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The balance between excitatory and inhibitory synapses is crucial for
normal brain function. Wnt proteins stimulate synapse formation
by increasing synaptic assembly. However, it is unclear whether
Wnt signaling differentially regulates the formation of excitatory
and inhibitory synapses. Here, we demonstrate that Wnt7a prefer-
entially stimulates excitatory synapse formation and function. In
hippocampal neurons, Wnt7a increases the number of excitatory
synapses, whereas inhibitory synapses are unaffected. Wnt7a or
postsynaptic expression of Dishevelled-1 (Dvl1), a core Wnt signal-
ing component, increases the frequency and amplitude of miniature
excitatory postsynaptic currents (mEPSCs), but not miniature in-
hibitory postsynaptic currents (mIPSCs). Wnt7a increases the density
and maturity of dendritic spines, whereas Wnt7a-Dvl1–deficient
mice exhibit defects in spine morphogenesis and mossy fiber-CA3
synaptic transmission in the hippocampus. Using a postsynaptic
reporter for Ca2+/Calmodulin-dependent protein kinase II (CaMKII)
activity, we demonstrate that Wnt7a rapidly activates CaMKII in
spines. Importantly, CaMKII inhibition abolishes the effects ofWnt7a
on spine growth and excitatory synaptic strength. These data indi-
cate that Wnt7a signaling is critical to regulate spine growth and
synaptic strength through the local activation of CaMKII at dendritic
spines. Therefore, aberrant Wnt7a signaling may contribute to neu-
rological disorders in which excitatory signaling is disrupted.
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The formation of functional neuronal circuits requires the as-
sembly of different types of synapses with great specificity. The

development of an appropriate balance of glutamatergic excitatory
and GABAergic inhibitory synapses (E/I ratio) is essential for
proper circuit function (1, 2) because an imbalance in the E/I ratio
can result in neurological disorders (3–5). Some synaptogenic fac-
tors regulate both excitatory and inhibitory synapses (6, 7), whereas
other synaptic organizers are more specific (8–10). However, the
precise mechanisms by which synaptic organizing signals regulate
excitatory and inhibitory synapses remain poorly understood.
In the central nervous system, most excitatory inputs are locat-

ed on dendritic spines, postsynaptic protrusions that function as
domains where synaptic activity is regulated in a compartmental-
ized manner (11–13). Several intracellular molecules have been
implicated in the formation and maturation of dendritic spines
(14–16), but the mechanisms by which extracellular factors signal
through intracellular regulators to promote spine development
and maturation remain poorly characterized.
Wnt secreted proteins are synaptic organizers that stimulate

the formation of central and peripheral synapses (17–19) by
promoting presynaptic assembly (20) and the clustering of post-
synaptic components (19, 21–24). In cultured neurons, Wnt5a
regulates postsynaptic development of both GABAergic and
glutamatergic synapses (24, 25). However, it is unclear whether
other Wnts play a more selective role in promoting the formation
of specific synapses and, therefore, regulating the balance be-
tween excitatory and inhibitory inputs.

Here, we demonstrate that Wnt7a signaling specifically regu-
lates the formation and function of excitatory synapses without
affecting inhibitory synapses in the hippocampus. Wnt7a signals
directly to the postsynaptic dendrite to stimulate spine growth
and synaptic strength. Dishevelled-1 (Dvl1), a cytoplasmic core
Wnt signaling component that promotes the activation of the
Wnt cascade at specific cellular locale (26), is present at the
postsynapse and is required for Wnt7a function. Analyses of Wnt
signaling-deficient mutant mice demonstrate that Wnt7a-Dvl1
signaling is required for spine morphogenesis and glutamatergic
transmission in the hippocampus. Expression of PSD-95-Vim-CFP,
a synaptic read-out of Ca2+/Calmodulin-dependent protein kinase
II (CaMKII) activity, demonstrates that Wnt7a activates CaMKII
at dendritic spines. Importantly, CaMKII is required for Wnt-
mediated spine growth and increased synaptic strength. These
findings reveal a unique role for Wnt7a signaling in promoting the
formation and function of excitatory synapses through CaMKII, a
key molecule that regulates the functional and morphological
plasticity of synapses.

