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Abstract

BiolMed Central

Background: Wnt proteins comprise a large class of signaling molecules that regulate a variety of
developmental processes, including synapse formation. Previous studies have shown Whnts to be
involved in both the induction and prevention of synapses in a number of different organisms.
However, it is not clear whether the influence of Wnts on synapses is a result of Wnts' behavior
in different organisms or differences in the activity of different Whnt ligands.

Results: We used in situ hybridization to show that several Wnt ligands (Wnt3, Wnt5a, Wnt7a,
and Wnt7b) and their receptors, Frizzled, are expressed in the developing hippocampus during the
period of synapse formation in rodents. We used recombinant Wnt protein or Wnt conditioned
media to explore the effects of Whnts on synapses in hippocampal cultures. We found that Wnt7a
and Wnt7b activate canonical signaling, whereas Wnt5a activates a noncanonical pathway. The
activation of the canonical pathway, either through pathway manipulations or through Wnt
stimulation, increases presynaptic inputs. In contrast, exposure to VVnt5a, which activates a
noncanonical signaling pathway, decreases the number of presynaptic terminals.

Conclusion: Our observations suggest that the pro- and antisynaptogenic effects of Wnt proteins

are associated with the activation of the canonical and noncanonical Wnt signaling pathways.

Background

Wnts comprise a large family of 19 different secreted pro-
teins that have been described in numerous developmen-
tal processes. Wnts can signal through several different
types of receptors, but the most widely recognized Wnt
receptors are Frizzled proteins (Fzd). Fzds comprise a fam-
ily of 10 different G-coupled protein receptors [1]. Wnts
are able to elicit a variety of responses in the target cell
through Fzd activation, but the best studied is the canon-
ical signaling pathway. The canonical pathway begins
with activation of Fzd and a low-density lipoprotein
receptor-related protein (LRP)5/6 coreceptor, resulting in

the phosphorylation of Disheveled (Dvl). Dvl then dis-
rupts a complex of proteins that consists of Axin, APC,
and glycogen synthase kinase (GSK)3p. This complex nor-
mally degrades B-catenin through phosphorylation, so
when Wnts bind, -catenin levels are stabilized. B-catenin
is then actively transported to the nucleus to regulate tran-
scription [2]. Several other noncanonical Wnt pathways
that signal through Fzd have been identified, including
the planar cell polarity pathway and the Wnt/Calcium
pathway [3]. However, new Wnt signaling pathways that
act through Fzd or various other receptors are emerging

[4].
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Several observations suggest that Wnt proteins are
involved in synapse formation. First, many Wnt signaling
components are present at the synapse [5,6]. Second,
many studies have implicated Wnts in synapse formation,
both as pro- [7-9] and antisynaptogenic [10,11] mole-
cules. In vertebrates, Wnts promote growth cone expan-
sion and increase presynaptic puncta formation [7,8]. In
Drosophila, Wnts act both pre- and postsynaptically to pos-
itively regulate presynaptic bouton number, presynaptic
active zone assembly, and postsynaptic glutamate recep-
tor distribution [9]. Conversely, in Caenorhabditis elegans,
Whnts are antisynaptogenic molecules and prevent synapse
formation near the tail of the animal [10]. It is not known
whether these different effects of Wnt signaling reflect dif-
ferent roles of individual Wnt proteins or whether they
reflect the activity of different Wnts in different organisms.

In this study we explore the function of Wnt proteins in
synapse formation by examining the effects of several
developmentally expressed Wnts on hippocampal cul-
tures. We show here that several Wnts and Fzds are
expressed in the developing hippocampus and that Wnts
have differential synaptogenic activity according to the
ability of Wnts to stabilize B-catenin.

Results

Whnts and Fzds are expressed in the hippocampus during
synapse formation

To determine which Wnts might be involved in synapse
formation, we performed an in situ hybridization screen
to identify Wnts that are expressed in the hippocampus
during synaptogenesis. In rodents, most synapses in the
brain are formed within the first two weeks after birth
[12,13]. We therefore chose to observe the expression of
Wnts in horizontal mouse brain slices at postnatal day 7
(P7) and P14. Using DIG-labeled probes to all 19 Wnt
genes, we found that only four, Wnt5a, Wnt7a, and
Wnt7b, and low levels of Wnt3, were expressed (Table 1,
and Figure 1). Two of these Wnts, Wnt5a and Wnt7b, were
expressed in all subregions of the hippocampus at both P7
and P14 (Figure 1C, D, G, H). Wnt7b had a particularly
interesting expression pattern at P14. While still express-
ing in all subregions, cells in the CA2 and dentate gyrus
(DG) regions had higher expression of Wnt7b. Wnt3 was
only expressed in a small number of cells in the DG hilus
(data not shown). The expression of Wnt7a was dynami-
cally regulated between P7 and P14. At P7, Wnt7a was
only expressed in the DG and by P14 expression of Wnt7a
expanded to include both the DG and CA1 subregions
(Figure 1E, F). In addition, several Wnts were also
expressed in the cortex and thalamus (Additional files 1
and 2; Table 1).

