-
cle for 3 h, synaptic vesicles were loaded with FM1-43 by
depolarization with 60 mM KCI and the decrease in fluo-
rescence intensity induced by the activity dependent exo-
cytosis at 90 mM KCI was measured by confocal time
lapse microscopy imaging. As indicated in Figure GE, F,
pre-incubation of neurons with Wnt-3a increased the rate
of release of the FM1-43 fluorescence trapped in vesicles.
The half-time (t;,) of fluorescence decay in Wni-3a-
treated neurons was 43.97 + 1.20 s versus 65.48 + 2.86 s
for control neurons, indicating that Wnt-3a increased the
rate of FM1-43 unloading. The effect of Wnt-3a was ana-
lyzed in a total of more than 100 sites of vesicle release.
These results indicate that a Wnt-3a-dependent signaling
modulates the activity of the presynaptic compartment,
increasing the rate of release of synaptic vesicles.

Discussion
The Wnt signaling pathway regulates several fundamental
developmental processes and modulates synaptic struc-
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ture and function. Although roles for Wnt ligands in regu-
lating synaptic assembly and plasticity have been shown
[10,13,14], little is known about the receptors that medi-
ate these effects. Previously, we and others determined
that Fz1 is highly expressed in the hippocampus
[24,27,28]. In the present work, we determined the synap-
tic distribution of the canonical Wnt receptor Fz1. We
found that this receptor is located at synaptic sites in hip-
pocampal neurons, co-localizing with presynaptic pro-
teins and with active synaptic vesicle recycling sites
stained under KCIl stimulation with a fluorescent dye,
indicating that this receptor is distributed presynaptically.
In addition, Fz1 was detected in a synaptosome prepara-
tion from adult rat brains, supporting the synaptic distri-
bution of this receptor.

Specifically, the presynaptic distribution of Fz1 deter-
mined in this work suggests that the activation of the Wnt
signaling pathway through Fz1 could be operating at the
presynaptic level, where it could modulate presynaptic
structure and function. Consistent with this view, we
observed that overexpression of Fz1 induced the cluster-
ing of Bassoon, which is a component of the presynaptic
cytoskeletal matrix involved in the structural organization
of neurotransmitter release sites and is delivered to nas-
cent synapses via vesicles that are detectable early during
the formation of synaptic junctions [21,29]. Furthermore,
treatment with the CRD of Fz1, the extracellular region of
the receptor that binds Wnt molecules with high affinity
[3], decreased the number of Bassoon puncta per neurite
length, indicating that activation of endogenous Fz1-
mediated signaling contributes to synapse formation. This
effect was not observed when neurons were treated with
the CRD of the Fz2 receptor, which has been shown to
activate non-canonical Wnt pathways [22,23]. The specif-
icity of the Wnt-Fz interaction remains largely unknown,
particularly in vertebrates, because of the large number of
Whnts and Fzs; however, it is well known that Wnt-3a and
Fz1 are functional partners [16,24,30]. We observed that
Whnt-3a induced the clustering of Bassoon during the ini-
tial stages of synaptic assembly, increased synaptic vesicle
recycling and increased the clustering of VGlut1. All these
effects were prevented by co-treatment with the CRD of
Fz1, suggesting the involvement of Wnt-3a/Fz1 signaling.
VGluts are vesicular glutamate transporters that mediate
the transport of glutamate from the cytoplasm into synap-
tic vesicles; they are therefore used as specific markers of
the glutamatergic phenotype [31]. VGlutl is the major
isoform in cortex, hippocampus and cerebellar cortex. The
increase in the number of VGlutl clusters indicates that
Wnt-3a/Fz1 signaling increased the number of excitatory
presynaptic puncta. In addition, we observed an increase
in the number of SYP clusters, a synaptic vesicle mem-
brane protein that has been associated with synaptic vesi-
cle cycling and was shown to regulate activity-dependent
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Figure 6 (see previous page)