Results
Wnt7a Specifically Increases the Number and Function of Excitatory
Synapses. To address the role of Wnts in the formation of specific
synapse types, we focused on the hippocampus, because Wnt7a/b
protein is present in neurons of the dentate gyrus, CA1, and CA3
at the peak of synaptogenesis (Fig. S1). We therefore examined
whether Wnt7a stimulates excitatory and inhibitory synapse for-
mation in cultured hippocampal neurons at this developmental
stage. Wnt7a increases the density of vGlut and PSD-95 puncta
(excitatory pre- and postsynaptic markers, respectively) within
1 h, with further increases after 3 and 16 h treatment (Fig. 1 A and
C and Fig. S2A). In contrast, the density of vGAT and Gephyrin
puncta (inhibitory pre- and postsynaptic markers, respectively)
are unchanged at all time-points studied (Fig. 1 B and D and Fig.
S2B). Crucially, the density of vGlut puncta apposed to PSD-95
(putative excitatory synapses) displays a robust time-dependent
increase after Wnt7a treatment, whereas the density of putative
inhibitory synapses (vGAT puncta apposed to Gephyrin) is un-
changed (Fig. 1C andD and Fig. S2A and Fig. S2B). Consistently,
whole-cell patch-clamp recordings show that 3-h Wnt7a treat-
ment increases the frequency and amplitude of mEPSCs (Fig. 1 E
and G), whereas mIPSCs are unaffected (Fig. 1 F and H). To-
gether our results show that Wnt7a specifically increases the
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number and strength of excitatory synapses, while leaving in-
hibitory synapses unaffected.

Wnt Signaling Through Dvl1 Regulates Dendritic SpineMorphogenesis.
Given the specific effect of Wnt7a on excitatory synapses, we ex-
amined the potential role of Wnt7a signaling on the formation of
dendritic spines, which receive the majority of central excitatory
inputs (11). Sixteen-hour Wnt7a treatment increases spine num-
ber and spine head size by 65 ± 5.7% and 66 ± 3%, respectively
(Fig. 2 A–D, Movie S1, and Movie S2). Three-hour Wnt7a expo-
sure also increases spine number and spine head size by 48± 6.1%
and 27± 3.3%, respectively (Fig. 2C andD). Increased spine head
size is an indication of spine maturity (11, 27), indicating that
Wnt7a increases the formation andmaturation of dendritic spines.
AlthoughWnt proteins can signal throughmultiple intracellular

cascades, recipient cells require the cytoplasmic protein Dish-
evelled (Dvl), a core Wnt pathway component that functions as
a hub to promote Wnt signaling within specific cellular compart-
ments (26). Three mouse Dvl genes (Dvl1–Dvl3) are expressed
broadly in the postnatal and adult brain (Allen Brain Atlas).
However, Dvl1 has been the most studied because Dvl1 mutant
mice exhibit defects in presynaptic assembly (20) and in social
behavior (28). Importantly, Wnt7a requires Dvl1 to regulate axo-
nal remodelling and presynaptic differentiation (20). To determine
the downstream requirements for Wnt7a signaling in spines, the
localization of Dvl1 was examined. Endogenous Dvl1 is present in
the postsynaptic density (PSD) fraction (Fig. 2E) and at dendritic

spines (Fig. 2F), suggesting that Wnt7a could regulate spine de-
velopment by signaling directly via Dvl1 within dendritic spines.
We next investigated whether Dvl1 is required for Wnt7a

function. Cultured hippocampal neurons from Dvl1 mutant mice
exhibit a mild defect in spine morphogenesis compared with
wild-type neurons (Fig. 2 G and H). Importantly, Dvl1 mutant
neurons do not respond to Wnt7a, because the number and size
of spines and the frequency and amplitude of mEPSCs remain
unchanged after Wnt7a exposure (Fig. 2 G–J and Fig. S3). Thus,
Dvl1 is required downstream of Wnt7a to regulate spine mor-
phogenesis and excitatory synaptic function.