To determine if hippocampal neurons express Wnt recep-
tors, we examined the expression of the most common
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Wnt receptor, Fzd, by in situ hybridization. Using DIG-
labeled probes to six of the Fzd family members, Fzd1,
Fzd2, Fzd3, Fzd5, Fzd8, and Fzd9, we found three Fzds
were expressed in the hippocampus during synaptogene-
sis (Figure 2). The three Fzds identified, Fzd3, Fzd5, and
Fzd8, had consistent spatial expression patterns between
P7 and P14 and were expressed in all regions (Figure 2).
These results indicate that Wnts and their receptors are
expressed during synapse formation and suggest that Wnt
signaling might regulate the development of synapses in
the hippocampus.

Subcellular expression of Fzd3

We used an antibody to Fzd3 to examine the subcellular
localization of Fzd3 in hippocampal cultures. Green fluo-
rescent protein (GFP) transfected neurons were immunos-
tained for GFP and Fzd3 at 14 days in vitro (14 DIV). We
found that Fzd3 was heavily expressed in cell bodies, den-
drites and axons (Figure 3A, B). To explore whether Fzd3
puncta were associated with presynaptic puncta, we also
stained hippocampal cultures for Vesicular glutamate
transporter 1 (VGLUT1) along with GFP and Fzd3. We
found that Fzd3 colocalized with some VGLUT1 puncta
(Figure 3C, arrows), but other VGLUT1 puncta did not
colocalize with Fzd3 (Figure 3C, asterisks). These results
suggest that Wnts likely act locally at presynaptic termi-
nals and indirectly at sites along axons, dendrites, or at the
soma.

Development of hippocampal synapses in vitro

To explore the effects of Wnts on synapse formation, we
first established the time window of synaptogenesis in PO
hippocampal cultures. We immunostained cultures at 8
DIV and 14 DIV with an excitatory presynaptic marker,
VGLUT1, and a dendritic marker, Microtubule associated
protein 2 (MAP2; Figure 4A). We found that during the
second week in vitro, the number of presynaptic inputs
increased dramatically (Figure 4B). We also found that 85
+ 2% of VGLUT1 puncta colocalized with postsynaptic
Membrane associated guanylate kinases (MAGUKSs; Figure
3C-F), determined by staining with an anti-pan-MAGUK
antibody. This high rate of colocalization with postsynap-
tic markers indicates that the number of VGLUT1 puncta
associated with dendrites is representative of the number
of synapses and that the increase in the number of
VGLUT1 puncta between 8 DIV and 14 DIV reflects an
increase in the number of synapses during this period.
Consistent with this interpretation, there is a marked
increase in synaptic currents in hippocampal cultures
between 8 DIV and 14 DIV (EKD and AG, unpublished
observation).
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Figure |

Whnt expression in the developing hippocampus. (A, B) Negative control in situ hybridizations at postnatal day 7 (P7) (A)
and P14 (B). (C-H) Three Wnts are broadly expressed during synaptogenesis in the hippocampus. Wnt5a is expressed in all
subregions at both P7 (C) and P14 (D). Wnt7a is expressed in the dentate gyrus at P7 (E) and in the dentate gyrus and CAl
regions at P14 (F; arrows). Wnt7b is expressed in all subregions at P7 (G) and P14 (H). Expression was determined using 20
maghnification to differentiate signal from background.
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Table I: Wnt expression in the developing forebrain
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Gene Hippocampus Piriform cortex

Entorhinal cortex

Olfactory bulb Cortex Thalamus

Whtl - +
Whnt2 - -
Wnt2b - -
Whnt3
Wht3a - -
Whnt4

Wht5a + +
Wnt5b - -
Whnté -
Wht7a +
Wnt7b +
Wht8a - -
Wnt8b
Whnt9a - -
Whnt9b - -
Whtl0a
Wntl0b - -
Whitl | - -
Wntl 6

.
.
'

+ 4+

.
+ 4+
+ 4

Activation of the canonical Wnt pathway promotes
synapse formation

The Wnts expressed in the hippocampus at the peak of
synapse formation have been implicated in the activation
of both canonical and noncanonical pathways. Wnt7a
and Wnt7b specifically have been identified as canonical
Wnt pathway activators. To verify their role as canonical
pathway inducers, we examined the consequences of
exposing PO hippocampal cultures to either recombinant
Wnt protein or Wnt conditioned media for 36 hours. The
cellular response to different Wnts was determined using
an anti-'active' B-catenin antibody that identifies non-
phosphorylated B-catenin by binding to the GSK3p phos-
phorylation site on B-catenin [14]. In our cultures, appli-
cation of LiCl, an inhibitor of GSK3p, produced a strong
increase in the intensity of 'active' B-catenin in both the
nucleus and soma, verifying the effectiveness of the anti-
body (Additional file 3).

We first examined the intensity of 'active' B-catenin at 10
DIV after the application of Wnt3a. Wnt3a is strongly
associated with activation of the canonical pathway
[15,16] and consequently served as a positive control. As
expected, application of Wnt3a resulted in greater than a
two-fold increase in 'active' -catenin intensity in both the
soma and the nucleus (Figure 5B, E, F). This increase in p-
catenin indicates that cultured hippocampal neurons
have the ability to activate f-catenin and relay a canonical
Wnt signal. Application of recombinant Wnt7a or Wnt7b
conditioned media also led to an increase in intensity of
‘active’ B-catenin immunofluorescence (Figure 5C-F),
indicating that these Wnts can activate the canonical sign-
aling pathway in hippocampal neurons. Staining results

for Wnt7a purified protein application were confirmed
using western blotting (Additional file 4).