Whnt-3a stimulates synaptic vesicle release in mature cultured hippocampal neurons. (A) Hippocampal neurons at
21 DIV were treated with control or Wnt-3a-conditioned media for | h and the efficiency of activity-dependent vesicle recy-
cling was evaluated by measuring the uptake of the amphiphatic fluorescent dye FM1-43 in response to depolarization with 90
mM KCI. (B-D) Quantification of the number of FM1-43 per neurite length (B), the mean intensity of FM1-43 puncta (C) and
the mean area of FMI-43 clusters (D). (E, F) After treatment with recombinant Wnt-3a or vehicle for 3 h, synaptic vesicles
were loaded with FM1-43 by depolarization and the decrease in fluorescence intensity induced by 90 mM KCI was measured
by confocal time lapse microscopy imaging. (E) Graph of the normalized FMI-43 fluorescence decrease in control and Wnt-3a
treated neurons shows that the half-time (t,,) of fluorescence decay was higher in the control than in Wnt-3a-treated neurons,
indicating that Wnt-3a increased the rate of FM1-43 unloading. Data represent at least 100 sites of vesicle release. (F) pseudo-
colored images of FM-43 fluorescence of representative synaptic vesicle exocytosis in control and Wnt-3a treated neurons at
different times. The pseudocolor scale is shown at the top right of images. Error bars indicate standard error of the mean. * P

< 0.05; ** P < 0.001.

synapse formation [32]. Altogether, the increases in vesi-
cle-associated and active zone protein clusters suggest that
the Wnt-3a/Fz1 pathway modulates the assembly of pres-
ynaptic terminals. These pre-synaptic effects were
observed after 1 h of treatment, whereas no effect on syn-
aptic contact number was observed. On the other hand, in
24-h experiments, Wnt-3a did induce an increase in syn-
aptic contact number that was prevented by co-treatment
with the CRD of Fz1. These results suggest that Wnt-3a/
Fz1 signaling may induce a fast increase in pre-synaptic
protein clustering that may precede the increase in synap-
tic contacts.

Synaptic vesicles accumulate neurotransmitters and
secrete them upon stimulation. The recycling process of
synaptic vesicles, including exocytosis, endocytosis and
re-exocytosis, is essential for maintaining vesicle pools in
the nerve terminals and ensuring normal synaptic trans-
mission. The rate of vesicle turnover and the size of vesicle
pools play a role in several forms of synaptic plasticity
[25]. Recently, we demonstrated that the canonical Wnt-
7a ligand modulates the recycling and release of synaptic
vesicles in functionally mature excitatory synapses in vitro.
Here, we determined that Wnt-3a treatment increased the
number of functional presynaptic sites in mature neurons,
which is in agreement with previous findings showing
that Wnt-3a increases the number of active recycling sites
[13]. Moreover, Wnt-3a increased the efficacy of synaptic
vesicle exocytosis in synaptically mature neurons. These
results suggest a role for the Wnt-3a/Fz1 pathway in pres-
ynaptic function in adult neurons. Interestingly, we have
observed strong staining for synaptic Fz1 in older neurons
(21 to 28 DIV), and the expression of Fz1 in the hippoc-
ampus increases gradually until adult stages, supporting
the idea that it may have a role in mature synaptic func-
tion.

Thus, our results indicate that Wnt-3a/Fz1 signaling mod-
ulates the structure and function of the presynaptic com-
partment. This modulation is probably mediated by the

activation of components of the canonical Wnt pathway,
since Fz1 and Wnt-3a have been widely associated with
this branch of Wnt signaling [16,24,33]. In agreement
with this idea, treatment with Dickkopf-1, which pro-
motes internalization of the LRP5/6 co-receptor, required
for canonical signal activation but not for non-canonical
Whnit signaling, resulted in decreased numbers of excitatory
presynaptic puncta, indicating that activation of the
endogenous canonical pathway contributes to synapse
formation [11]. In addition, it has been recently shown
that Wingless (the Drosophila Wnt homolog) directly sig-
nals to the presynaptic endings at the Drosophila neu-
romuscular junction, where it activates components of the
canonical pathway and locally regulates microtubules
[34].

