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 1	
Wnt ligands play crucial roles in the 2	

development and regulation of synapse structure 3	
and function. Specifically, Wnt-5a acts as a 4	
secreted growth factor that regulates dendritic 5	
spine formation in rodent hippocampal neurons, 6	
resulting in postsynaptic development that 7	
promotes the clustering of the postsynaptic 8	
density protein-95 (PSD-95). Here, we focused 9	
on the early events occurring after the interaction 10	
between Wnt-5a and its Frizzled receptor at the 11	
neuronal cell surface. Additionally, we studied 12	
the role of heterotrimeric G proteins in Wnt-5a- 13	
dependent synaptic development. 14	
We report that Frizzled9 (FZD9), a Wnt receptor 15	
related to Williams’ syndrome, is localized in the 16	
postsynaptic region, where it interacts with Wnt- 17	
5a. Functionally, FZD9 is required for the Wnt- 18	
5a-mediated increase in dendritic spine density. 19	
FZD9 forms a pre-coupled complex with Gαo 20	
under basal conditions that dissociates after Wnt- 21	
5a stimulation. Accordingly, we found that G- 22	
protein inhibition abrogates Wnt-5a-dependent 23	
pathway in hippocampal neurons. In particular, 24	
the activation of Gαo appears to be a key factor 25	
controlling the Wnt-5a-induced dendritic spine 26	
density. In addition, we found that Gβγ is 27	
required for the Wnt-5a-mediated increase in 28	

cytosolic calcium levels and spinogenesis. Our 29	
findings reveal that FZD9 and heterotrimeric G 30	
proteins regulate Wnt-5a signaling and dendritic 31	
spines in cultured hippocampal neurons. 32	

INTRODUCTION  33	
 34	

The Wnt family proteins are secreted 35	
growth factors that regulate developmental 36	
processes, such as cell fate and polarity and 37	
general cell maintenance events, by modulating 38	
homeostasis and the cell cycle (1,2). 39	
Furthermore, Wnt signaling controls various 40	
steps in the differentiation of the central nervous 41	
system (3-5), including axon guidance, dendrite 42	
development, synapse formation and plasticity 43	
(6,7). Certain Wnt ligands, such as Wnt-7a and 44	
Wnt-3a, regulate the development and activity of 45	
the pre- and postsynaptic regions of 46	
glutamatergic synapses (8-10). Similarly, 47	
previous results have shown that Wnt-5a 48	
regulates the synaptic structure and function by 49	
inducing the clustering of PSD-95 through the 50	
activation of the c-Jun N-terminal kinase (JNK) 51	
(11) and modulates glutamate receptors through 52	
nitric oxide production (12). Additionally Wnt- 53	
5a promotes the de novo formation of dendritic 54	
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spines in hippocampal neurons (13) through the 55	
non-canonical Wnt/Ca+2 pathway.  56	

The Frizzled (FZD) family has ten 57	
members in vertebrates and represents 58	
unconventional G protein-coupled receptors 59	
(GPCRs) (14). FZD proteins have been identified 60	
as Wnt receptors, and they can mediate the 61	
signaling triggered by several Wnt ligands. Wnt- 62	
5a activity in different model systems has been 63	
linked to several FZDs receptors and other co- 64	
receptors (15-18). However, the FZD receptor 65	
mediating Wnt-5a signaling and spine formation 66	
in hippocampal neurons has not yet been 67	
identified.  68	

Several signaling cascades can be 69	
triggered upon Wnt binding to a FZD receptor, 70	
including canonical (i.e., β-catenin-dependent) 71	
and non-canonical pathways (19). Consistent 72	
with their GPCR identity, recent studies have 73	
revealed that FZD receptors can induce Wnt 74	
signaling-dependent activation of G proteins 75	
(20,21). Heterotrimeric G proteins are composed 76	
of a guanine nucleotide-binding α-subunit (Gα) 77	
and a βγ complex (Gβγ). In the resting state, Gα 78	
is bound to GDP and associated with Gβγ and a 79	
GPCR. This complex is dissociated when Gα 80	
binds to GTP, activating Gα and the Gβγ 81	
complex, which allows them to regulate their 82	
downstream effectors (22). The Gα subunits are 83	
separated into four families based on sequence 84	
homology (Gαi/o, Gαs, Gαq, and Gα12/13) (23), 85	
each activating different pathways.  86	

It has been shown that FZDs act as 87	
guanine nucleotide exchange factors (GEF) for 88	
Pertussis toxin (PTX)-sensitive G-proteins in 89	
vivo (Gαi/o), mediating both canonical and non- 90	
canonical signaling in Drosophila (24). In the 91	
Wnt/Ca2+ pathway, the G-proteins, particularly 92	
the PTX-sensitive Gα subunits, have been shown 93	
to be functional in several Wnt-dependent 94	
processes (25-27). However, the role of the G- 95	
proteins in Wnt-5a signaling in hippocampal 96	
neurons has not been clarified.  97	

Here, we used hippocampal cultures, 98	
confocal fluorescent microscopy and a 99	
combination of pharmacological and molecular 100	
approaches to characterize the cascade 101	
downstream of Wnt-5a that is relevant for 102	
dendritic spine development. Based on previous 103	
findings showing that FZD9 plays a key role in 104	
the formation of neuronal connectivity (28,29) 105	
and that FZD9-null mice display hippocampal 106	
learning defects (30), we focused on the possible 107	
function of this receptor. We report that the 108	
activation of the non-canonical cascade by Wnt- 109	

5a required the FZD9 receptor. Also, we found 110	
that this receptor is located in the postsynaptic 111	
region, suggesting a role in Wnt-5a-induced 112	
postsynaptic remodeling. Additionally, the 113	
increase in the intracellular Ca+2 concentrations 114	
produced by Wnt-5a was dependent on FZD9. 115	
On the other hand, we found that FZD9 interacts 116	
with heterotrimeric G proteins, particularly the 117	
Gαo, and that this process is crucial for the 118	
formation of dendritic spines, postsynaptic 119	
remodeling and activation of the signaling 120	
cascade. Our results increase the comprehension 121	
of the Wnt signaling cascade in hippocampal 122	
neurons and confirm the key role of 123	
heterotrimeric G proteins in the Wnt-5a pathway. 124	

 125	
RESULTS 126	
 127	
Postsynaptic distribution of the FZD9 128	

receptor in hippocampal neurons. -To determine 129	
whether FZD9 mediates the Wnt-5a 130	
synaptogenic effects in hippocampal neurons, we 131	
first studied the subcellular localization of this 132	
receptor. It has been reported that FZD9 133	
expression increases during embryonic 134	
hippocampal development (31), similar to Wnt- 135	
5a (13). However, because Wnt-5a regulates 136	
synaptic development, we first analyzed the 137	
synaptic distribution of FZD9 in cultured 138	
hippocampal neurons at DIV14. Our 139	
immunolocalization studies showed that FZD9 140	
was distributed in a punctate pattern in the 141	
neuronal processes, as previously reported (31), 142	
and co-localized with the postsynaptic density 143	
scaffolding protein PSD-95 (Fig. 1A). This 144	
observation was supported by the Manders 145	
overlap coefficient, which represents the number 146	
of co-localized pixels expressed as a fraction of 147	
the total number of pixels in each channel. The 148	
co-localization index between PSD-95 and FZD9 149	
was significantly higher than the co-localization 150	
between FZD9 and Piccolo, a presynaptic marker 151	
(Fig. 1B). Additionally, PSD-95 displays a 152	
higher co-localization index with FZD9 than 153	
those with FZD2, FZD3 or FZD7 and PSD-95, 154	
suggesting that this co-distribution was specific 155	
for FZD9 (Fig. 1C). The postsynaptic 156	
distribution of FZD9 was also analyzed 157	
biochemically in adult rat brains. Synaptosomal 158	
preparations were separated in synaptophysin 159	
(SYP)-enriched (Triton X-100 soluble) fraction 160	
and the PSD-95-enriched (Triton X-100 161	
insoluble) fraction (Fig.1D). Consistent with the 162	
distribution observed in the cultured neurons, 163	
western blot showed that FZD9 was highly 164	
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enriched in the PSD-95-containing fraction, 165	
whereas it was almost undetectable in the SYP- 166	
enriched fraction. Together, these data strongly 167	
suggest that FZD9 is located in the postsynaptic 168	
region of hippocampal neurons. 169	