To determine if Wnt proteins that activate canonical sign-
aling influence synapse formation, we examined the
effects of exposing hippocampal cultures to recombinant
Wnt proteins or Wnt conditioned media. We treated cul-
tures at 8 DIV and examined the number of VGLUT1
puncta per area of dendrite after 36 hours. Application of
Wnt3a, Wnt7a, or Wnt7b increased the number of excita-
tory presynaptic puncta (Figure 6A-F), suggesting that
canonical Wnt signaling positively influences synapse for-
mation.

To further explore the role of Wnt signaling in synapse for-
mation, we examined the effects of manipulating different
parts of the canonical signaling pathway. We first inhib-
ited canonical Wnt signaling at the level of the receptor by
incubating cultures with Dickkopf-1 (Dkk-1) [17]. Dkk-1
promotes internalization of the LRP5/6 coreceptor, which
is required to relay a canonical signal, but not a nonca-
nonical signal. We found that Dkk-1 destabilized B-cat-
enin levels (Additional file 5). Addition of recombinant
DKkk-1 from 12-14 DIV resulted in decreased excitatory
presynaptic puncta number (Figure 6G-H), indicating
that activation of the endogenous canonical pathway con-
tributes to synapse formation.

Next, we examined the consequences of manipulating
downstream canonical signaling components (Figure 7E).
To mimic a canonical Wnt signal, we applied lithium
chloride (LiCl) at 12 DIV for 48 hours, which leads to sta-
bilization of B-catenin by inhibiting GSK3p [18]. Consist-
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Figure 2

Fzd expression in the developing hippocampus. (A, B) Negative control in situ hybridizations at P7 (A) and P14 (B). (C-
H) Three of six Fzds tested are expressed in the hippocampus during development of synapses. All three Fzds, Fzd3 (C, D),
Fzd5 (E, F), and Fzd8 (G, H) are expressed in all three subregions at both P7 and P14. Expression was determined using 20x
maghnification to differentiate signal from background labeling.
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Dendrite

Axon

Subcellular Fzd3 expression. (A) An image of a green fluorescent protein (GFP) transfected neuron in a low density area
stained for GFP (dark blue) and Fzd3 (green). Areas of overlap appear as light blue. (B) Sections on this neuron show that Fzd3
is expressed in both axons (B; left) and dendrites (B; right). (C) Staining of a GFP transfected neuron with VGLUT (red), Fzd3
(green), and GFP (dark blue). Some excitatory presynaptic puncta colocalize with Fzd3 (arrows) and some do not (asterisks).

Scale bar =2 um.

ent with a role of canonical signaling in promoting
synapse formation, we observed an increase in the
number of presynaptic inputs per area of dendrite in
response to LiCl treatment (Figure 7A, B). Additionally,
neurons transfected with a constitutively active form of p-
catenin at 7 DIV showed an increase in the number of pre-
synaptic inputs per area of dendrite at 14 DIV (Figure 7C,
middle, and 7D). Conversely, neurons transfected with
full length axin, which inhibits B-catenin, decreased the
number of presynaptic puncta (Figure 7C, right, and 7D).
These results show that mimicking the canonical Wnt sig-

nal increases the number of presynaptic inputs and inhib-
iting the canonical Wnt signal decreases the number of
presynaptic inputs. Taken together, these results suggest
that activation of B-catenin signaling promotes synapse
formation.

Noncanonical Wnt signaling inhibits presynaptic inputs

Of the Wnts expressed in the developing hippocampus,
only one, Wnt5a, has been strongly implicated as a non-
canonical Wnt pathway activator. However, Wnt5a has
also recently been shown to signal through B-catenin [19].

Page 6 of 17

(page number not for citation purposes)



Neural Development 2008, 3:32

http://www.neuraldevelopment.com/content/3/1/32

A 8DIV 14DIV B
VGIUuT1  MAP2 VGIUT1  MAP2 ). .
© T
E 1
S5 ~ 1.5
[eN o}
— @
= N
5%
e 11
25
g2
27 051
>
Z
" 8DIV  14DIV
VGLUT1 MAGUKS MAP2 Merge

Figure 4

-

Development of synapses in postnatal day 0 (P0) hippocampal cultures. (A) Representative images of immunofluo-
rescence staining of Microtubule associated protein 2 (MAP2; dark blue) and Vesicular glutamate transporter | (VGLUTI;
green) at 8 days in vitro (8 DIV) (left) and 14 DIV (right). Scale bar = 2 um. (B) Quantification of presynaptic inputs per area of
dendrite at 8 DIV and 14 DIV (% standard error of the mean). To ensure equivalent staining, cells were fixed at respective days
and then stained with a single reaction. The number of inputs at 14 DIV is normalized to the number of inputs at 8 DIV. n = 47
fields of view. *p < 0.001, Students t-test. (C-F) Colocalization of VGLUT| puncta (C, F, red) with MAP2 (E, F, blue) and Mem-
brane associated guanylate kinase (MAGUKSs) (D, F, green). Scale bar = 2 um.