Wnt Signaling Is Required in Vivo for Dendritic Spine Morphogenesis
and Excitatory Synaptic Function. We next examined possible
defects in spine morphogenesis inWnt signaling-deficient mice. We
analyzed the double Wnt7a; Dvl1 mutant mouse because previous
studieshave shown that thismutant exhibits stronger synapticdefects
than single mutants in the cerebellum (20). Analyses of organotypic
brain slices transfectedwithEGFP-actin reveal a significantdecrease
in spine density (30%) and spine head width (15%) in the double
mutant mice compared with wild-type animals (Fig. S4).
The in vivo role of Wnt7a signaling was investigated by Golgi

staining. DoubleWnt7a; Dvl1mutant mice exhibit a 20% decrease
in the number of spines on CA3 cells, although no significant
differences were detected in CA1 cells (Fig. 3 A and B), consistent
with the strongerWnt7a/b expression observed in the CA3 of wild-
typemice (Fig. S1). In contrast, spine size is significantly reduced in
both CA1 and CA3 (Fig. 3 A and B).Wnt7a single knockout mice

Fig. 1. Wnt7a specifically stimulates the formation and function of excitatory synapses. (A and B) Fourteen days in vitro (DIV) hippocampal culture were
treated for 3 h with Wnt7a. Excitatory presynaptic (vGlut1) and postsynaptic (PSD-95) sites (A) and inhibitory presynaptic (vGAT) and postsynaptic (Gephyrin)
sites along processes (MAP2) of neurons (B). (Scale bars: 5 μm.) (C and D) Quantification of excitatory and inhibitory puncta density normalized to neurite
volume, as assessed by MAP2 staining. *P < 0.05, **P < 0.01 by Student’s t test. (E and F) Representative 10-s traces of mEPSCs (E) and mIPSCs (F) from 14 DIV
hippocampal cells treated with control or Wnt7a. (G and H) Quantification of mEPSC (G) and mIPSC (H) frequency and amplitude. *P < 0.05 by Mann–Whitney
test for frequency and Student’s t test for amplitude. All experiments were performed by using at least three independent cultures.
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display a milder phenotype to double knockout mice, because
spine number is not significantly affected in the CA3 (Fig. S5A),
suggesting other Wnts may partially compensate for the loss of
Wnt7a in vivo. Collectively, these results demonstrate that Wnt7a-
Dvl1 signaling is required in vivo for the proper formation and
growth of dendritic spines in the hippocampus.
Consistent with the observed spine phenotype, recordings of

mEPSCs in CA3 cells of acute hippocampal slices reveal a significant
reduction in mEPSC frequency and amplitude in the double mutant
compared with wild-type animals (Fig. 3 C and D and Fig. S5B).
Evoked recordings at the mossy fiber-CA3 synapse also reveal a de-
crease inEPSCamplitude (Fig. 3EandF).These results demonstrate
that Wnt7a-Dvl1 signaling is required for normal spine morphogen-
esis and excitatory synaptic transmission in the hippocampus.

Postsynaptic Activation of Wnt Signaling Is Sufficient to Stimulate
Spine Growth. Wnt signaling is required in axons to regulate synap-
tic differentiation (20). Therefore, changes in spine morphogenesis
induced by Wnt7a could be an indirect effect due to increased
presynaptic assembly. Alternatively, Wnt7a may signal directly to
dendrites as suggested by the presence of endogenous Dvl1 at
postsynaptic sites (Fig. 2 E and F). To determine whether post-
synaptic Wnt signaling is required for spine regulation, we used
sparse Dvl1 transfection to produce Dvl1-expressing neurons that
were contacted mainly by nontransfected axons. Postsynaptic ex-
pression of Dvl1 increases the width of spine heads by almost
twofold compared with control cells (Fig. 4 A and B). Interestingly
spine density does not change (Fig. 4 A and B), suggesting that
postsynaptic activation of Wnt signaling stimulates spine growth
without affecting spine formation.