Wnt-5a interacts with the Wnt-binding 170	
domain of FZD9 to increase cytoplasmic Ca+2 171	
and dendritic spine density in hippocampal 172	
neurons. -In different biological contexts, FZD9 173	
has been shown to be a functional receptor for 174	
the ligands Wnt-2, Wnt-7a and Wnt-8 (32-34). 175	
To assess whether FZD9 might also mediates the 176	
Wnt-5a cascade, we first performed a ligand- 177	
receptor binding assay between recombinant 178	
Wnt-5a and the cysteine-rich domain of FZD9 179	
(CRD The CRD of mouse -FZD9), which is a 180	
Wnt-binding domain (35). FZD9 (Leu24- 181	
Asp186) is fused to IgG. We also used the CRDs 182	
fused to IgG from FZD1, FZD2 and FZD5 in 183	
order to compare the interaction between Wnt-5a 184	
and these receptors. Immunoprecipitation of the 185	
CRDs-IgG chimera with A/G agarose beads and 186	
western blot analysis revealed that Wnt-5a 187	
immunoprecipitated with the CRD-FZD9 as 188	
other CRD-FZDs (Fig. 2A). The level of 189	
immunoprecipitation of Wnt-5a was almost the 190	
same with all the CRD-FZD used, suggesting 191	
that FZD9 has a similar potential to interact 192	
biochemically with Wnt-5a. These ligands- 193	
receptors interactions are weak, as they do not 194	
interact covalently (Figure 2A, right panel). Our 195	
biochemical assays indicates that FZD9 might be 196	
a functional receptor for Wnt-5a.  197	

Because Wnt-5a triggers an increase in 198	
intracellular Ca2+ concentration in hippocampal 199	
neurons (13), we attempted to understand the 200	
potential role of FZD9 in this effect by 201	
measuring the intracellular Ca2+ changes using 202	
the molecular probe Fura-2AM. To address this 203	
possibility experimentally, we measured the 204	
intracellular Ca2+ changes in hippocampal 205	
neurons treated with CRD-FZD9 and Wnt-5a. As 206	
expected, Wnt-5a treatment induced a rapid 207	
increase in the intensity of the Fura-2AM signal 208	
(340/380 ratio), indicating a positive signaling 209	
modulation in intracellular Ca2+ concentrations. 210	
Treatment with CRD-FZD9 blocked the Wnt-5a- 211	
mediated increase in the Ca2+ concentrations, 212	
while CRD-FZD9 have no effect (Fig. 2B). The 213	
area under the curve (A.U.C.) decreased from 214	
41.20±2.64 in the Wnt-5a-treated neurons to 215	
6.81±0.72 in Wnt-5a+CRD-FZD9 cells 216	
(p<0.001) (Fig. 2C). 217	

Previous observations have shown that 218	
Wnt-5a stimulates spinogenesis in cultured 219	

hippocampal neurons (13). Therefore, we next 220	
evaluated the potential role of CRD-FZD9 to 221	
block this process. To analyze dendritic spines 222	
hippocampal neurons were transfected with 223	
EGFP at DIV 10 to reveal in detail neuronal 224	
morphology. At DIV 14 neurons were fixed and 225	
immunostained with anti-PSD-95 to label post- 226	
synaptic structures. We observed that almost all 227	
the EGFP-protrusions were also labeled with 228	
anti-PSD-95, indicating that these protrusions 229	
effectively correspond to dendritic spine (Fig 230	
3A). Also, we performed a 3D reconstruction of 231	
the dendrite to further analyze the dendritic spine 232	
density and the spine width head using Imaris 233	
Software (Fig. 3A).  234	

In agreement with previous reports (13) 235	
we observed that Wnt-5a increased the dendritic 236	
spine density (Fig. 3B). Interestingly, the 237	
exogenous addition of CRD-FZD9 inhibited the 238	
Wnt-5a-mediated increase in the density of 239	
dendritic protrusions after 2 h of Wnt-5a 240	
treatment. 241	

To evaluate the potential role of the 242	
endogenous FZD9, we selectively decreased 243	
FZD9 expression using a short hairpin construct 244	
directed against FZD9 (shFZD9-EGFP) or its 245	
control vector (Fux-EGFP). Both constructs 246	
contained the EGFP gene to label the transfected 247	
cells and have been used previously (36). FZD9 248	
knockdown was evaluated by western blotting in 249	
the HT22 cell line, in which a marked decrease 250	
of FZD9 expression was observed in shFZD9- 251	
transfected cells compared with controls, but it 252	
failed to decrease the FZD5 and the FZD7 253	
expression (Fig. 4A). Additionally, we observed 254	
in hippocampal neurons the efficiency of the 255	
FZD9 knockdown, where the number of FZD9 256	
clusters was reduced in shFZD9-EGFP- 257	
transfected neurons (Fig. 4B, upper panel). 258	

Thereafter, we analyzed the effect of 259	
shFZD9-EGFP or control Fux-EGFP on Wnt-5a- 260	
induced the intracellular Ca2+ increase in 10 DIV 261	
hippocampal neurons. In Fux-EGFP-transfected 262	
neurons, the Fura-2 AM signal increased after 263	
Wnt-5a treatment; notably, this effect was not 264	
observed in neurons transfected with shFZD9- 265	
EGFP (Fig. 4C, D), as evidenced by the 266	
quantitative analysis. A significant reduction in 267	
A.U.C from 1.53±1.06 in the Fux-EGFP- 268	
transfected neurons to 0.44±0.27 in the shFZD9- 269	
EGFP-transfected neurons (p<0.05) was 270	
observed. As a control for Ca+2 entry, treatment 271	
with the Ca+2 ionophore ionomycin induced an 272	
intracellular Ca2+ increase in both neuronal 273	
populations without significant differences, 274	
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suggesting that both neuron populations can 275	
respond and produce a Ca2+ increase with a 276	
different stimulus than Wnt-5a (Fig. 4C). These 277	
experiments reveal that down-regulation of 278	
endogenous FZD9 selectively impairs the Wnt- 279	
5a-induced rapid increase in intracellular Ca2+ 280	
concentrations in hippocampal neurons. 281	