Therefore, we wanted to determine whether Wnt5a
behaves as a canonical or noncanonical Wnt in hippoc-
ampal cultures. We exposed cultures to recombinant
Wnt5a at 8 DIV for 36 hours. We found that Wnt5a
decreases 'active' B-catenin immunofluorescence inten-
sity, indicating that Wnt5a does not activate the canonical
pathway and may act as an antagonist to canonical signal-
ing (Figure 8A-D). This decrease was confirmed by west-
ern blotting (Additional file 4).

To determine if Wnt5a affects hippocampal synapse for-
mation, we exposed cultures to Wnt5a at 8 DIV for 36
hours and observed the effect on the number of VGLUT1
puncta. In contrast to canonical Wnts, exposure to Wnt5a
led to a significant decrease in the number of presynaptic
terminals (Figure 8E, F), implying that the activation of a
noncanonical pathway negatively regulates synapse for-
mation.

Finally, we wanted to examine the net effect of Wnt sign-
aling on synapse formation given the differential effect of
Wnts on VGLUT1 puncta number. To broadly inhibit Wnt
signaling, we applied secreted frizzled related protein 2
(sFRP2) to hippocampal cultures. sFRP2 is an endog-
enous secreted protein that has a binding domain similar
to Fzd [20]. We found that a two day incubation with
sFRP2, at 12-14 DIV, led to an increase in excitatory pres-
ynaptic puncta number (Figure 8G, H). These results sug-
gest that, overall, endogenous Wnts act as negative
regulators of synapse formation. However, the effect of
Wnts on a given cell is likely determined by the relative
activation of canonical and noncanonical pathways.

Discussion

Expression of Wnts and Fzds in the developing forebrain
Our results indicate that several Wnts are expressed in the
hippocampus during the peak of synapse formation in
development. Using in situ hybridization, we found that
of the 19 Wnt ligands, only a few are expressed in the hip-
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Wnt3a, Wnt7a, and Wnt7b activate the canonical pathway in hippocampal cultures. (A-D) Representative images
of 'active' B-catenin stabilization by endogenous Wnts (A), addition of recombinant Wnt3a (B; 150 ng/mL), and addition of
recombinant Wnt7a (C; 200 ng/mL), or Wnt7b conditioned media (D). Scale bar = 6 um. (E, F) Quantification of 'active' B-cat-
enin immunofluorescence intensity by Whnits in the nucleus (E) and soma (F). Each condition was normalized to the control
condition. (n = 428 cells; *p < 0.001, t-test for each control and experimental group pairing, error bars represent SEM). MAP2,

Microtubule associated protein 2.

pocampus, including Wnt3, Wnt5a, Wnt7a, and Wnt7b.
Previous studies investigating the developmental regula-
tion of Wnt expression have shown similar results. Shimo-
gori et al. [21] examined the developmental expression
profile of several Wnts (1, 2b, 5a, 7a, 7b, 8b) in multiple
regions of the brain. They found that Wnt5a, Wnt7a, and
Wnt7b are all expressed in the hippocampus from PO
through P20, consistent with our results, although the
areas showing expression are slightly different. Shimogori
et al. [21] also reported expression of Wnt8b in the DG
hilus at P20. We did not observe Wnt8b expression, but
Wnt8b may start being expressed shortly after our P14
time point. Using real time PCR, Cerpa et al. [22] reported
that in addition to Wnt5a and Wnt7a, Wntl1 and Wnt4
are expressed in hippocampal cultures at 10 DIV. We did
not find any Wnt4 expression in the hippocampus,

though in situ hybridization may not be sensitive enough
to detect low signal levels from background.

We also found that three of the six Fzd receptors we tested
are expressed during hippocampal development. These
Fzds were Fzd3, Fzd5, and Fzd8. At present, we do not
know which Fzd interacts with each Wnt, although it is
likely that the Wnts present in the hippocampus bind to
multiple Fzd receptors [23]. Indeed, Wnt5a has been
shown to interact with nearly all of the Fzd receptors [24-
27]. Additionally, we do not know which pathway each
Fzd is activating. It is currently unknown how Wnts bind-
ing to different Fzd receptors create such a large variation
in responses of the targeted cell, although this could be
attributed to the diversity of Fzds and Wnts. Previous work
has shown all three of the Fzds expressed in the develop-
ing hippocampus can activate both canonical and nonca-
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Figure 6 (see previous page)

