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The signaling mechanisms that choreograph the assembly of the
highly asymmetric pre- and postsynaptic structures are still poorly
defined. Using synaptosome fractionation, immunostaining, and
coimmunoprecipitation, we found that Celsr3 and Vangl2, core
components of the planar cell polarity (PCP) pathway, are localized
at developing glutamatergic synapses and interact with key synap-
tic proteins. Pyramidal neurons from the hippocampus of Celsr3
knockout mice exhibit loss of ~50% of glutamatergic synapses,
but not inhibitory synapses, in culture. Wnts are known regulators
of synapse formation, and our data reveal that Wnt5a inhibits glu-
tamatergic synapses formed via Celsr3. To avoid affecting earlier
developmental processes, such as axon guidance, we conditionally
knocked out Celsr3 in the hippocampus 1 week after birth. The CA1
neurons that lost Celsr3 also showed a loss of ~50% of glutamater-
gic synapses in vivo without affecting the inhibitory synapses
assessed by miniature excitatory postsynaptic current (mEPSC) and
electron microscopy. These animals displayed deficits in hippocam-
pus-dependent behaviors in adulthood, including spatial learning
and memory and fear conditioning. In contrast to Celsr3 conditional
knockouts, we found that the conditional knockout of Vangl2 in the
hippocampus 1 week after birth led to a large increase in synaptic
density, as evaluated by mEPSC frequency and spine density. PCP
signaling is mediated by multiple core components with antagoniz-
ing functions. Our results document the opposing roles of Celsr3
and Vangl2 in glutamatergic synapse formation.
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lutamatergic synapses, the predominant excitatory synapses

in the brain, are asymmetric cell-cell junctions formed from
distinct pre- and postsynaptic components involving highly or-
ganized complexes of hundreds of proteins across the 20-nm
synaptic cleft (1, 2). The signaling pathway that directly as-
sembles these asymmetric protein complexes has not been well
understood. Understanding mechanisms of glutamatergic syn-
apse formation will provide important insights into the function
and plasticity as well as dysfunction of glutamatergic synapses,
which underlie numerous nervous system disorders.

Many epithelial tissues show planar cell polarity, the global
asymmetry of cellular and tissue morphology and/or structure
along the tissue plane (3, 4). The conserved core planar cell po-
larity (PCP) components, Frizzled, Dishevelled, Diego, Prickle,
Vang(l), and Flamingo (Fmi)/Celsr, form asymmetric complexes at
the cadherin-mediated adherens junctions that connect neighbor-
ing epithelial cells (3, 4). Recent studies suggest that mutations of
some components of the PCP signaling pathway, Celsr3/Fmi and
Vangl2, affect GABAergic circuit development in zebrafish retina,
GABAergic motoneuron synapse development in Caenorhabditis
elegans, and hippocampal/cortical glutamatergic and GABAergic
synapse formation (5-11). PCP components are critical regulators
of neuronal migration and axon guidance, which take place before
synapse formation and their mutations may secondarily affect
synapse formation (8-10, 12-19). Therefore, evaluating the specific
functions of PCP components in synapse formation requires
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conditionally knocking out these components in defined synapses
after the development of axons and dendrites.

In this study, we directly address the role of Celsr3 and Vangl2
in glutamatergic synapse formation by deleting Celsr3 and Vangl2
in hippocampal pyramidal neurons after the first postnatal week
(postnatal day 7; P7). We found that at the peak of synapse for-
mation (P14), Celsr3 and Vangl2 are specifically localized in de-
veloping glutamatergic synapses and colocalized with pre- and
postsynaptic proteins. In the absence of Celsr3, hippocampal
neurons showed ~50% reduction in the number of glutamatergic
synapses in vitro and in vivo. Inhibitory synapses were not affected.
Noncanonical Wnt signaling inhibits glutamatergic synapse for-
mation, whereas canonical Wnt signaling promotes glutamatergic
synapse formation in the hippocampus (20). We found here that
Celsr3, a key component of this noncanonical Wnt signaling
pathway, the PCP pathway, mediates responses to WntSa, which
negatively regulates synapse formation. Additionally, the postnatal
deletion of Celsr3 induced at P7 lead to deficits in hippocampus-
dependent learning and memory formation. Some PCP compo-
nents are known to exert opposing biochemical functions as well as
exclude each other in subcellular localization. Indeed, we found
that the postnatal deletion of Vangl2 initiated at P7 resulted in an
increase in glutamatergic synapses, measured at P14. Because
mutations of some PCP components, such as Prickle1 and Prickle2,
have been implicated in autism and epilepsy, precisely pinpointing
the function of PCP signaling components will lead to better un-
derstanding of the synaptopathy underlying many neurological and
neuropsychiatric disorders (21-24).