It has been previously suggested that activation of the
canonical and non-canonical pathways differentially
modulates pre- and postsynaptic events. The non-canoni-
cal ligand Wnt-5a induces the clustering of the postsynap-
tic protein PSD-95 and glutamate receptors [35,36] and
Wnit-7b increases dendritic branching in cultured hippoc-
ampal neurons through Rac and JNK [9], whereas the
canonical Wnt-7a ligand induces presynaptic protein clus-
tering [8,11] and the recycling and exocytosis of synaptic
vesicles in cultured hippocampal neurons, and enhances
synaptic transmission in adult hippocampal slices [13].
Interestingly, loss of function of the canonical Wnt path-
way in the presynaptic region, but not in the postsynaptic
muscles of the Drosophila neuromuscular junction, affects
synaptic differentiation [34]. This is in agreement with
our findings, which suggest a presynaptic effect of canon-
ical Fz1/Wnt-3a signaling. It will be interesting to study
whether all the synaptic effects of Wnts are modulated by
specific receptors whose expression and localization in
neurons should be correlated with their functions. We
have determined that Fz receptors have varied distribu-
tions in neurons and show very different patterns of
expression in the developing hippocampus (unpublished
data). Thus, the activation of specific Wnt signaling path-
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ways would be controlled temporally and spatially during
the development of neuronal circuits. In addition, there
are alternative Wnt receptors [37] that could spatially
modulate the activation of the Wnt pathway. This is the
case for the axonal localization of Ryk receptors in mam-
mals and Drosophila [38], and the Ror2 receptor [39],
which is highly concentrated in the growth cones of
immature neurons and are present throughout the soma-
todendritic compartment of mature hippocampal cells
[40].

In summary, we show for the first time the presynaptic
distribution of a Fz receptor in mammalian neurons,
which could mediate the synaptic effects of the Wnt sign-
aling pathway activation. This synaptic localization sug-
gests that there could be a local activation of the Wnt
pathway at the synapse. In addition, the synaptic expres-
sion of some downstream components of the Wnt path-
way have been described [10,11,14,34,41], indicating that
the machinery required for the local activation of the
pathway is present at central synapses. Altogether, these
results suggest that Wnts binding to synaptic Fz-LRP5/6
could activate the canonical Wnt signaling at the synapse
and, as a consequence, increase presynaptic inputs and
the recycling and release of synaptic vesicles. Our findings
give new insight into the mechanisms by which the Wnt
signaling pathway could modulate the synapse.

Materials and methods

Primary culture of rat hippocampal neurons

Rat hippocampal cultures were prepared as described pre-
viously [42,43]. Hippocampi from Sprague-Dawley rats at
embryonic day 18 were removed, dissected free of menin-
ges in Ca?+/Mg2+-free Hanks' balanced salt solution
(HBSS), and rinsed twice with HBSS by allowing the tissue
to settle to the bottom of the tube. After the second wash,
the tissue was resuspended in HBSS containing 0.25% (w/
v) trypsin and incubated for 15 minutes at 37°C. After
three rinses with HBSS, the tissue was mechanically disso-
ciated in plating medium (Dulbecco's modified Eagle's
medium (GIBCO, Rockville, MD, USA)), supplemented
with 10% horse serum (GIBCO), 100 U/ml penicillin,
and 100 pg/ml streptomycin by gentle passage through
Pasteur pipettes. Dissociated hippocampal cells were
seeded onto poly-L-lysine-coated six-well culture plates at
a density of 7 x 105 cells per well in plating medium. Cul-
tures were maintained at 37°C in 5% CO, for 2 h before
the plating medium was replaced with neurobasal growth
medium (GIBCO) supplemented with B27 (GIBCO), 2
mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin. On day 2, cultured neurons were treated
with 2 puM cytosine arabinoside (AraC) for 24 h; this
method resulted in cultures highly enriched for neurons
(approximately 5% glia). For Wnt-3a treatments, neurons
were treated with 150 ng/ml recombinant Wnt-3a (R&D

http://www.neuraldevelopment.com/content/4/1/41

Systems, Minneapolis, MN, USA) and with 300 ng/ml
recombinant Fz-1-CRD/Fc Chimera (R&D Systems).