Whnt proteins that activate [3-catenin signaling increase presynaptic inputs. (A, C, E) Representative images of con-
trol (A, C, E, left), Wnt3a (A, right), Wnt7a (C, right), or Wnt7b (E, right) treated cultures immunostained with Vesicular gluta-
mate transporter | (VGLUTI; green) and Microtubule associated protein 2 (MAP2; dark blue). Cultures were treated for 36
hours and stained at |0 days in vitro (10 DIV). The same concentrations of proteins were used as in Figure 4. Scale bar = 2 um.
(B, D, F) Quantification of the number of VGLUT | puncta per area of dendrite for Wnt3a (B; n = 79 fields of view; **p < 0.001,
Students t-test), Wnt7a (D, n = 59 fields of view; **p = 0.05, Students t-test), or Wnt7b (F; n = 82 fields of view, *p < 0.001,
Student's t-test) treated cultures. All conditions were normalized to control. Error bars represent SEM. (G) Representative
images of control (left) and Dkk-1 (right; | pg/mL) treated cells stained with VGLUT (green) and MAP2 (dark blue) at 14 DIV
after 48 hours of treatment. Scale bar = 2 pm. (H) Quantification of the number of VGLUTI puncta per area of dendrite (+
standard error of the mean). Dkk-| treatment was normalized to control treatment. (n = 80 fields of view, *p < 0.01, Students

t-test).

nonical pathways [24-30]. It is also possible that other
receptors for Wnts are present within the developing hip-
pocampus [31], which may mediate some of the effects of
Wnt proteins in synapse formation.

We find that the Wnts expressed in the developing hip-
pocampus have differential effects on stabilization of B-
catenin. Based on our evidence of increased B-catenin lev-
els when Wnt7a and Wnt7b is applied, and that of previ-
ous work [22,32], it is likely that Wnt7a and Wnt7b
activate the canonical pathway. We also find that Wnt5a
behaves in hippocampal cultures as previously described
[33-36]. Because Wnt5a antagonizes the canonical path-
way in our cultures, it is possible that it acts through the
Wnt/Ca2+ pathway [37] or even through an alternative
receptor, ROR2.

Canonical Wnt signaling promotes synapse formation

We found that activation of the canonical Wnt pathway
promotes synapse formation based on the evidence that
Wnts that activate canonical Wnt signaling increase the
number of presynaptic terminals per area of dendrite. The
canonical pathway regulates presynaptic inputs through a
series of events that begins with Wnts binding to the Fzd-
LRP5/6 coreceptor, as indicated by the reduction of presy-
naptic inputs when this complex is inhibited by Dkk-1.
The activation of the coreceptors leads to stabilization of
B-catenin, indicated by the increase in presynaptic inputs
when B-catenin levels are increased either by inhibition of
GSK3pB by LiCl or transfection of a constitutively active
form of B-catenin. Additionally, when Wnt signals are
blocked by transfection of axin, which is part of the com-
plex that degrades B-catenin, we see a reduction of inputs.

There are several mechanisms by which increased f-cat-
enin levels might promote synapse formation. First, Wnts
that activate the canonical signaling pathway might act
solely to stabilize B-catenin, which can in turn stabilize N-
cadherin, and therefore act as part of a cell adhesion
mechanism [38,39]. Second, canonical Wnts could acti-
vate the classic canonical pathway to initiate transcription

of synaptic components such as EphB/EphrinB [40],
which have been shown to cluster NMDA receptors [41].
Third, activation of the canonical pathway might act to
localize presynaptic vesicles at the synapse through p-cat-
enin stabilization [42]. An important goal of future exper-
iments will be to identify the mechanisms by which -
catenin signaling promotes synapse formation.

An interesting observation is that Wnt3a activates B-cat-
enin much more strongly than Wnt7a or Wnt7b and yet,
the degree to which Wnt3a increases synapses is approxi-
mately the same as Wnt7a or Wnt7b. It therefore appears
that the level of nuclear Wnt signaling is not the sole
determinant of synaptogenic activity. It is likely that
Wnt7a and Wnt7b activate other signaling pathways, such
as the Wnt-GSK3-microtubule or Wnt-mTOR (mamma-
lian target of rapamycin) pathways. These pathways might
cooperate with the canonical signaling pathway to regu-
late synapse number.

Noncanonical Wnt signaling inhibits synapse formation

In addition to effects of the canonical Wnt pathway, we
also wanted to explore the effect of a noncanonical Wnt
pathway on the development of synapses. We found that
in hippocampal cultures, Wnt5a decreased B-catenin lev-
els and reduced the number of presynaptic puncta. We do
not yet know the pathway by which Wnt5a exerts its effect,
but it is likely to be a noncanonical pathway that antago-
nizes the canonical pathway [4]. By antagonizing the
canonical pathway, Wnt5a may inhibit any of the previ-
ously proposed mechanisms for prosynaptogenic effects
of canonical pathway activation. The effects of Wnt5a on
synapse number results is not a consequence of reduced
axon outgrowth as preliminary data show an increase in
the overlap of axons and dendrites in Wnt5a treated cul-
tures.