Results

Celsr3 and Vangl2 Are Localized in Excitatory Synapses. To charac-
terize the role of Celsr3 and Vangl2 in developing synapses, we

Significance

The signaling mechanisms mediating glutamatergic synapse
assembly are fundamental to our understanding of neural cir-
cuit function, plasticity, and disorders, but have remained
elusive. We provide direct evidence that two components of
the conserved planar cell polarity signaling pathway, which
assembles asymmetric cell-cell junctions, have opposing func-
tions in glutamatergic synapse formation. Celsr3 promotes as-
sembly whereas Vangl2 inhibits assembly, suggesting that this
signaling mechanism is accessible for both positive and nega-
tive regulation and is also a candidate pathway for mediating
synaptic plasticity.

Author contributions: Y.Z. designed and directed research; S.T., LW.,, T.Y., M.Y., K.O,, J.S,,
J.Q., CF., and X.H. performed research; S.T., LW., T.Y., M.Y., K.O., J.S,, J.R.Y., D.K.B., and
Y.Z. analyzed data; and S.T. and Y.Z. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. Email: yzou@ucsd.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1612062114/-/DCSupplemental.

PNAS Early Edition | 10of9

%)
=2
o
a
w
<
=
o



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1612062114&domain=pdf&date_stamp=2017-01-05
mailto:yzou@ucsd.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1612062114/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1612062114/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1612062114

focused on the glutamatergic synapses formed between the Schaffer
collaterals and the hippocampal CA1l pyramidal neuron apical den-
drites spanning the mouse stratum radiatum (Fig. 14). This region is
well characterized and a commonly used model for studying synapse
formation. The onset of synaptogenesis occurs during the first post-
natal week and continues for approximately 2 more weeks (Fig. 1B).

We first analyzed PCP components in the synaptic membrane
fraction (SMF) and the postsynaptic density (PSD) using subcellular
fractionation of synaptosome preparations from P14 wild-type
mouse forebrains (Fig. 1C) (25, 26). As internal controls, syn-
aptophysin and SV2, two presynaptic proteins, were examined
and found enriched in the SMF, whereas PSD-95 and NMDA
receptor subunit NR2B, two postsynaptic proteins, were enriched

Synaptosomes|

in the PSD fraction. We found that Celsr3 and Celsr2 were pre-
sent in both fractions. Dvll was enriched in the SMF, whereas
DvI2 and Vangl2 were enriched in the PSD fraction. The hyper-
phosphorylated form of Fzd3 (top band) was more abundant in
the SMF than in the PSD, whereas the unphosphorylated form of
Fzd3 (bottom band) was enriched in the PSD fraction. This is
consistent with our previous findings that Dvll increases hyper-
phosphorylation of Fzd3 to prevent its endocytosis and that Vangl2
and DvI2 antagonize this by reducing Frizzled3 phosphorylation
and promoting its internalization (14, 16). These results suggest
that PCP components are asymmetrically localized at developing
glutamatergic synapses in similar fashion to epithelial cell-cell
junctions being planar polarized.
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PCP components are localized in developing excitatory synapses. (4) Schematic diagram of the CA3 to CA1 Schaffer collateral projections of the