Additionally, dendritic spine density was 282	
measured in shFZD9-EGFP-transfected neurons 283	
after Wnt-5a treatment. As shown in Fig. 4E 284	
Wnt-5a treatment induced an increase in the 285	
number of dendritic protrusions in Fux-EGFP- 286	
transfected neurons, with a maximal effect at 2 h; 287	
however, this effect was reduced to basal levels 288	
in shFZD9-transfected neurons. To confirm these 289	
data, we used a different shRNA against FZD9 290	
(shFZD9c-EGFP, Cod. KH02416G) that is 291	
commercially available, that also express the 292	
EGFP protein to select the transfected neurons, 293	
which reduce the expression of FZD9 (Fig. 4B, 294	
lower panel). In the scramble-transfected 295	
neurons, there was a significant increase in the 296	
density of dendritic spines after the treatment 297	
with Wnt-5a (5.69±1.90 spine protrusions per 10 298	
µm dendrite length) compared to control 299	
conditions (3.4±1.51). This increase was not 300	
observed in shFZD9c-transfected neurons treated 301	
with Wnt-5a (4.16±1.07), as compared to the 302	
shFZD9c untreated neurons (4.30±1.31) (Figure 303	
4F). 304	

Taken together, our results suggest that 305	
FZD9 mediates Wnt-5a signaling inducing a 306	
rapid increase in the cytoplasmic Ca2+ 307	
concentrations and enhancing dendritic spine 308	
formation in hippocampal neurons.  309	

 310	
Wnt-5a specifically activates Gαo and 311	

decouples the FZD9-Gαo-Gβ complex in 312	
hippocampal neurons.- To determine whether 313	
Wnt-5a activates G-proteins we performed 314	
immunoprecipitation assays using specific 315	
antibodies that recognize the GTP-bound Gαo or 316	
the Gαi subunits, the active forms of the Gα 317	
proteins (Gαo-GTP or Gαi-GTP), in cultures of 318	
hippocampal neurons that were previously 319	
treated with Wnt-5a for different times periods. 320	
As a positive control, the untreated lysates were 321	
incubated with the non-hydrolysable GTP form 322	
GTPγS, which increase the activation state of G- 323	
proteins. Our results show that Wnt-5a induced a 324	
sustained activation of the Gαo subunit after 5 325	
min of exposure and remained active for at least 326	
60 min. In contrast, Wnt-5a was unable to alter 327	
the level of the active Gαi subunit (Fig. 5A), 328	
suggesting that Wnt-5a specifically induces the 329	

activation of Gαo. The IgG band shows that an 330	
equal amount of the antibody was used for the 331	
immunoprecipitations.  332	

Considering that FZD9 mediates the 333	
Wnt-5a responses, we next aimed to determine 334	
whether FZD9 acts as a GPCR. We treated 335	
DIV14 hippocampal neurons with Wnt-5a and 336	
then performed co-immunoprecipitation against 337	
total Gαo. Then the precipitates were analyzed by 338	
western blot sequentially against Gαo, FZD9 and 339	
Gβ1-5 (using an antibody that levels the five Gβ 340	
isoforms) in the same membrane. We found that 341	
FZD9 receptor was markedly co- 342	
immunoprecipitated with Gαo in unstimulated 343	
neurons (Fig. 5B) suggesting that FZD9 and Gαo 344	
interact under basal conditions in neurons, and 345	
then acting acts as a GPCR. Notably, when the 346	
neurons were treated with Wnt-5a for 30 min, the 347	
co-immunoprecipitation of FZD9 was 348	
significantly reduced. Additionally, we found 349	
that the interaction between Gαo and Gβ1-5 350	
decreases after Wnt-5a treatment, suggesting that 351	
the Gβγ complex is activated and released after 352	
the interaction between Wnt-5a and FZD9 353	
receptor. Taken together, these results suggest 354	
that Wnt-5a decouples the interaction between 355	
and FZD9 and the heterotrimer Gαo and Gβγ 356	
proteins. 357	

 358	
Gαi/o inhibition prevents the activation of 359	

the non-canonical Wnt-5a cascade in 360	
hippocampal neurons.-Previously, it has been 361	
demonstrated that Wnt-5a activates the Wnt/Ca2+ 362	
and the Wnt/JNK pathways (37). In addition, 363	
Wnt-5a induces the activation of 364	
Ca2+/calmodulin-dependent protein kinase IIα 365	
(CaMKIIα) and JNK in a time-dependent manner 366	
in hippocampal neurons (11,38). To evaluate 367	
whether the effect of Wnt-5a in both cascades is 368	
due to the activation of G proteins, we analyzed 369	
the effect of PTX, an exotoxin that catalyzes the 370	
ADP-ribosylation of the Gαi/o subunits 371	
precluding its interaction with the GPCR. First, 372	
the PTX requires an endosomal uptake and then 373	
it is transported to the Golgi and to the 374	
endoplasmic reticulum. Finally is released in the 375	
cytosol where it ADP-ribosylates the Gαi/o 376	
subunits (39,40). For this reason, the 377	
hippocampal neurons were pre-incubated with 378	
PTX for 6 h, and then, Wnt-5a was added for 379	
different lengths of time. The hippocampal 380	
neurons showed a significant increase in the 381	
active form of CaMKIIα (p-CaMKIIα Tyr286) 382	
after 30 min of Wnt-5a treatment compared with 383	
the control conditions. This effect was attenuated 384	
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by pre-incubation with PTX at all time points 385	
(Fig. 6A). In addition, Wnt-5a treatment 386	
increased JNK phosphorylation (p-JNK 387	
Thr183/Tyr185) after 15 min, with a peak at 30 388	
min, and this effect was also significantly 389	
reduced by PTX co-treatment (Fig. 6A). 390	
Additionally, we observed that exposing 391	
hippocampal neurons to Wnt-5a for 5 min 392	
induced an increase in the phosphorylation of 393	
protein kinase CβII (PKCβII) at serine 660, a key 394	
post-translational modification required for its 395	
translocation from the cytoplasm to the 396	
membrane and subsequent activation, without 397	
affecting total protein levels. Interestingly, this 398	
effect was partially blocked by PTX pre- 399	
treatment (Fig. 6A). Finally, our findings reveal 400	
that neither Wnt-5a nor PTX affected the 401	
stabilization of β-catenin in hippocampal neurons, 402	
even after 2 h of treatment (Fig. 6A). These 403	
experiments confirm that Gαo is required for the 404	
activation of the non-canonical Wnt signaling 405	
pathways, including CaMKII, JNK and PKC 406	
activation. 407	

Because Wnt-5a promotes the clustering 408	
of PSD-95 in the postsynaptic region (11), we 409	
next analyzed the possible role of Gαi/o in this 410	
effect. We observed that the density of PSD-95 411	
clustering in DIV14 hippocampal neurons was 412	
increased at 1 h and 2 h after Wnt-5a treatment 413	
compared with the controls; however, this effect 414	
was abrogated by PTX (Fig. 6B). In control 415	
experiments, we observed that the total PSD-95 416	
protein levels (Fig. 6A) and PSD-95 clustering 417	
were unaffected after PTX treatment alone (Fig. 418	
6B). Thus, our findings suggest that the 419	
activation of Gαi/o is required for Wnt-5a- 420	
induced PSD-95 clustering to promote additional 421	
postsynaptic assembly. 422	