Our observation that Wnt5a decreases the number of syn-
aptic inputs differs with a study by Cerpa et al. [22] in
which they report that Wnt5a had no effect on B-catenin
or on presynaptic input number. There are several key dif-
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Figure 7

The canonical Whnt signaling pathway increases presynaptic inputs. (A) Representative images of Microtubule associ-
ated protein 2 (MAP2; dark blue) and Vesicular glutamate transporter | (VGLUT I; green) staining at |14 days in vitro (14 DIV)
after 48 hours of treatment with NaCl (Control; left; 4 mM) or LiCl (right; 4 mM). Scale bar = 2 um. (B) Quantification of the
number of VGLUT | puncta per area of dendrite ( standard error of the mean). LiCl treatment was normalized to the control
condition (n = 58 field of views; **b < 0.001, Students t-test) (C) Representative images of dendrites immunostained with green
fluorescent protein (GFP; dark blue) and VGLUT (green) at 14 DIV after transfection of GFP (left), constitutively active (CA)
[-catenin (middle) or axin (right) at 7 DIV. Scale bar = 2 um. (D) Bar histogram showing the quantification of the number of
VGLUTI puncta per area of dendrite (£ standard error of the mean). All conditions were normalized to the control condition
(n = 134 cells; *p < 0.05, **p = 0.001, ANOVA, then Tukey test). (E) Diagrammatic representation of the effects of Wnt, LiCl,
and Axin on the regulation of B-catenin
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Figure 8 (see previous page)

Whnt5a acts through a non-canonical pathway and decreases the number of presynaptic inputs. (A, B) Represent-
ative images of 'active' B-catenin immunostaining in control (A) and Wnt5a (A; 200 ng/mL) treated cells. Scale bar = 6 um. (C,
D) Quantification of 'active' B-catenin immunofluorescence intensity (+ standard error of the mean) in the nucleus (C) and
soma (D). Whntb5a treated cultures were normalized to the control condition (n = 220 cells, ***p < 0.001, Students t-test). (E)
Representative images of control (left) and Wnt5a (right; 200 ng/mL) treated cells immunostained with Vesicular glutamate
transporter | (VGLUTI; green) and Microtubule associated protein 2 (MAP2; dark blue) at 10 days in vitro (10 DIV). Scale bar
=2 pum. (F) Quantification of VGLUT | puncta per area of dendrite (+ standard error of the mean; n = 60 fields of view; *¥p =
0.001, Students t-test). (G) Cultures in which endogenous Wnts were inhibited with secreted Frizzled related protein 2
(sFRP2). Control (left) and sFRP2 (right; 200 ng/mL) treated cells were stained at 14 DIV with VGLUT (green) and MAP2
(dark blue). Scale bar = 2 um. (H) Quantification of sFRP2 effects on the number of VGLUT | puncta per area of dendrite (£
standard error of the mean; n = 59 fields of view; *p = 0.05, Students t-test).

ferences between the experiments presented here and
those carried out by Cerpa et al. [22]. The timing, dura-
tion, and type of Wnt application are vastly different
between the two studies. We applied purified recom-
binant protein for a period of 36 hours while Cerpa et al.
[22] applied conditioned media for several hours. Cerpa
et al. [22] used neurons that were 14-21 DIV whereas we
used more immature neurons at 8 DIV, when synapses are
still forming. Studies within our lab (data not shown)
show that cultures are fully mature by 21 DIV and even
show elimination of synapses by this time. Therefore, the
effects of the Wnts on synapse number that Cerpa et al.
[22] were studying would be largely on the maturation of
the synapses and not on the initial formation, as in our
experiments.

One additional difference between our study and the
study by Cerpa et al. [22] is the type of synaptic markers
they used in quantifying synapses. They used a synapto-
physin antibody that labels both inhibitory and excitatory
inputs, and did not see an effect of Wnt5a, whereas we
used VGLUT1, which only labels VGLUT1-positive excita-
tory inputs. To address this discrepancy, we stained for
three different presynaptic markers, VGAT (inhibitory
inputs), VGLUT1 (excitatory inputs), and Synapsin (total
synaptic input). We did not find differences with applica-
tion of Wnt5a on the number of Synapsin or VGAT puncta
(data not shown). A lack of an effect on total Synapsin-
positive puncta could be accounted for by the fact that
there is an additional population of excitatory inputs that
is not labeled by the VGLUT1 marker.

Opposing roles of Wnts during synapse formation

Our results show that inhibition of endogenous Wnts by
sFRP2 leads to an increase in presynaptic inputs, suggest-
ing that Wnt5a is the dominant Wnt during synapse for-
mation in hippocampal cultures. This could be due to
higher Wnt5a expression than Wnt7a and Wnt7b com-
bined or a higher affinity of Wnt5a for Fzd receptors,
either of which would lead to more noncanonical path-
way activation than B-catenin activation. While the mech-

anism of competition between canonical and
noncanonical pathway activators is not yet known, there
have been two studies that would suggest that Wnt5a is
dominant over canonical Wnts. Both studies applied
Wnt5a along with Wnt3a. One study found that Wnt5a
lowers B-catenin levels, even when Wnt3a is added along
with Wnt5a [36]. Another study shows opposing effects of
Wnt5a and Wnt3a in the differentiation of stem cells.
When both Wnt3a and Wnt5a are applied, Wnt5a effects
are dominant [43]. Thus, we favor the hypothesis that the
effects of Wnt5a are dominant over the effects of Wnt7a
and Wnt7b when all are present.