hippocampus. (B) Developmental progression of CA1 pyramidal neuron dendrites and CA3 axons. (C, Left) Diagram of the subcellular fractionation procedure.
(C, Right) Western blot analysis of the distribution of PCP proteins by subcellular fractionation. P2, crude synaptosome; S1, supernatant. Tuj1 controls for
loading. (D and E) Celsr3 (D) and Vangl2 (E) colocalization with postsynaptic marker PSD-95 and presynaptic marker bassoon. Arrows mark colocalized puncta
in each image. (Scale bars, 1 pm.) (F) Immunoprecipitation (IP) assays using a P2 fraction of P14 wild-type mouse brains show interaction of endogenous Celsr3
and Frizzled3 proteins with endogenous synaptic proteins. (G) PCP components are distributed in glutamatergic synapses analogous to their organization in
asymmetric epithelial cell junctions. SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum.
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We then performed immunofluorescence staining of Celsr3
and Vangl2 in P14 hippocampal neurons in vivo. Celsr3 and
Vangl2 were costained with either postsynaptic marker (PSD-95)
or presynaptic marker (bassoon) on cryosections of hippocampus
and visualized with confocal microscopy. We found at the peak
of synaptogenesis that Celsr3 and Vangl2 are specifically colo-
calized in the developing synapses, as we observed colocalized
puncta (denoted by arrows) of the Celsr3 and Vangl2 (red)
puncta together with the synaptic marker (green) (Fig. 1 D and
E). Although at the resolution of confocal microscopy it is not
possible to separate the pre- and postsynaptic compartments, we
observed highly specific colocalization (yellow) of these proteins
together with the synaptic markers inside the synapses rather
than distributed diffusely throughout the membranes of axons
and dendrites. These results suggest that at this stage of postnatal
development, Celsr3 and Vangl2 are likely specifically dedicated
to regulating synapse formation. To visualize the dendrites and
spines, we used a mouse line endogenously expressing yellow
fluorescent protein (YFP) in the cytosol of a subset of CAl py-
ramidal neurons (Fig. S1).

To test whether endogenous PCP components interact with
specific synaptic proteins, we performed coimmunoprecipita-
tion and Western blot using protein extracts from P14 mouse
brain (Fig. 1F). After a series of centrifugation steps (26), the
crude synaptosomal membrane pellet was solubilized and used
for the coimmunoprecipitation. We found that endogenous
Celsr3 interacts with SV2, PSD-95, and Frizzled3 (16), whereas
endogenous Frizzled3 interacts with synaptophysin and SV2
(Fig. 1F). Recent studies also showed that other PCP proteins,
Vangl2 and Prickle2, are found in the postsynaptic compart-
ment and may interact with PSD-95 (5, 6). These data indicate
that PCP components interact with a number of key synaptic
proteins, suggesting a direct role in glutamatergic synapse as-
sembly/function. The localization of PCP components and their
interaction with key synaptic proteins are analogous to their or-
ganization in asymmetric epithelial cell junctions in PCP signal-
ing (Fig. 1G).

Celsr3 Is Required for Glutamatergic Synapse Formation in Hippocampal
Culture. To test the function of Celsr3 in synapse formation, we
examined hippocampal neurons in 14-DIV (days in vitro) cul-
tures prepared from embryonic day (E)18.5 Celsr3 knockout
mice (KOs) (27). Compared with wild-type (WT), Celsr3™/~
cultures contained 24 + 4% fewer presynaptic puncta as
revealed by vGlutl immunostaining, 36 + 6.7% fewer post-
synaptic puncta as revealed by PSD-95 staining, and 38 + 5%
fewer colocalized puncta characteristic of glutamatergic syn-
apses (Fig. 24 and B; **P < 0.01 for pre- and postsynaptic puncta;
*P < 0.05 for colocalized puncta; Mann—Whitney U-statistic
test). Knockout of Celsr3 did not affect the mean area of the
glutamatergic synapses marked by colocalized vGlut1+/PSD-95+
puncta (Fig. 2.4 and C). No deficits were seen in the number or area
of inhibitory synapses revealed by immunostaining Celsr3~'~ cultures,
indicating that inhibitory synapses are not regulated by Celsr3
(Fig. 2 D-F).