 423	
Wnt-5a regulates dendritic spine 424	

formation by activating Gαo.- To identify the 425	
heterotrimeric G protein implicated in the Wnt- 426	
5a-dependent spine formation, hippocampal 427	
neurons were transfected with EGFP at DIV10 428	
and subsequently at DIV14 cultures were treated 429	
with Wnt-5a and the effect of Gαo, Gαi and Gαs 430	
were analyzed. The Wnt-5a-treated hippocampal 431	
neurons showed an increased dendritic spine 432	
density after 30 min of treatment, with a peak at 433	
2 h (Fig. 7A). Interestingly, 6 h of pre-treatment 434	
with PTX prevented the effect of Wnt-5a on 435	
dendritic spine formation. Consistent with 436	
previous results (13), the width of spine heads 437	
was increased after 120 min of Wnt-5a treatment, 438	
and this effect was inhibited after PTX treatment 439	

(Fig. 7B). The modulation of the dendritic spine 440	
density by Wnt-5a was blocked by co-treatment 441	
with soluble Frizzled-related protein 2 (sFRP2; 442	
data not shown), a Wnt scavenger that binds to 443	
Wnts and prevents their interaction with their 444	
receptors. Additionally, the Gαs subunit 445	
antagonist NF449 was used to evaluate whether 446	
this subunit is involved in the Wnt-5a signaling 447	
pathway (41). NF449 was not able to block the 448	
Wnt-5a-induced increase in the dendritic spine 449	
density, suggesting that the activation of this 450	
subunit is not required for the Wnt-5a cascade in 451	
hippocampal neurons (Fig. 7C).	 These data 452	
confirm that the spinogenic effect of Wnt-5a is 453	
mediated by activation of heterotrimeric Gαi/o 454	
protein. 455	

To address whether Gαo or Gαi is 456	
implicated in the spinogenic effect of Wnt-5a, we 457	
co-transfected hippocampal neurons with EGFP 458	
and mutants forms of the Gαo (GαoPTXi) and 459	
Gαi (Gαi2PTXi or Gαi3PTXi) subunits that are 460	
insensitive to PTX. As shown in Fig. 7D, 461	
transfection with the GαoPTXi, Gαi2PTXi or 462	
Gαi3PTXi mutants did not affect the spine 463	
density. Importantly, the spinogenic effect of 464	
Wnt-5a that is abrogated by PTX is completely 465	
restored by transfection with the GαoPTXi, but 466	
not with the GαiPTXi subunits (Fig. 7D), 467	
indicating that neither the Gαi2 nor the Gαi3 468	
subunits participate in the Wnt-5a-induced 469	
cascade. Taken together, these results suggest 470	
that Gαo activation is a key factor in the Wnt-5a- 471	
mediated regulation of the dendritic spine 472	
morphogenesis in hippocampal neurons. 473	

 474	
Wnt-5a requires the activation of the 475	

Gβγ complex to regulate dendritic spine 476	
morphogenesis. -After the activation of a GPCR, 477	
the Gβγ complex is released from the 478	
heterotrimeric G-proteins to regulate multiple 479	
target proteins, including phospholipase C (PLC) 480	
and phospho-inositol-3-kinase (PI3K) (42). It has 481	
been proposed that the Wnt/Ca2+ signaling 482	
pathway activates PLC through the Gβγ complex 483	
in astrocytes (43). Therefore, to address whether 484	
the activation of the Gβγ complex is involved in 485	
Wnt-5a signaling to regulate the dendritic spine 486	
density, we used Gallein, a molecule that blocks 487	
the Gβγ complex-dependent activation of PLC, 488	
but does not block the interaction of Gβγ with 489	
the Gα subunits (44). Gallein was used at 5µM, 490	
the lowest effective concentration reported in 491	
neurons (45). We measured the intracellular Ca+2 492	
concentrations in DIV14 hippocampal neurons 493	
treated with Wnt-5a or Wnt-5a plus Gallein. We 494	
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determined that Gallein significantly diminished 495	
the increase in the Ca2+ concentrations after Wnt- 496	
5a treatment. Gallein decreased the A.U.C. from 497	
5.04±0.37 in Wnt-5-treated neurons to 2.71±0.21 498	
in Wnt-5a+Gallein-treated neurons (p<0.001; Fig. 499	
8A, B). Additionally, Gallein treatment blocked 500	
the Wnt-5a-mediated increase in the dendritic 501	
spine density, without disturbing the formation 502	
of the dendritic spines themselves (Fig. 8C). 503	
Finally,	 to further confirm the requirement of 504	
Gβγ subunit in the spinogenic effect of Wnt-5a, 505	
hippocampal neurons were transfected with the 506	
β-adrenergic receptor kinase c-terminal peptide 507	
(βARKct) a universal competitor that sequester 508	
Gβγ and block its downstream signaling plus 509	
EGFP (46). We found that βARKct expression 510	
inhibited the Wnt-5a-mediated increase in the 511	
dendritic spine density (Fig. 8D). These data 512	
reveal that Gβγ activation is a key step in the 513	
Wnt-5a cascade to regulate the non-canonical 514	
Wnt signaling pathway and to modulate dendritic 515	
spine remodeling.  516	

 517	
DISCUSSION 518	
 519	
The Wnt-5a ligand has been linked to 520	

cognitive and memory functions in the adult 521	
brain (7,47). Wnt-5a regulates excitatory 522	
synaptic transmission in hippocampal neurons 523	
(48-50), including the production of nitric oxide, 524	
which triggers the expression of NMDA 525	
receptors (12) and promotes the induction of 526	
long-term potentiation (LTP) (51). These 527	
findings indicate that Wnt-5a is a relevant neural 528	
factor for the regulation and maintenance of the 529	
structure and function of synapses in the central 530	
nervous system. Therefore, understanding the 531	
mechanism by which Wnt-5a controls 532	
spinogenesis represents a crucial advance in the 533	
field. 534	

Because previous studies have 535	
established that FZD9 is highly expressed in the 536	
hippocampus (31,52), we focused our research 537	
on this Wnt receptor. Our findings show that 538	
FZD9 co-localizes with postsynaptic proteins in 539	
cultured hippocampal neurons, which is 540	
consistent with previous data showing the 541	
postsynaptic distribution of FZD9 in developing 542	
neuromuscular junctions in vivo (36). The Wnt- 543	
5a pathway mainly regulates postsynaptic 544	
structure and function and, consequently, 545	
correlates with the distribution of FZD9. 546	
Interestingly, the co-receptor Ror2 also plays a 547	
role in the formation of the postsynaptic region 548	
and in synaptic development (18), which may 549	

suggest a coordinated action between both 550	
receptors in Wnt-5a-dependent signaling. 551	

It is known that FZD receptors are able 552	
to interact with more than one Wnt ligand, 553	
depending on the cellular context. In particular, 554	
FZD9 has been shown to bind to Wnt-2 and 555	
activates the canonical Wnt pathway, leading to 556	
the re-localization of Dvl-1 to the cell membrane 557	
in HEK cells (32); however, other studies have 558	
indicated that FZD9 interacts with Wnt-7a and 559	
activates the Wnt/JNK pathway, mediating the 560	
inhibition of lung cancer growth (53). Here, we 561	
demonstrated that the CRD of FZD9 was able to 562	
bind to Wnt-5a and block Wnt-5a-mediated 563	
effects in hippocampal neurons, providing direct 564	
evidence that FZD9 acts as a functional partner 565	
of Wnt-5a. Similarly, we observed that 566	
diminished expression of FZD9 by two different 567	
short-hairpin constructs impaired the Wnt-5a- 568	
induced increase in dendritic spine density and 569	
eliminated the Wnt-5a-mediated increase in 570	
intracellular Ca+2 concentrations, indicating that 571	
the endogenous expression of FZD9 contributes 572	
to Wnt-5a-dependent synaptic formation and 573	
signaling activation. Even though we do not 574	
discard that other FZD receptors could be 575	
involved in the Wnt-5a pathway in hippocampal 576	
neurons, to our knowledge, this is first time that 577	
FZD9 has been associated with Wnt-5a signaling 578	
in hippocampal neurons. The physiological 579	
relevance of these findings relies on the crucial 580	
role that this receptor plays in hippocampal 581	
development. Indeed, FZD9 plays an important 582	
role in hippocampal development. FZD9 deletion 583	
contributes to the neurological symptoms of 584	
Williams’ syndrome, a developmental 585	
neurological disorder causing deficits in 586	
hippocampal learning (30). Therefore, 587	
understanding the function of FZD9 may provide 588	
alternatives for the treatment of Williams’ 589	
syndrome.  590	