Previous studies have reported divergent effects of Wnts in
synapse formation. Wnts have been shown to be antisyn-
aptogenic in C. elegans by a mechanism that does not
involve the canonical pathway [10]. Wnt4 in Drosophila
embryos also has an antisynaptogenic activity [11].
Although the authors do not suggest a pathway through
which this is mediated, Wnt4, which is most closely
related to mammalian Wnt9a and Wnt9b, has previously
been described as a noncanonical Wnt [3]. Conversely, in
mammals, Wnts have been shown to be pro-synap-
togenic. Wnt7a, which can activate the canonical Wnt sig-
naling, was found to alter growth cone complexity and
promote synapse formation in the cerebellum [7]. Based
on these observations, together with the findings pre-
sented here, we suggest that the pro- and anti-synap-
togenic effects of Wnts on synapse formation are generally
mediated by the level of activation of canonical Wnt sign-
aling.

Conclusion

The most striking observation from our experiments is
that canonical Wnt pathway activation has the opposite
effect on presynaptic inputs as noncanonical Wnt path-
way activation. Previous work has shown Wnts to be both
pro- and anti-synaptogenic, although these studies were
done in several different systems with different Wnt pro-
teins. We show here, in the same system, that Wnts exert a
bidirectional influence on synapse formation.
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Materials and methods

All experiments have been carried out under the Univer-
sity of California, San Diego's Animal Care and Use Com-
mittee guidelines.

Hippocampal cultures

Hippocampi were dissected from PO Long Evans rats, dis-
sociated, and plated onto 8-well LabTek chamber slides
(Nunc, Rochester, NY, USA) coated with poly-d-lysine
(Millipore, Billerica, MA, USA) and laminin (Sigma, St
Louis, MO, USA) at a density of 80,000 cells/well. Cul-
tures were grown for 8 or 12 days at 37 °C with 5% carbon
dioxide atmosphere. Cells were then treated with for 36
hours with lithium chloride (4 mM), sFRP2 (200 ng/mL),
recombinant Dkk-1 (200 ng/mL), recombinant Wnt3a
(150 ng/mL), recombinant Wnt5a (200 ng/mL), recom-
binant Wnt7a (200 ng/mL) or Wnt7b conditioned media.
All proteins were obtained from R&D Systems (Minneap-
olis, MN, USA) and reconstituted in 0.1% bovine serum
albumin in 1x phosphate-buffered saline (PBS). Cells
treated with Wnt proteins and their control conditions
were changed into 5% fetal bovine serum (FBS) media
upon addition of the protein or control buffer. To control
for nonspecific binding of sFRP2, heat inactivated protein
was added to the control condition.

Wnt7b conditioned media was prepared by plating
HEK293T cells in 60 mm dishes at a density of 2 million
cells/dish in 10% FBS media. HEK293T cells were then
transfected 24 hours after plating with either Wnt7b or
GFP using Fugene (Roche, Mannheim, Germany). The
Fugene transfectant was washed off 24 hours later and
cells were changed into a 2% FBS media. HEK293T cells
were incubated for 72 hours. Wnt7b or control condi-
tioned medium was then supplemented with B27 and
Glutamax (Invitrogen, Carlsbad, CA, USA), and glucose
(to 120 mM) and then added directly to hippocampal cul-
tures.

Calcium phosphate rransfection and constructs

The constitutively active B-catenin and full length axin
constructs were generously donated by Dr Tannishtha
Reya. PCR amplification was used to purify the inserts
with the following primer pairs: axin forward, CGC CCG
CGC CCA TGC AGA GTC CCA AAA TGA ATG TCC; axin
reverse, CGC CCC GGG TCA GTC CAC CTTTTC CAC CTT
GCC; constitutively active B-catenin, forward, CGC GGC
CGC CCA TGG CTA CTC AAG CTC ACC TGA TG; consti-
tutively active B-catenin, reverse, CGC CCC GGG TTA
CAG GTC AGT ATC AAA CCA GGC CAG. Inserts were
then ligated into an IRES-GFP construct.

Constructs were transfected into hippocampal cultures at
7 DIV by calcium phosphate transfection. Briefly, low glu-
cose DMEM (Dulbecco's modified Eagle's medium; Invit-

http://www.neuraldevelopment.com/content/3/1/32

rogen, Carlsbad, CA, USA) was added to cells just before
preparation of transfectant. DNA was mixed with 250 mM
calcium chloride and then added to an equal volume of
2x HEBS. Twenty five microliters of transfectant solution
were added to each well. Cells were incubated at 37°C for
approximately 20 minutes and then washed with low glu-
cose DMEM. DMEM was replaced with fresh media after
the last wash. Cells were incubated for an additional seven
days before fixation.

Immunohistochemistry

Hippocampal cultures were briefly washed with 1x PBS
and then fixed in 4% paraformaldehyde/4% sucrose solu-
tion for 20 minutes. Cells were permeated with a blocking
solution of 3% bovine serum albumin and 0.1% Triton-X
for 30 minutes in 1x PBS. Cells were immunolabeled with
anti-'active' B-catenin (Millipore; 1:1,000), anti-VGLUT1
(Millipore; 1:5,000), anti-Fzd3 (R&D; 1:500), anti-pan
MAGUK (NeuroMAD; Davis, CA, USA; 1:500), and/or
anti-MAP2 (Sigma; 1:5,000) for 2 hours at room temper-
ature or overnight at 4°C. Cultures were washed four
times with blocking solution and then incubated with sec-
ondary antibodies (Jackson Immunoresearch, West
Grove, PA, USA, or Molecular Probes, Eugene, OR, USA;
1:1,000) for 1 hour at room temperature. Cells were cov-
erslipped using Fluormount-G (Southern Biotech, Bir-
mingham, AL, USA).