To assess the effects on early stages of synaptogenesis, we
cultured E18.5 hippocampal neurons from Celsr3~'~ embryos for
only 6 days and examined synapse formation. We found that
after 6 days of culture, when synapses are just beginning to form,
the reduction of excitatory synapse puncta number was already
significant (Fig. 2 G and H), suggesting that Celsr3 is required
at the onset of synapse formation. Although the areas of colo-
calized presynaptic vGlutl+ puncta were not different from the
14-DIV cultures (Fig. 2C), the areas of colocalized presynaptic
vGlutl+ puncta were smaller in the 6-DIV cultures, further
suggesting that Celsr3 is required for synapse assembly but not
for maintenance. The areas of colocalized postsynaptic PSD-95+
puncta were unaffected in Celsr37~ 6-DIV cultures (Fig. 2 G and I).
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The reduction in vGlutl4+/PSD-95+ glutamatergic synapses as early
as 6 DIV and persisting at least until 14 DIV provides evidence
supporting the possible role of Celsr3 in glutamatergic synapse
formation.

Wnt5a inhibits glutamatergic synapses formed by Celsr3. Previous
studies have shown that Wnt signaling regulates synapse devel-
opment in various neuronal cell types (28). Wnt5a is robustly
expressed in the mouse hippocampus during postnatal develop-
ment and reduces the number of presynaptic puncta in neurons
via a noncanonical Wnt signaling pathway (20). Therefore, we
sought to determine whether Celsr3 mediated Wnt5a s’fgnaling.
Hippocampi isolated from E18 Celsr3** and Celsr3™'~ mice
were treated with Wnt5a after 12 DIV (100 ng/mL for 36 h).
Celsr3™* neurons showed a 56% reduction in the number of
colocalized puncta (Fig. 2 J and K; **P < 0.01, two-way
ANOVA) at 14 DIV. Celsr3~'~ neurons not treated with Wnt5a
showed a 52% reduction compared with untreated Celsr3**
neurons in colocalized puncta (Fig. 2 J and K; **P < 0.01, two-
way ANOVA). Wnt5a addition to Celsr3~'~ neurons did not
produce a significant difference compared with untreated
Celsr3™'~ neurons (Fig. 2 J and K), suggesting that Wnt5a inhibits
synapse formation via a PCP component, Celsr3. To determine
whether the reduction of synaptic puncta for vGlutl and PSD-95
was due to changes in transcription, translation, or stability of
these proteins, cell lystates for Celsr3*'* and Celsr3~'~ cultured
hippocampal neurons 14 DIV were collected to probe for vGlutl,
PSD-95, vGAT, and gephyrin. There was no reduction in their
total protein levels in Celsr3~~ (Fig. 2L).

Celsr3 Is Required for Excitatory Synapse Formation in Vivo. Because
Celsr3 is essential for axon guidance (12-14, 17, 18), it is critical
to delete Celsr3 after axons have reached their proper target area
using Celsr3 conditional knockout mice (cKOs) to test its role in
synapse formation in vivo. We crossed a Celsr3 ¢cKO with an
inducible Cre line (SLICK) so that we could delete Celsr3
postnatally (12, 29). The SLICK-A line expresses constitutively
active YFP and a tamoxifen-inducible form of Cre recombinase,
CreER™, from two separate Thy-1 promoters. The Thy-1 pro-
moter of SLICK-A restricts Cre and YFP expression to neurons.
There is no YFP fluorescence in glial cells, including GFAP+
astrocytes and Olig2+ oligodendrocytes or interneurons (29, 30).
As a result, we can specifically assess the function of Celsr3 in
pyramidal neurons.