Immunofluorescence

Hippocampal neurons were seeded onto poly-L-lysine-
coated coverslips in 24-well culture plates at a density of
2.5 x 104 cells per well. Cells were rinsed twice in ice-cold
phosphate-buffered saline (PBS) and fixed with a freshly
prepared solution of 4% paraformaldehyde in PBS for 20
minutes and permeabilized for 5 minutes with 0.2% Tri-
ton X-100 in PBS. After several rinses in ice-cold PBS, cells
were incubated in 0.2% gelatin in PBS (blocking solution)
for 30 minutes at room temperature, followed by an over-
night incubation at 4°C with primary antibodies. Cells
were extensively washed with PBS and then incubated
with Alexa-conjugated secondary antibodies (Molecular
Probes, Carlsbad, CA, USA) for 30 minutes at 37°C. Cov-
erslips were mounted in mounting medium and analyzed
on a Zeiss LSM 5 Pascal confocal microscope. Primary
antibodies used were goat anti-Fz1 (R&D Systems), rabbit
anti-Synapsin I (Santa Cruz Biotechnology Inc., Santa
Cruz, CA, USA), rabbit anti-VAMP (Santa Cruz Biotech-
nology Inc.), goat anti-Synapsin I (Santa Cruz Biotechnol-
ogy Inc.), goat anti-SYP (Santa Cruz Biotechnology Inc.),
monoclonal anti-Bassoon antibody (Assay designs, Ann
Arbor, MI, USA), and monoclonal anti-MAP1BP antibody
(Sternberger Monoclonals, Baltimore, MD, USABalti-
more, MDBaltimore). The monoclonal antibodies anti-
PSD-95 and anti-VGlut1 were developed by and obtained
from the UC Davis/NIH NeuroMab Facility, supported by
NIH grant U24NS050606 and maintained by the Depart-
ment of Neurobiology, Physiology and Behavior, College
of Biological Sciences, University of California, Davis, CA,
USA.

Images were captured with a Zeiss LSM 5 Pascal confocal
microscope. Images were analyzed using NIH Image]J soft-
ware. Co-localization analysis and quantification of the
number of puncta were carried out under threshold con-
ditions to identify independent clusters. Co-localization
analysis was performed on randomly selected images,
using the NIH ImageJ software with the co-localization
analysis plug-in. Mander's coefficients represent the
number of co-localized pixels [17]; they range from 0 to 1,
indicating no co-localization to complete co-localization,
and are independent of the pixel intensities within each
respective channel.

FM uptake

FM4-64 FX or FM1-43 (Molecular Probes) were added at
a concentration of 15 pM to Tyrode saline solution (119
mM Na(Cl, 2.5 mM KCl, 2 mM CaCl,, 2 mM, MgCl,, 25
mM HEPES, 30 mM glucose buffered to pH 7.4). Neurons
were incubated with this dye solution for 1 minute and
then the FM dye was loaded using 90 mM KClI stimulation
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for 30 s. Neurons were washed five times for 10 minutes
in dye-free Tyrode solution to decrease background stain-
ing of the membrane. For some of the experiments, neu-
rons were fixed in 4% paraformaldehyde in PBS for 20
minutes and FM4-64 puncta were analyzed by confocal
microscopy. For retrospective immunofluorescence the
neurons on coverslips were mounted in a microscope per-
fusion chamber and stained with FM1-43 as described
above. Images were taken before and after neurons were
destained in high KCI solution for 30 s. Cells were then
fixed and permeabilized with 0.2% Triton X-100 for 10
minutes to wash out the FM4-64 fluorescence and proc-
essed for immunofluorescence.

Synaptosome preparation

Synaptosomes were isolated from adult rat brain using the
Percoll gradient method [44]. In brief, adult mouse brain
was homogenized in buffer A (0.32 M sucrose, 5 mM
Hepes, 0.1 mM EDTA, pH 7.4, plus protease and phos-
phatase inhibitors) at 800 rpm ten times at 4°C, and then
centrifuged at 1,000 x g for 10 minutes. The supernatant
was centrifuged at 10,000 x g for 25 minutes, and the pel-
let was resuspended in buffer B (0.25 M sucrose, 5 mM
Hepes, 0.1 mM EDTA, pH 7.5) 8.5% Percoll, and layered
on top of a Percoll discontinuous gradient. Synaptosomes
were taken from a 10 to 16% interface and washed in
buffer B. Proteins were quantified using the BCA protein
assay kit (Pierce, Rockford, IL, USA) and analyzed by
immunoblotting. The relative purity of the synaptosome
preparations was established by electron microscopy.