Imaging and data analysis

Z-stacks of random views of VGLUT1, MAP2, and
MAGUKs or GluR2/3 immunofluorescence were captured
with a Leica confocal microscope with conditions blinded
to the experimenter. At least 10 images were taken per
experiment and all experiments were repeated three or
more times. Flattened Z stack images were first median fil-
tered with radius of one pixel to reduce background noise
and then thresholded to obtain discrete VGLUT1 puncta.
The same threshold values were used throughout an entire
set of images. The dendrite area was measured and the
number of puncta that colocalized with the dendrite was
quantified.

For B-catenin experiments, random images were taken of
cell bodies stained with MAP2 and 'active' B-catenin. At
least six fields of view were taken of each experiment and
experiments were repeated at least two times. A region of
interest was identified within the nucleus and soma for
each cell and the average intensity was measured for each
region of interest.

All data analysis was performed using Image]. Student's t-
tests were used to determine significance between control
and the experimental group. For results with more than
two conditions, a single factor ANOVA was first per-
formed and following statistical significance, a Tukey test
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was performed. Images prepared for figures have been
enhanced in Photoshop 6.0 using a median filter to
decrease background noise.

Western blotting

Proteins from total cell extracts were separated on an 8%
Bis-tris polyacrylamide gel. Blotting procedures were per-
formed according to standard protocols and immunodec-
tion of 'active' B-catenin (1:5000) and B-tubulin (Abcam;
1:5000) was carried out.

In situ hybridization

P7 and P14 mice were perfused with 4% paraformalde-
hyde in 0.1 M phosphate buffer. The brains were removed
from the skull and post-fixed in 4% paraformaldehyde in
0.1 M phosphate buffer for 24 hours at 4°C. The tissue
was then washed with 250 mM EDTA in 0.1 M phosphate
buffer for 24 hours and then incubated in 25% sucrose for
up to 72 hours at 4°C. Brains were embedded in Tis-
sueTek (Sakura, Torrance, CA, USA), frozen, and then
stored at -80°C. Thirty micron horizontal sections were
then cut using a cryostat.

In situ hybridization was performed on sections with a
probe concentration of 600 ng/mL in hybridization solu-
tion at 58°C for 36 hours. Hybridization was followed by
sequential washes with 5x (5 minutes), 2x (1 minute),
50% formamide in 0.2x (30 minutes), and 0.2x (5 min-
utes) SSC at 58°C. Sections were then blocked for 1 hour
in 1% Blocking reagent (Roche) followed by a three hour
incubation at room temperature in anti-DIG-AP (Roche;
1:3,000). Signals were detected using nitro blue tetrazo-
lium and 5-bromo-4-chloro-3-indolyl phosphate (NBT/
BCIP) for at least 2 hours and no more than 12 hours at
room temperature. The hybridization signal was com-
pared with sections using a sense probe under identical
conditions. All probes were designed and made previ-
ously by the Yimin Zou lab [44].
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Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-3-32-S1.pdf]

Additional file 2

Wnt, sFRP2, and Fzd3 expression in the thalamus at P14. A nissl
stained section is included for reference.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-3-32-S2.pdf]

Additional file 3

Lithium chloride increases 'active' f-catenin. (A, B) Images of control
(A) and LiCl (B) treated neurons stained for Microtubule associated pro-
tein 2 (MAP2) and 'active' f-catenin. Scale bar = 6 um. (C, D) Bar his-
tograms showing normalized intensity of ‘active' f-catenin
immunofluorescence increases (+ standard error of the mean) in the
nucleus (C) and soma (D) with lithium chloride activation. n = 131 cells,
*p < 0.001, Students t-test.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1749-
8104-3-32-83.pdf]

Additional file 4

Whnt7a increases and Wnt5a decreases 'active' B-catenin in hippocam-
pal cultures. (A) Representative images of Wnt7a versus control f-cat-
enin levels (top). B-tubulin was used as a loading control (bottom). (B)
Representative images of [-catenin levels in control and Wnt5a treated
conditions (top). B-tubulin was used as a loading control (bottom). (C)
Bar histograms showing the relative stabilization of [-catenin in control,
and Wnt7a or Wnt5a treated neurons. Error bars represent standard error
of the mean. Wnt7a and Wnt5a treated conditions are normalized to con-
trol. *p < 0.01, Student's t-test.

Click here for file
[http://www.biomedcentral.com/content/supplementary/1749-
8104-3-32-S4.pdf]

Additional file 5

Dkk-1 decreases 'active' -catenin. (A, B) Representative images of con-
trol (A) and Dkk-1 (B) treated neurons stained for Microtubule associ-
ated protein 2 (MAP2; blue) and ‘active' f-catenin. (C, D) Bar graphs
showing normalized intensity of 'active' B-catenin immunofluorescence
decreases in the nucleus (C) and soma (D). Error bars represent standard
error of the mean. n = 348 cells, *p < 0.001, Student's t-test. Dkk-1 treat-
ment condition was normalized to control.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1749-
8104-3-32-S5.pdf]
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