We first characterized the expression of YFP and the effi-
ciency of recombination over the course of the first 2 postnatal
weeks. SLICK-A is expressed in 59% of CAl neurons indicated
by the expression of YFP, and expressed sparsely in the cortex
and other regions (Fig. S14). In the absence of tamoxifen in-
jections, SLICK-A—positive mice show no recombination at P7,
although modest recombination at P14 due to a low level of
leaky Cre expression (Fig. S1 B and C). However, administering
tamoxifen at P7 to P8 resulted in robust recombination by P14,
as indicated by 99% coexpression of tdTomato and YFP (Fig. S1
A and D-F; n = 4 mice, n = 460 neurons). For all of the in vivo
experiments described below, control mice (SLICK-A-negative
or SLICK-A—positive;Celsr3') were littermates and tamoxifen-
injected at P7 and P8 and compared with tamoxifen-injected
at P7 and P8 Celsr3 cKOs (SLICK-A—positive;Celsr3/o*/ox),
No changes were observed in the gross hippocampal anatomy, den-
dritic complexity, hippocampal commissure, mossy fiber projec-
tions, or CA1/CA3 cell-layer thickness and density, confirming
that Celsr3 was deleted late enough to avoid defects in axon
guidance, neuronal migration, and dendrite morphogenesis (Fig.
S1 E-L; control and Celsr3 cKO, n = 3 mice). To characterize the
cellular morphology, we analyzed dendritic complexity in the
Celsr3 cKOs by injecting Alexa Fluor hydrazide 555 into CAl
pyramidal cell bodies in acute hippocampal slices to label the
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Fig. 2. Celsr3 is required for glutamatergic synapse formation in hippocampal culture. (A) Immunostaining for pre- (green) and postsynaptic puncta (red)
of glutamatergic synapses in 14-DIV hippocampal cultures from Celsr3*’* and Celsr3~'~ E18.5 embryos. (B and C) Quantification of the density and area
of glutamatergic synapses (Celsr3** n = 5 experiments, n = 50 neurons; Celsr3~'~ n = 5 experiments, n = 49 neurons; *P < 0.05, **P < 0.01, Mann-Whitney
U-statistic test). Celsr3~~ showed 24 + 4%, 36 + 6.7%, and 38 + 5% reduction in presynaptic, postsynaptic, and colocalized puncta, respectively. The synaptic
area was not significantly different. (D) Staining for pre- (green) and postsynaptic puncta (red) of inhibitory synapses in 14-DIV hippocampal cultures from
Celsr3*"* or Celsr3~'~ E18.5 embryos. (E and F) Quantification of the density and area of inhibitory synapses (Celsr3*’* n = 4 experiments, n = 46 neurons;
Celsr37'~ n = 4 experiments, n = 47 neurons). Neither the density nor the area of inhibitory synapses was significantly different. (G) Staining for pre- (green)
and postsynaptic puncta (red) of glutamatergic synapses in 6-DIV hippocampal cultures from Celsr3*"* and Celsr3~~ E18.5 hippocampal neurons. (H and /)
Quantification of glutamatergic synaptic density showed a significant reduction in presynaptic, postsynaptic, and colocalized puncta. The area of post-
synaptic puncta showed no change, whereas the area of presynaptic puncta showed a statistically significant change (Celsr3** n = 127 neurons, n = 6
experiments; Celsr3~'~ n = 85 neurons, n = 4 experiments; *P < 0.05, **P < 0.01, Mann-Whitney U-statistic test). () Coimmunostaining for MAP2, PSD-95,
and vGlut1 on Celsr3*"* or Celsr3~/~ 14-DIV hippocampal neuronal dendrites after application of Wnt5a peptide. (K) Quantification of synaptic density after
Wnt5a addition to Celsr3** or Celsr3~~ neurons. Colocalized vGlut1 and PSD-95 puncta density drops 56.4% after application of Wnt5a to Celsr3*/*
neurons (n = 6 experiments; *P < 0.05, **P < 0.01, two-way ANOVA). Celsr3~'~ neurons show a 52.2% decrease in the number of colocalized puncta
compared with control neurons (**P < 0.01, two-way ANOVA). No significant change is observed after the addition of Wnt5a to Celsr3~/~ neurons. (L) There
is no change in synaptic protein expression in Celsr3~~ compared with Celsr3*'* hippocampal cultures at 14 DIV. Arrowheads denote colocalized puncta. All
data are expressed as mean + SD. (Scale bars, 10 pm.)