Postsynaptic Dvl Expression Increases Excitatory Inputs and Synaptic
Strength. To determine the functional effect of postsynaptic Wnt

signaling, mEPSCs and mIPSCs were recorded from control or
Dvl1-transfected neurons. Dvl1 increases both the frequency and
amplitude of mEPSCs, whereas mIPSCs are unaffected (Fig. 4 C
and D and Fig. S6A). Thus, gain of function of Dvl1 specifically
regulates excitatory connections.
The finding that postsynaptic Dvl1 expression increases mEPSC

frequency was intriguing because Dvl1 does not affect dendritic
spine number (Fig. 4A andB). Therefore, we investigated whether
postsynaptic activation of Wnt signaling increases presynaptic in-
put onto preexisting spines. Indeed, Dvl increases the percentage
of spines receiving presynaptic inputs (vGlut1 puncta; Fig. 5 A and
C). In addition, Dvl1 increases the percentage of spines containing
PSD-95, and spines contain larger PSD-95 puncta (Fig. 5 A–C).
Crucially, the percentage of spines containing PSD-95 in direct
apposition with vGlut1, and the density of vGlut1 puncta associ-
ated with PSD-95-positive spines, also increases (Fig. 5 A, C, and
D). Interestingly, Dvl does not change the density or size of vGat
puncta (Fig. S6 B–D). These results demonstrate that postsynaptic
Dvl1 expression promotes the assembly of excitatory pre- and
postsynaptic structures at preexisting spines, thereby specifically
stimulating the formation of excitatory synapses.

Wnt Signaling Activates CaMKII to Regulate Spine Morphogenesis. To
examine the mechanism by which Wnt signaling regulates spine
morphogenesis, we focused our attention on CaMKII. This ser-
ine/threonine kinase is enriched at the postsynaptic density and
plays a central role in spine morphogenesis and synaptic strength
(14, 29). Importantly, Wnt signaling can activate CaMKII during
early embryonic patterning (30, 31).
CaMKII is activated by increases in intracellular calcium levels

(16, 32). Consistent with this notion, the Ca2+ blockers 2-APB
and SKF 96365 and the intracellular Ca2+ chelator BAPTA-AM
suppress the effect of Wnt7a on spine growth (Fig. S7A). Impor-

Fig. 2. Wnt7a acts through Dvl1 to regulate spine morphogenesis. (A) Representative EGFP-actin–transfected hippocampal neurons exposed to control or
Wnt7a for 16 h. Arrow heads indicate spines. (B) 3D reconstructions of typical examples of dendritic spines from control or Wnt7a-treated neurons. (C and D)
Quantification of spine number (C) and size (D) in control and Wnt7a-treated neurons. (E) Synaptosome preparation from brain lysates: S, synaptosomal
fraction; SMF, synaptosomal membrane fraction; PSD, postsynaptic density fraction; H, brain homogenate; Syp, synaptophysin. (F) Endogenous Dvl1 locali-
zation in dendritic spines visualized by EGFP-actin. (G and H) Quantification of spine number (G) and size (H) in Dvl1mutant neurons exposed to Wnt7a. (I and
J) Quantification of mEPSC (I) frequency and amplitude (J) in Dvl1 mutant neurons exposed to Wnt7a. The numbers at the base of bars reflect the number of
cells, recorded from at least three independent cultures. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t test or ANOVA for spine number and mPSC
amplitude, and Kruskal-Wallis test or Mann–Whitney test for spine size and mPSC frequency.
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tantly, Wnt7a activates endogenous CaMKII in hippocampal
neurons as measured by the levels of Thr286 phosphorylation
(pCaMKII), a read-out of CaMKII activity (16, 33). When nor-
malized to total CaMKII, Wnt7a induces a rapid increase in
pCaMKII of 64%within 2min, followed by a>100% increase over
the next 20 and 60 min (Fig. 6 A and B).
To assess whetherWnt7a activates CaMKII specifically at spines,