Our present studies reveal a novel role 591	
for Wnt signaling in dendritic spine formation, 592	
including a strong interaction between Gαo, and 593	
FZD9, which is decreased upon Wnt-5a 594	
treatment. These findings are consistent with the 595	
GPCR nature of FZDs (54). Several studies have 596	
demonstrated that G proteins are essential 597	
transducers of Wnt signaling (55). Moreover, the 598	
Gαo subunit has been related to the Wnt pathway 599	
in F9 cells (56) and in D. melanogaster (24), but 600	
its role in cultured hippocampal neurons has not 601	
been clarified. Recently, an interaction between 602	
FZD7 and Gαs in C2C12 cells was observed (57). 603	
Additionally, a pre-coupling between FZD6 and 604	
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Gαi has been demonstrated in HEK cells (58). 605	
Interestingly, this pre-coupling was significantly 606	
reduced when the neurons were treated with 607	
Wnt-5a, which is similar to our results in 608	
hippocampal neurons.  609	

Dendritic spines are plastic structures 610	
that experience striking changes in morphology. 611	
New dendritic spines develop as long filopodia, 612	
which, during the course of spine maturation, 613	
exhibit an increase in the spine head width and 614	
retract to the dendritic shaft (59). The increase in 615	
the spine head width correlates to increased 616	
synaptic strength (60). Several factors have been 617	
related to the regulation of dendritic spine 618	
density, such as BDNF (61), Wnt-7a (10) and 619	
Wnt-5a (13). We found that Wnt-5a significantly 620	
increased dendritic spine density and increased 621	
dendritic spine head width through a Gαo- 622	
activation-dependent mechanism. In addition, we 623	
show that the Wnt-5a induced the activation of 624	
PKC, CaMKII and JNK through the activation of 625	
the Gαo subunit. Together, these data suggest that 626	
the Gαo subunit is a key factor in the regulation 627	
of the formation of dendritic spines and the 628	
related signaling cascades. 629	

G proteins are molecular switches that 630	
cycle between active GTP-bound and inactive 631	
GDP-bound states. Our study suggests that Wnt- 632	
5a activates Gαo without affecting the activation 633	
of Gαi and Gαs, without excluding the 634	
involvement of other subunits. Interestingly, Gαo 635	
is highly expressed in the brain (62). The 636	
corresponding knockout mice have neurological 637	
impairments, such as reduced motor control, 638	
hyperactivity, hyperalgesia, and a shortened 639	
lifespan (63). In addition, Gαo activation is 640	
required for the formation of associative memory 641	
in mushroom body neurons in D. melanogaster 642	
(64) and in hippocampal neurons (65). 643	

Interestingly, previous studies indicated 644	
a neuroprotective role of Wnt-5a against the 645	
effect of Aβ oligomers on synaptic depression, as 646	
well as in the reduction of PSD-95 clusters in 647	
neuronal cultures (49,66). Furthermore, the Gαo 648	
subunit has been shown to be involved in 649	
Alzheimer’s disease, in which the amyloid 650	
precursor protein (APP) mediates the neuronal 651	
toxicity of Aβ oligomers through Gαo activation 652	
(67). It would be interesting to evaluate how 653	
these elements interact and how FZD9 is 654	
involved in these processes.  655	

Additionally, we provide strong evidence 656	
for the involvement of the Gβγ complex in the 657	
spinogenic effect of Wnt-5a. We found that in 658	
neurons at rest (non-stimulated), Gβγ interacts 659	

with Gαo, as reported previously (68) and that 660	
this interaction is reduced after Wnt-5a treatment, 661	
suggesting that Gβγ is activated and released. 662	
The Gαo protein participates in several 663	
transduction cascades, although there is good 664	
evidence that PLC is a key downstream enzyme 665	
in this cascade, and it has also been suggested 666	
that Gβγ, which activates PLC, mediates this 667	
molecular step (69). Additionally, it has been 668	
proposed that Gβγ is involved in canonical Wnt 669	
signaling through its ability to recruit Dvl to the 670	
plasma membrane. Moreover, Gαo directly 671	
interacts with Axin to ensure a robust inhibition 672	
of the β-catenin destruction complex to allow the 673	
activation of canonical Wnt signaling (70). 674	
Further experiments will be required to 675	
determine the exact molecular mechanisms by 676	
which Gαo-Gβγ mediates Wnt-5a spinogenesis in 677	
hippocampal neurons. 678	

In conclusion, we suggest that the 679	
cellular mechanism involved in Wnt-5a signaling 680	
(Fig. 9) requires the interaction with FZD9 and, 681	
consequently, the activation of Gαo and Gβγ to 682	
regulate dendritic spine morphogenesis through 683	
the non-canonical Wnt pathway.  684	

 685	
EXPERIMENTAL PROCEDURES 686	
 687	
Reagents-Recombinant Wnt-5a (644- 688	

WN-010/CF), CRD-FZD9 (2440-FZ-050), CRD- 689	
FZD1 (1120-FZ), CRD-FZD2 (1307-FZ) and 690	
CRD-FZD5 (1517-FZ) were purchased from 691	
R&D Systems. PTX and Gallein were purchased 692	
from Sigma-Aldrich. NF449 was from Merck; 693	
Fura-2AM and ionomycin were purchased from 694	
Molecular Probes. A/G agarose beads were 695	
purchased from Santa Cruz Biotechnology.  696	

 697	
Hippocampal neuronal culture-Rat 698	

hippocampal cultures were prepared from 699	
embryonic day 18 Sprague-Dawley rats of both 700	
genders, as previously described (71,72). On day 701	
two, the cultured neurons were treated with 2 µM 702	
cytosine arabinoside for 24 h; this method 703	
resulted in cultures that were highly enriched for 704	
neurons (approximately 5% glia). The primary 705	
hippocampal neurons were cultured in 706	
Neurobasal media supplemented with 1% B27 707	
(Invitrogen) until the experiments were 708	
performed. The Bioethical and Biosafety 709	
Committee of the Faculty of Biological Sciences 710	
of the Pontificia Universidad Católica de Chile 711	
approved the experimental procedures. 712	