control: n = 11 neurons, n = 3 mice; Celsr3 cKO: n =10 neurons,
n = 3 mice).

entire cell body and dendritic branching pattern. Completely
labeled neurons without artificially broken branches 200 pm from

the soma were analyzed with Sholl analysis (ImageJ plugin).
We found no significant difference between control and Celsr3
cKO basal dendrites or apical dendrites spanning the stratum
radiatum (Fig. S1 M and N; Student’s ¢ test at each 10-um interval,
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We performed electron microscopy (EM) to examine synaptic
density on distal CA1l apical dendrites, 150 to 200 pm from py-
ramidal cell bodies in P14 littermates (tamoxifen-injected con-
trols, and Celsr3 cKOs on P7 and P8). Synapses in this region are
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formed by the CA1 dendrites and Schaffer collateral fibers from
CA3 pyramidal neurons (Fig. 14). Images were taken at equally
spaced regions spanning the stratum radiatum. Because 59% of
the CA1 neurons expressed SLICK-A and 99% of the SLICK-A—
positive neurons had undergone Cre recombination, Celsr3
should be deleted in 58% of the CA1 neurons in tamoxifen-in-
jected Celsr3 cKO mice. We observed a significant 36% decrease
(Fig. 3 A and 4’; *P < 0.05, Mann-Whitney U-statistic test) in
the density of asymmetric (excitatory) axospinous synapses,
whereas the density of asymmetric axodendritic synapses and
symmetric (inhibitory) synapses remained unchanged (Fig. 3 A-B’).
Due to the overlapping expression of Celsr2 with Celsr3 in hip-
pocampal neurons (31, 32), we hypothesize that the remaining
synapses in neurons lacking Celst3 could be assembled by Celsr2
or a separate signaling pathway. These data show that Celsr3 is
critical for the formation of excitatory synapses formed on spines
and not the dendritic shaft or inhibitory synapses in vivo.

To assess the formation of functional synapses in vivo, we
measured miniature excitatory postsynaptic current (mEPSC) and
miniature inhibitory postsynaptic current (mIPSC) frequency and
amplitude in acute hippocampal slices. Patch-clamp recordings of
mEPSCs were obtained from CA1 pyramidal neurons of P13 to
P15 littermates, tamoxifen-injected controls (n = 20 cells, n = 7
mice), and Celsr3 cKOs (n = 12 cells, n = 5 mice) on P7 and P8
and in the presence of TTX (1 mM) and gabazine (10 pM). We
found that loss of Celsr3 caused a 45% reduction in the mean
frequency of mEPSCs in CA1 neurons that express YFP (Fig. 3 C
and D; **P = 0.0018, Mann—Whitney U-statistic test), with no
change in the mean mEPSC amplitude (P = 0.77182, Mann-
Whitney U-statistic test) or decay time constant (P = 0.42372,
Mann-Whitney U-statistic test) of the remaining synapses (Fig. 3
C-E). There were no significant changes in mIPSC frequency
(control n = 18 cells, n = 5 mice; Celsr3 cKO n = 14 cells, n = 3
mice; P = 0.89656, Mann—Whitney U-statistic test) or amplitude
(P = 0.72786, Mann-Whitney U-statistic) or decay time constant
(P = 0.95216, Mann-Whitney U-statistic test) (Fig. 3 F-H). These
data indicate that Celsr3 plays a critical role in the development of
excitatory, not inhibitory, synapses, contrary to previous studies that
found embryonic loss of Celsr3 also affected the formation of in-
hibitory synapses (10). The decrease in mEPSC frequency observed
in the Celsr3 cKO correlates with the observed decrease in excitatory
synaptic density (asymmetric axospinous synapses) (Fig. 3 A-B’).