we used the fusion protein PSD-95-Vim-CFP. This construct con-
tains the head of Vimentin, which is phosphorylated by CaMKII.
When fused to PSD-95, Vimentin localizes to spines, and the ratio
between the fluorescence intensity of phosphorylated Vimentin
(pVim) andPSD-95-Vim-CFPprovides a local read-out of CaMKII
activity within spines (34, 35). Activation ofCaMKIIwith glutamate
plus glycine phosphorylates theVimentin domain in spines, and this
phosphorylation is blocked by the myristoylated autocamide-2 re-
lated inhibitory peptide (AIP), a specific CaMKII inhibitor (36)
(Fig. S7B). Ten-minute exposure toWnt7a increases pVim levels at
spines by 149% (Fig. 6 C and D). Analyses of the distribution of
CaMKII activation by spine head size reveals that Wnt7a induces
a significant increase in pVim levels in spines <2 μm2, but not in
larger spines (Fig. 6E). Together, these results demonstrate that
Wnt7a rapidly induces CaMKII activation at smaller spines.

To test the contribution of CaMKII to the effect of Wnt7a on
spines, the activity of CaMKII was blocked during Wnt7a ex-
posure. AIP and the widely used CaMK inhibitor KN93 abolish
the effect of Wnt7a on spine size without blocking the effect of
Wnt7a on spine number (Fig. 7 A–C and Fig. S8 A and B).
Therefore, CaMKII activation is required for the Wnt7a-mediated
increase in spine size.

Fig. 3. Wnt mutant mice exhibit defects in dendritic spine morphogenesis and
excitatory synaptic function in the hippocampus. (A) Representative sections of
Golgi-stained dendrites of CA1 and CA3 cells from hippocampi of postnatal day
(P)21 WT or Wnt7a; Dvl1 mice. (Scale bar: 10 μm.) (B) Quantification of spine
number and size in CA3 and CA1 cells fromWT andWnt7a; Dvl1mice. (C and D)
Quantification of mEPSC frequency (C) and amplitude (D) in CA3 cells. (E)
Overlays of five consecutive EPSCs evoked at MF-CA3 synapses in acute hip-
pocampal slices from P14WT orWnt7a; Dvl1mice. (F) Quantification of evoked
EPSCs in Wnt7a; Dvl1 slices. Numbers at the base of bars reflect the number of
cells, recorded from three mice per genotype. *P < 0.05, **P < 0.01, ***P <
0.001 by Student’s t test for spine number and EPSC amplitude and Mann–
Whitney test for spine size and mEPSC frequency. ns, not significant.

Fig. 4. Postsynaptic expression of Dvl1 induces spine maturation and enhan-
ces excitatory synaptic function. (A) Hippocampal neurons expressing Dvl1-HA
exhibit larger EGFP-actin–labeled dendritic spines. (Scale bar: 2 μm.) (B)
Quantification of dendritic spine number and size after Dvl-HA expression. (C
and D) Quantification of the frequency (C) and the amplitude (D) of mEPSCs
and mIPSCs in control and Dvl1-expressing cells. The numbers at the base of
bars reflect the number of cells recorded, from at least three independent
cultures. **P < 0.01, ***P < 0.001 by Student’s t test for spine number and
mEPSC amplitude andMann–Whitney test for spine size andmEPSC frequency.