 713	
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Receptor binding assay-Recombinant 714	
CRD-FZD1, CRD-FZD2, CRD-FZD5 or CRD- 715	
FZD9 (400 ng/ml) were incubated with 20 µl of 716	
A/G agarose beads and recombinant Wnt-5a (400 717	
ng/ml) for 2 h at 4°C in 400 µl of lysis buffer 718	
from New East Biosciences, No. 30303. Protein 719	
A/G agarose was collected by centrifugation, and 720	
the precipitates were washed 3 times with the 721	
lysis buffer. The precipitates from the binding 722	
assays were analyzed by SDS-PAGE and probed 723	
with goat anti-Wnt-5a AF645 (1:2000) and goat 724	
anti-FZD1 (AF1120; 1:1000), goat anti-FZD2 725	
(AF1307; 1:1000), goat anti-FZD5 (AF1617; 726	
1:1000) or goat anti-FZD9 (AF2440; 1:500) 727	
antibodies from R&D Systems. For 728	
quantifications, the Wnt-5a input band (50 ng) 729	
was considered as 100% of signal, and the 730	
intensity of the immunoprecipitated bands were 731	
compared with the input. 732	

 733	
Membrane fractionation from rat brain- 734	

Synaptosomes, synaptophysin (SYP)- enriched 735	
fraction (Triton X-100 soluble fraction) and 736	
PSD-95-enriched fraction (Triton X-100 737	
insoluble fraction) were isolated as previously 738	
described, with some modifications (73). Four 739	
rat brains were homogenized for each 740	
independent experiment in ice-cold 741	
homogenization buffer (4 mM HEPES, pH 7.4, 742	
containing 320 mM sucrose and 2 mM 743	
ethylenediaminetetraacetic acid). The 744	
homogenate was centrifuged at 710 ×g for 10 745	
min, and the supernatant was centrifuged at 746	
13,000 ×g for 20 min. Triton X-100 (1%) was 747	
added to the pellet for 2h at 4ºC, which was then 748	
centrifuged at 200,000 ×g for 2 h. The obtained 749	
pellet corresponded to the Triton-insoluble 750	
fraction enriched in PSD-95, and the supernatant 751	
contained the triton-soluble fraction enriched in 752	
SYP. The sample was quantified, and 60 µg of 753	
the protein was separated on a 10% SDS- 754	
polyacrylamide gel and probed with goat anti- 755	
SYP sc-7568 (1:2000) from Santa Cruz 756	
Biotechnology, mouse anti-PSD-95 k28/43 757	
(1:5000) from Neuromab and goat anti-FZD9. 758	

 759	
Western blotting-Treated and untreated 760	

hippocampal neurons were lysed on ice and 761	
either immediately processed or frozen at 762	
−150°C. Immunoblotting was performed as 763	
described previously (74). The following 764	
primary antibodies were used: goat anti-FZD9, 765	
goat anti-FZD5 (AF1617; 1:500) and goat anti- 766	
FZD7 (AF198; 1:500) from R&D; mouse anti- 767	
CaMKIIα (sc-5306; 1:1000), mouse anti- 768	

phospho Tyr286-CAMKIIα (sc-32289; 1:1000), 769	
rabbit anti-PKCβII (sc-210; 1:1000), rabbit anti- 770	
β-tubulin (sc-9104; 1:1000), mouse anti-β- 771	
catenin (sc-7963; 1:1000), and rabbit anti-Gβ1-5 772	
(sc-378; 1:1000) from Santa Cruz 773	
Biotechnology; rabbit anti-JNK (#9252; 1:1000) 774	
and rabbit anti-phospho-Thr183/Tyr185-JNK 775	
(#4668; 1:1000) from Cell Signaling; rabbit 776	
phospho-Ser660-PKCβII (ab75837; 1:10000), 777	
rabbit anti-Gαo (ab136535; 1:5000), and rabbit 778	
anti-Gαi (ab20392; 1:1000) from Abcam; mouse 779	
anti-PSD95 (k28/43; 1:10000) from UC 780	
Davis/NIH NeuroMab Facility; and mouse anti- 781	
β-actin (11978; 1:10000) from Sigma. Equal 782	
amounts of protein were loaded (20 µg).   783	

 784	
Immunofluorescence, transfection and 785	

image analysis-The hippocampal neurons were 786	
cultured on coverslips at a density of 35,000 787	
cells/coverslip, subjected to different treatments, 788	
and fixed with a freshly prepared 4% 789	
paraformaldehyde plus 4% sucrose in PBS for 20 790	
min at 4°C. The cells were then permeabilized 791	
with 0.2% Triton X-100 for 5 min at RT, and 792	
then blocked with 1% bovine serum albumin in 793	
PBS (blocking solution) for 30 min at 37°C, 794	
followed by an overnight incubation with the 795	
mouse anti-PSD-95 k28/43 (1:400), rabbit anti- 796	
Piccolo 142002 (1:300) from Synaptic Systems 797	
and/or goat anti-FZD9 (1:100) primary 798	
antibodies at 4°C. The cells were thoroughly 799	
washed with PBS and then incubated with 800	
phalloidin coupled to Alexa-Fluor 633 (1:500) 801	
from Molecular Probes, which was used as a 802	
neurite marker, and with secondary antibodies 803	
coupled to Alexa-Fluor 488 and Alexa-Fluor 546 804	
(1:1000) from Molecular Probes for 30 min at 805	
37°C. The coverslips were mounted in 806	
Fluoromount G mounting media. Digital images 807	
were captured with an Olympus FV 1000 808	
confocal microscope. The images were analyzed 809	
using NIH ImageJ software. The images of the 810	
PSD-95 staining were captured from 10 811	
microscope fields for each condition in 3-4 812	
independent experiments. Each field contained 813	
processes for 1–2 neurons, in which 2–3 814	
phalloidin-labeled neurites/neurons were selected 815	
and analyzed. We used a previously described 816	
protocol to quantify the PSD-95 clusters (11). 817	

To transfect the cultured neurons, we 818	
performed magnetofection using NeuroMag (OZ 819	
Bioscience) using neurons at DIV10-11 that 820	
were plated at 60,000-100,000 cells per 35-mm 821	
poly-D-lysine-coated glass-bottom dish. The 822	
following constructs were used: enhanced green 823	
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fluorescent protein (EGFP; Clontech); Fux 824	
(control plasmid); shFZD9-EGFP (36); 825	
commercial scramble-FZD9 and shFZD9- 826	
EGFP#3 from Qiagen (cat. KH02416G) 827	
GαoPTXi; Gαi2PTXi; Gαi3PTXi; and βARKct 828	
provided by Dr J. Silvio Gutkind (National 829	
Institute of Health, Bethesda). First, the neurons 830	
were washed for 30 min with Neurobasal 831	
medium. Then, 0.8 µg of DNA/1.25 µl of 832	
magneto-beads were mixed and incubated at RT 833	
for 15 min in 100 µl of Neurobasal medium. In 834	
the co-transfection experiments, the mix was 835	
prepared using 0.4 µg of EGFP plus 0.4 µg of 836	
GαoPTXi, Gαi2/3PTXi or βARKct plus 1.25 µl of 837	
the beads. Next, the mix was added to the 838	
neurons for 15 min with the magnet in the 839	
bottom of the plate; it was removed 40 min later, 840	
and the transfection medium was replaced with 841	
fresh medium. At 14 days in vitro (DIV), the 842	
hippocampal neurons were starved for 2 h with 843	
Neurobasal medium without the B27 supplement 844	
before the treatments with recombinant Wnt-5a 845	
(300 ng/ml=7,3 nM) with or without PTX (150 846	
ng/ml), Gallein (5 µM), NF449 (5 µM) or CRD- 847	
FZD9 (300 ng/ml) for different time periods. An 848	
Olympus FluoView FV 1000 confocal 849	
microscope was used to obtain the digital images 850	
at a resolution of 1024×1024. To quantify the 851	
dendritic spines and for 3D imaging, the Z-stacks 852	
images were reconstructed using the super-pass 853	
module of the Imaris software. The dendritic 854	
shafts and spines were manually traced using the 855	
filament mode. The protrusions below the 3µm 856	
were considered for the 3D reconstruction. 857	
Accurate reconstructions of the diameter of the 858	
spine neck and head were created using the 859	
diameter function with a contrast threshold of 0.8. 860	
Ten microscopic fields were imaged for each 861	
condition in 3-5 independent experiments. To 862	
determine the spine length and the spine-head 863	
width, the mean of all spines from each neurite 864	
was measured. The spine density was calculated 865	
by measuring the total number of spines per 866	
dendrite length (spine density/10 µm) for each 867	
condition.  868	