Immunoblot analysis

Neurons growing on six-well culture plates or hippocam-
pus obtained from rat brains at different ages were lysed
in ice-cold lysis buffer (10 mM Tris-HCI, pH 7.8, 100 mM
NaCl, 10 mM EDTA, 0.5% Nonidet P-40, and 0.5%
sodium deoxycholate) supplemented with protease
inhibitors. The homogenates were maintained in ice for
30 minutes and then neuronal culture homogenates were
centrifuged at 1,000 x g for 5 minutes (4°C) and hippoc-
ampus homogenates were centrifuged at 15,000 x g for 10
minutes (4°C) to remove nuclei and large debris. The
supernatant was recovered and protein concentration was
determined by BCA protein assay kit (Pierce). Proteins
were resolved in SDS-PAGE (10% polyacrylamide), trans-
ferred to PVDF membrane and reacted with primary anti-
bodies. The reactions were followed by incubation with
peroxidase-labeled secondary antibodies (Pierce) and
developed wusing the ECL technique (PerkinElmer,
Waltham, MA, USA). Primary antibodies were the same
used for immunofluorescence in addition to rabbit anti-f3-
tubulin (Santa Cruz Biotechnology Inc.) and rabbit anti-
N-cadherin (Santa Cruz Biotechnology Inc.).

http://www.neuraldevelopment.com/content/4/1/41

Neuronal transfection

Neurons were transfected using LipofectAMINE 2000
(Invitrogen, Carlsbad, CA, USA) 2 days after seeded on
cover slips in 24-well culture plates at a density of 4 x 104
cells per well. Briefly, 0.25 pg of Fz1-GFP plasmid or GFP
vector and 0.75 pl of LipofectAMINE 2000 were mixed in
100 pl of OptiMEM (GIBCO) according to the manufac-
turer's instructions. For the co-transfection of Fzl-Myc
with GFP the amounts were 0.35 pg and 0.15 pg, respec-
tively. After 20 minutes the DNA-LipofectAMINE 2000
Reagent complex was added to the cells. Neurons were
incubated for 2 h at 37°C and then the media was
replaced with Neurobasal growth medium (GIBCO) sup-
plemented with B27 (GIBCO), 2 mM L-glutamine, 100 U/
ml penicillin, and 100 pg/ml streptomycin.

Imaging of FM[-43 destaining in presynaptic terminals of
cultured hippocampal neurons

Hippocampal neurons at 21 DIV were incubated for 3 h
with Wnt-3a (150 ng/ml) or vehicle at 37°C. Neurons on
coverslips were then washed with Tyrode modified solu-
tion, mounted in a microscope perfusion chamber, and
incubated for 30 s with 10 uM FM1-43 (Molecular
Probes) followed by 1 minute of loading by mild depo-
larization with 30 mM KCI. Nonspecific and non-synaptic
FM1-43 staining was diminished by washing with 10 min-
utes of continued perfusion of Tyrode solution at 1 to 2
ml/minute controlled with a peristaltic pump (Cole
Palmer, Vernon Hills, IL, USA). The chamber was adapted
at the stage of a Zeiss Axiovert 200 M microscope coupled
to Pascal LSM5 confocal laser scanning system. Neurons
were imaged with a 63 x 1.4 NA oil objective at 512 x 512
full-frame resolution using a 488-nm argon laser to excite
the FM1-43 probe, and the fluorescence signals were col-
lected over 505 nm. Then, after a period of 50 s of basal
fluorescence acquisition, neurons were depolarized with
90 mM KCl and imaged for 300 s at 1-s intervals. Images
from presynaptic loaded puncta were selected for measur-
ing fluorescence intensities using areas of the region of
interest of 1.5 x 1.5 um. Images of Wnt-3a-treated neurons
and control neurons were obtained using identical set-
tings for laser power, confocal thickness, and detector sen-
sitivity. All measurements were taken at room
temperature (25°C).

Statistical analysis

Statistical analysis was performed using statistical soft-
ware Prism 5 (GraphPad Software Inc., San Diego, CA,
USA). Values are expressed as mean + standard error of the
mean. Statistical significance of differences was assessed
with the non-paired Student's t-test or ANOVA, and non-
normally distributed data were analyzed using the Mann-
Whitney test or Kruskal Wallis (P < 0.05 was considered
significant).
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