Fig. 5. Postsynaptic expression of Dvl1 increases excitatory input onto spines.
(A) Excitatory sites were labeled with vGlut and PSD-95 in control or Dvl-1
transfected neurons coexpressing EGFP-actin. Filled arrowheads, PSD95-positive
spines with associated vGlut1; open arrowheads, spines labeled with one
marker; arrows, spines lacking PSD95 and vGlut1 markers. (Scale bar: 5 μm.) (B)
Dvl1 increases PSD-95 punctum volume. (C) Percentage of spines associated
with vGlut and PSD-95. (D) Density of vGlut1 puncta apposed to PSD95-positive
spines. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann–Whitney test in B and
Student’s t test in C and D on pooled data from three independent cultures.
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Because synaptic strength is correlated with spine size, we rea-
soned that CaMKII inhibitors might also block the effect of Wnt7a
on synaptic strength. Indeed, the Wnt7a-mediated increase in
mEPSC amplitude, but not frequency, is abolished by AIP (Fig. 7D
and E and Fig. S8C). These results suggest that Wnt7a signals
through CaMKII to promote spine enlargement and increase ex-
citatory synaptic strength, whereas the changes in spine number and
mEPSC frequency are CaMKII independent. Furthermore, in the
presenceofAIPorKN93,Dvl1expression isunable to increase spine
headwidth (Fig. 7F andG andFig. S8D). Together, our data suggest
that Wnt7a signals postsynaptically through Dvl1 and CaMKII to
promote spine growth and increase excitatory synaptic strength.

Discussion
Here, we demonstrate a unique role for Wnt7a signaling in spe-
cifically promoting the formation and function of excitatory syn-
apses in the hippocampus through the regulation of spinemorpho-
genesis and synaptic strength.
Although a role for Wnts in the formation of both central and

peripheral synapses is well established (37, 38), a crucial unan-
swered question is whether certain Wnt isoforms promote the as-
sembly of specific types of synapses, thereby affecting the ratio of
excitatory/inhibitory inputs. In sharp contrast to other Wnts, like
Wnt5a (23, 25), Wnt7a specifically promotes the formation and
function of excitatory synapses, whereas inhibitory synapses are
unaffected. Thus, although certain Wnts may function as broad
synaptogenic factors, others, like Wnt7a, may promote the for-
mation of specific types of synapse. Aberrant Wnt signaling could
therefore result in the altered balance between excitatory and in-
hibitory signaling that is characteristic of neurological disorders
such as epilepsy.
Wnt7a signaling promotes excitatory synapses through the for-

mation and maturation of dendritic spines, with a concomitant in-

crease in excitatory synaptic transmission. The scaffold protein Dvl1
is required postsynaptically, because Wnt7a is unable to promote
spine morphogenesis or changes in mEPSCs in neurons from Dvl1
mutant mice. In vivo, the double mutant Wnt7a; Dvl1 mice exhibit
a stronger phenotype than Wnt7a single mutant mice. Interestingly,
defects in spine morphogenesis are stronger in the CA3 than in the
CA1 region, consistentwith thepatternofWnt7a/bproteinobserved.
Importantly, evoked recordings at the mossy fiber-CA3 synapse re-
veal defects in amplitude in theWnt7a; Dvl1mutant. Together, these
findings demonstrate a unique function of Wnt7a signaling in spine
maturation and synaptic strength in the hippocampus.
Previous studies have shown that Wnt7a signaling stimulates

presynaptic differentiation at early stages of central synapto-
genesis (20, 39). Wnt7a increases the number of presynaptic re-
lease sites through a mechanism that requires Dvl1 and activation
of the canonical/Gsk3β Wnt pathway in axons (20, 39). Electro-
physiological recordings suggest that Wnt7a also regulates gluta-
mate release probability (20, 40). Here, we demonstrate thatWnt7a
also directly regulates postsynaptic assembly. Together these stud-
ies demonstrate that Wnt7a signals bidirectionally to regulate the
assembly and function of excitatory synapses.
How does Wnt7a signaling regulate spine morphogenesis?

Although Wnt7a increases spine number and size, activation of
the Wnt pathway on the postsynaptic side promotes only spine
growth. This result suggests that Wnt7a regulates spine number
indirectly by increasing the number of presynaptic release sites,
which could then stimulate spine formation.