 869	
Measurements of intracellular Ca2+ 870	

mobilization in hippocampal rat neurons-Ca2+ 871	
variations were determined in cells loaded with 872	
4.5 µM Fura-2 AM at 37°C for 30 min (75) using 873	
DIV10 hippocampal neurons transfected with 874	
Fux-EGFP or shFZD9-EGFP at DIV7 or non- 875	
transfected neurons. The experiments were 876	
performed with two different isotonic solutions 877	
containing (in mM): with calcium, 1.2 CaCl2, 878	

140 NaCl, 5 KCl, 0.5 MgCl2, 5 glucose, and 10 879	
HEPES (305 mOsm/L, pH 7.4 with Tris); and 880	
without calcium, 0 CaCl2, 140 NaCl, 2.5 KCl, 881	
1.7 MgCl2, 5 glucose, 0.5 EGTA, and 10 HEPES 882	
(305 mOsm/L, pH 7.4 with Tris). Cytosolic Ca2+ 883	
levels were continuously recorded in the isotonic 884	
solution for 1 min before (basal Ca2+ level) and 3 885	
min after Wnt-5a application. After 4 min 1 µM 886	
ionomycin was added as a positive control for 887	
Ca2+ increase. The increases in cytosolic Ca2+ 888	
were represented as the normalized ratio of the 889	
emitted fluorescence at 510 nm after excitation at 890	
340 and 380 nm relative to the ratio measured 891	
prior to stimulation (first minute before 892	
application of the stimuli) and the area under the 893	
curve (A.U.C) after the addition of Wnt-5a was 894	
integrated. This integration was performed using 895	
the GraphPad Software Prism6. We used the 896	
Olympus Spinning Disc IX81 microscope to 897	
perform the live Ca2+ imaging experiments. 898	

 899	
HT22 cell transfections-Immortalized 900	

HT22 cells from mouse hippocampal neuronal 901	
cells were co-transfected with 0.5 µg of shFZD9- 902	
EGFP or Fux-EGFP plasmids using 903	
LipofectamineTM 2000 (Invitrogen) 48 h after 904	
plating in six-well culture plates at a density of 905	
1.6×106 cells per well. 906	

 907	
Immunoprecipitation of Gαi/o proteins- 908	

We used the Gαo (#80901) and Gαi (#80301) 909	
activation assay kits from New East Biosciences. 910	
The cultured hippocampal neurons were seeded 911	
at a density of 900,000 cells/well at DIV14 and 912	
were treated with Wnt-5a (300 ng/ml). After 913	
treatment, cells were lysed and the amount of 914	
protein was quantified. The same amount of 915	
protein was used in each condition for the 916	
immunoprecipitation (400ug) with the specific 917	
antibodies that recognize the GTP-bound Gαo or 918	
the GTP-bound Gαi proteins according to the 919	
manufacturer’s recommended protocol. GTPγS 920	
was used as a positive control and was added to 921	
the neuronal lysate and incubated for 90 min at 922	
RT before immunoprecipitation. The total level 923	
of protein was detected by immunoblot with the 924	
mouse anti-Gαo (1:1000) or mouse anti-Gαi 925	
(1:1000) antibodies from the activation kits from 926	
New East Bioscience.  927	

For Immunoprecipitation of total Gαo 928	
hippocampal cultured neurons were seeded at a 929	
density of 600,000 cells/well. The neurons were 930	
treated with vehicle or Wnt-5a and then lysed. 931	
After protein quantification, 400 µg of protein 932	
was incubated with 5 µg/ml of mouse anti-Gαo 933	
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(sc-13532; Santa Cruz biotechnology) and 20 µl 934	
of agarose beads for 1 h at 4°C with orbital 935	
rotation. The 10% of the sample was used as 936	
input. Next, the lysates were washed 3 times and 937	
suspended in 20 µl of Laemmli 2X loading 938	
buffer. The samples were analyzed by 939	
immunoblotting with rabbit anti-Gαo, goat anti- 940	
FZD9 and rabbit anti-Gβ1-5 antibodies. 941	

 942	
Statistical analyses-Statistical analysis 943	

was performed using the statistical software 944	
Prism 5 (GraphPad Software). The values are 945	

expressed as the mean±standard error of the 946	
means. The statistical significance of the 947	
differences was assessed using one-way 948	
ANOVA with Bonferroni’s post-test for multiple 949	
comparisons and Student’s t-test for comparisons 950	
between two conditions (p<0.05 was considered 951	
significant). The number of independent 952	
experiments is indicated in the corresponding 953	
figure legend. 954	

 955	
 956	
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FIGURE LEGENDS 
 
FIGURE 1. FZD9 is located in the postsynaptic region. A. Representative images of DIV14 

hippocampal neuron stained with anti-PSD-95 (green) and anti-FZD9 (red) or anti-Piccolo (green) 
Scale bar=10 µm. B. Quantification of the Manders co-localization index between FZD9 and PSD-95 
or Piccolo C. Quantification of the Manders co-localization index between PSD-95 and FZD2, -3, -7 
and -9 (n=3). D. Detection and quantification of FZD9, PSD-95 and SYP in synaptosomes, Triton X-
100 insoluble and Triton X-100 soluble-enriched membrane fractions from rat brain. The graph shows 
the amount of protein in each fraction normalized by the amount of the same protein in synaptosomes 
(A.U.) arbitrary units; (n=5). ***p<0.001**p<0.01, *p<0.05. 

 
FIGURE 2. CRD-FZD9 blocks the calcium increase produced by Wnt-5a. A. Recombinant 

Wnt-5a was incubated with protein A/G agarose beads and CRD-FZD1, -FZD2, -FZD5 or FZD9 for 2 
h. The precipitates were probed with anti-Wnt-5a and anti-FZD1, -FZD2, -FZD5 or -FZD9 antibodies. 
Wnt-5a (50 ng) or CRD-FZD9 (50 ng) was loaded into the left lanes as input controls (n=3). 
Quantification of CRD-FZD-Wnt-5a binding assay. The Wnt-5a input was considered as 100%. There 
was not significant difference between the conditions (n=4). B. Measurement of intracellular Ca2+ in 
Wnt-5a, CRD-FZD9 (300 ng/ml) or Wnt-5a+CRD-FZD9-treated neurons using the Fura-2 AM probe 
in a 0 Ca2+ solution. (n=3 independent experiments, 20 neurons each). C. Quantification of the area 
under the curve (A.U.C.)  (n=3). ***p<0.001, ns, no significant difference.   
 