Fig. 6. Wnt7a induces CaMKII phosphorylation and promotes CaMKII activity
at spines. (A) CaMKII phosphorylation of Thr286 by Wnt7a. (B) CaMKII phos-
phorylationatThreonine286over aperiodof 2–60minafterWnt7a treatment,
normalized to total CaMKII. (C) CaMKII activity at spines assessed by the
phosphorylation of Vimentin (pVim) in PSD-95-Vim-CFP (Upper). Lower is
a pseudocolor representation indicating the intensity of pVim. Arrowheads,
spines containing pVim; arrows, spines without pVim. (Scale bar, 5 μm.) (D)
Intensity ratio between pVim and PSD-Vim-CFP. (E) Levels of CaMKII activity in
relation to spine size. *P<0.05, **P<0.01by Student’s t test. ns, not significant.

Fig. 7. Wnt7a regulates spine size through CaMKII. (A) EGFP-transfected hip-
pocampal neurons treated with Wnt7a and the peptide CaMKII inhibitor AIP.
(Scale bar: 10 μm.) (B–E) Quantification of spine number (B), size (C), mEPSC fre-
quency (D), and amplitude (E) in neurons treatedwith the CaMKII inhibitor AIP. (F
and G) Quantification of spine number (F) and size (G) in Dvl1-expressing cells
treatedwith the CaMKII inhibitors. *P< 0.05, **P< 0.01, ***P< 0.001 by ANOVA
for spine number and mEPSC amplitude, Kruskal-Wallis test for spine size, and
mEPSC frequencyonpooleddata fromat least three independent cultures. ns, not
significant.
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Previous studies have reported that Wnt7a does not affect the
postsynaptic side (23, 40). This apparent discrepancy with our
results could be due to the different sources of Wnt7a used (23,
40). Importantly, here we show that postsynaptic activation of
Wnt signaling through Dvl1 expression promotes spine growth
and excitatory synaptic transmission. Consistently, Dvl1 mutant
dendrites do not respond to exogenous Wnt7a. Because Dvl1
functions as a molecular hub to activate Wnt cascades at specific
cellular locales (26), the presence of Dvl1 at spines suggests that
Wnt signaling can be activated within this synaptic compartment.
Indeed, Wnt7a rapidly induces the local activation of CaMKII at
dendritic spines, whereas blockade of CaMKII suppresses the
ability of Wnt7a to stimulate spine growth and to increase syn-
aptic strength. Our results therefore reveal a unique mechanism
by which secreted Wnt factors can modulate synaptic growth and
strength through the activation of CaMKII in dendritic spines.
Wnt signaling has been implicated in synaptic and morphological

plasticity (32, 41–44).Forexample,Wnt7a/bprotein levels increase in
the CA3 region of the hippocampus after environmental enrichment
(41). Neuronal activity also regulates the expression or secretion of
Wnts (32, 43) and the synaptic localization of the Wnt receptor Fz5
(45). Importantly, synapse formation induced by high-frequency
stimulation is mediated by Wnt-Fz5 signaling (45). Until now, the
molecular mechanisms by which Wnt signaling regulates morpho-
logical plasticity have remained poorly characterized. CaMKII plays

a critical role in postsynaptic morphological and functional plasticity
(14, 29, 46, 47). The results reported here provide a possible mech-
anism by which neuronal activity, through Wnt-CaMKII signaling,
could modulate the morphological and functional plasticity of
neuronal circuits.

Material and Methods
Neuronal Cultures. Primary hippocampal cultures were prepared from em-
bryonic day 18 Sprague–Dawley rat embryos. For more details, see SI
Materials and Methods.

Electrophysiology. Cells were patched in whole cell voltage-clamp configura-
tion. EPSCs were recorded in the presence of 10 μM bicuculine. IPSCs were
recorded in the presence of 10 μM DNQX and 50 μM AP-5 (100 nM TTX was in-
cluded when recording mPSCs). For more details, see SI Materials andMethods.

For further details of materials and methods used, see SI Materials and
Methods.
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