FIGURE 3. CRD-FZD9 inhibits the spinogenesis of triggered by Wnt-5a treatment. A. 
Left, Immunodetection of PSD-95 (red) in EFGP-transfected neurons (green) maintained for 14 days in 
culture. The merge image shows the EGFP-protrusion with the PSD-95 puncta stain in the head, 
indicating that the protrusions are spines. Arrowheads indicate dendrites and arrows indicate an axon. 
Right, 3D reconstruction of the dendrite; Scale bar=25µm. B. Upper panel, representative images of 
EGFP-transfected neurons at DIV10 and then treated with Wnt-5a, CRD-FZD9 or Wnt-5a+CRD-FZD9 
for 2 h at DIV 14. Low, quantification of spine density in hippocampal neurons treated with Wnt-5a 
and CRD-FZD9; Scale bar= 5µm. (n=3; 10 neurons per condition, 2-3 neurites per neuron) **p<0.01, 
*p<0.05.  

 
FIGURE 4. FZD9 downregulation impairs Wnt-5a signaling. A. Detection of FZD9, FZD5 

and FZD7 protein levels in the homogenates of HT22 cells transfected with Fux-EGFP (control) or 
shFZD9-EGFP (the three FZD receptors were measured in three different membranes). Anti-GFP was 
used as a transfection control, and anti-actin was used as a loading control (n=3). B. 
Immunofluorescence of FZD9 (red) in FUX-EGFP/shFZD9-EGFP-transfected  (green) neurons and on 
scramble-EGFP/shFZD9c-EGFP (commercial shFZD9, Cod. KH02416G) transfected neurons; scale 
bar=8µm.  C. Measurement of the increase in intracellular Ca2+ concentrations in hippocampal neurons 
transfected with Fux-EGFP (black plots) or shFZD9-EGFP (gray plots) after stimulation with Wnt-5a. 
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Ionomycin was used as an ionophore to increase intracellular Ca2+ levels (n=4). D. Quantification of 
A.U.C. (n=3). E. Left panel, Representative images of the neurites from Fux-EGFP- or shFZD9-EGFP-
transfected neurons treated with or without Wnt-5a for 2 h. Scale bar, 3 µm. Right panel, quantification 
of the spine density in control condition or after 1 or 2 h of Wnt-5a treatment (n=3). F. Left panel, 
Representative images of Scramble-EGFP and shFZD9 transfected neurons (commercial shFZD9, Cod. 
KH02416G) treated or not with Wnt-5a for 2 h. right panel, Quantification of the density of dendritic 
protrusion per neurite length in hippocampal neurons treated with Wnt-5a; scale bar=3µm.  
***p<0.001, **p<0.01, *p<0.05. ns, no significant difference compared with the control.   

 
 
FIGURE 5. Wnt-5a increases the GDP/GTP exchange of the Gαo subunit, and FZD9 is 

associated with Gαo in DIV14 hippocampal neurons. A. Hippocampal neurons were stimulated with 
recombinant Wnt-5a for the indicated lengths of time. The lysates were incubated with specific 
antibodies that recognize Gαo-GTP or Gαi-GTP. As a positive control, untreated hippocampal neuron 
lysates were incubated with GTPγS for 90 min at RT and then incubated with the antibody. The lysates 
were analyzed by SDS-PAGE and immunoblotting with antibodies that recognize the total levels of 
Gαo or Gαi (n=3). The IgG band shows that an equal amount of the Gαo/i-GTP antibodies were used for 
immunoprecipitation. Left panel, representative blot images; Right panel, blot quantifications. B. 
DIV13-14 neurons were treated or not with Wnt-5a (30 min) and the lysates were immunoprecipitated 
with an anti-Gαo antibody and immunoblotted with anti-FZD9 and anti-Gβ1-5 (this antibody labels all 
five Gβ isoforms) (n=4) in the same membrane. No Ab, no antibody was added; Left panel, 
representative blot images; Right panel, blot quantifications; **p<0.01, *p<0.05.   

 
FIGURE 6. PTX inhibits the Wnt-5a-induced activation of the non-canonical Wnt 

pathway in hippocampal neurons. A. Representative western blot and quantification of total and 
phosphorylated levels of CaMKII (n=4), JNK (n=4) and PKCβII (n=6) and the total levels of β-catenin 
(n=3) and PSD-95 (n=4) in neurons pre-incubated with PTX for 6 h and then treated with Wnt-5a for 
the indicated lengths of time. β-actin and β-tubulin were used as loading controls. B. Detection of 
neurites of hippocampal neurons at DIV14 treated with recombinant Wnt-5a ligand, with PTX or with 
PTX plus Wnt-5a or untreated for 2 h. PSD-95 is shown in green, and fluorescent phalloidin-labeled 
actin is shown in blue. Quantification of the number of PSD-95 clusters/10 µm per neurite after Wnt-5a 
and/or PTX treatment for the indicated lengths of time (n=3, 10 neurons per condition, 3 neurites per 
neuron). **p<0.01, *p<0.05. 

 
FIGURE 7. Gαo activation is necessary for the increase in dendritic spine density 

stimulated by Wnt-5a. A. Quantification of spine density from neurites from EGFP-transfected 
neurons treated with or without Wnt-5a for 2 h in the presence or absence of PTX. B. Quantification of 
mean width of the spine heads (n=3; 10 neurons per condition, 3 neurites per neuron). C. 
Quantification of the spine density from EGFP-transfected neurons treated with or without Wnt-5a for 
2 h in the presence or absence of NF449 (Gαs inhibitor) D. DIV10-11 hippocampal neurons were 
transfected with EGFP or with EGFP plus GαoPTXi, Gαi2PTXi or Gαi3PTXi mutants insensitive to 
PTX.  At DIV14, the neurons were pre-treated with PTX for 6 h and then treated with Wnt-5a for 2 h 
(n=4). Scale bar, 3 µm ***p<0.001, ** p<0.01, *p<0.05, ns, no significant difference. 

 
FIGURE 8. Gallein blocks the Wnt-5a-induced changes in dendritic spine density. A. 

Measurement of the increases in intracellular Ca2+ concentrations in the hippocampal neurons that were 
bathed in a Ca2+-free solution and treated with Gallein or Wnt-5a plus Gallein (n=3). B. Quantification 
of area under the curve of the measurement of Ca+2 concentrations. C. Images of the neurites from 
neurons treated with Wnt-5a and/or Gallein for 2 h. Quantification of the dendritic spine density for all 
conditions. D. The neurons were transfected with EGFP or EGFP+βARKct and treated with Wnt-5a for 
2 h. Quantification of the dendritic spine density from all conditions (n=3). Scale bar, 3 µm, **p<0.001, 
**p<0.01; ns, no significant difference.   

 
FIGURE 9. Model for the Wnt-5a effects at the post-synaptic region. Wnt-5a induces the 

activation of the non-canonical Wnt pathway (Wnt/Ca+2) by interacting with the FZD9 receptor in the 
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post-synaptic compartment. This interaction facilitates the rapid and transient activation of 
heterotrimeric G proteins, specifically the Gαo subunit and the Gβγ complex. The activated G proteins 
participate in the Wnt-5a-induced dendritic spine dynamics and the PSD-95 cluster remodeling through 
PLC, CaMKII, PKC and JNK activation.  
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Figure	2.	
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Figure	4.	
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Figure	6.	
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Figure	7.	
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Figure	9.	
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