Celsr3 Conditional Knockout Mice Display Impaired Hippocampus-
Dependent Behaviors. To test whether the reduction of excitatory
synapse formation in the hippocampal CAl pyramidal neurons
resulted in behavioral deficits, we performed hippocampus-
dependent behavioral tasks, including the Barnes maze and con-
textual fear conditioning (33, 34). Barnes maze tests were performed
to evaluate hippocampus-dependent spatial memory in 3—4-month-
old animals injected with tamoxifen at P7 and P8 (35). The Barnes
maze consists of a circular field with 20 holes evenly spaced near its
edge, one of which contains an escape route to a darkened escape
chamber. Additional visual cues are placed on the wall for spatial
orientation and a bright light is shined on the test area, giving the
mouse an incentive to escape quickly. Because the maze does not
involve water, it avoids complications due to the poorer swimming
ability of mice (36). After initial habituation to the escape route and
test area, the animals were subjected to four daily training sessions
to form a stable memory of the location of the escape hole, followed
by a probe test where the escape was removed.

We evaluated the latency to the first encounter of the escape hole
by quantifying the latency to locate the hole with the escape
chamber under it (37, 38). The controls had a significant learning
curve (Fig. 44; P = 0.0022, ANOVA, n = 18 male mice), whereas
the Celsr3 cKOs only had a trend toward a learning curve (Fig. 44;
P =0.0830, ANOVA, n = 17 male mice). In addition, the controls
had a significantly shorter latency to locate the hole with the escape
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chamber compared with Celsr3 cKOs (Fig. 44; P = 0.0113,
ANOVA). These data suggest that Celsr3 cKOs had impaired
learning and memory in a hippocampus-dependent behavioral task.

In the probe test, control mice spent significantly more time in
the quadrant originally housing the escape chamber than in the
average of the other three quadrants, as expected (Fig. 4B; *P =
0.016, ANOVA), indicating that they were correctly remembering
spatial cues in this test. On the other hand, the difference in
percent time spent in the target vs. the average of the other
quadrants was not statistically significant in Celsr3 cKOs (Fig. 4B,
P = 0.54, ANOVA), indicating that Celsr3 cKOs had impaired
spatial memory.

The mice were then subjected to a fear-conditioning paradigm
that evaluates context- and cue-dependent learning. Because the
fear-conditioning test sometimes has adverse effects on other
behavioral tests, the fear-conditioning test was the final behav-
ioral test performed on the mice, after the Barnes maze and the
control behavioral tests. The strong aversive foot-shock stimulus
provides a robust learning and memory motivation and behav-
ioral response. Contextual-fear conditioning is a hippocampus-
and amygdala-dependent behavior, whereas cued-fear condi-
tioning is an amygdala-dependent behavior (39, 40). In this
experimental paradigm, freezing behavior—which was defined as
the absence of all except respiratory movement—is quantified
after mice learn to associate context (the chamber environment)
and a conditioned stimulus (a previously neutral tone stimulus)
with an aversive foot shock. After initial habituation, mice are
placed in the context of the chamber and exposed to the condition
of a buzzer alarm sound/light in association with the aversive foot-
shock stimulus. The next day, mice were submitted to the context
test, in which mice were placed in the same chamber but in the
absence of the tone, light, and aversive foot shock. On the final
day, the cued stimulus test was performed, in which the mice were
placed in a novel chamber exposed to the light and tone in the
absence of the aversive foot shock. The Celsr3 ¢cKOs displayed
significantly weaker contextual conditioning compared with con-
trols, which depends on hippocampal inputs (Fig. 4C; *P = 0.0491,
ANOVA), whereas cued-fear conditioning was completely intact
(Fig. 4C; P = 0.8825). These data suggest Celsr3 cKOs have a
specific hippocampus-dependent behavioral defect.

Because SLICK-A is highly expressed in the hippocampus com-
pared with other brain regions, including the cortex, at the time of
tamoxifen injection (Fig. S14), we expected behavioral defects would
be restricted to those that are hippocampus-dependent. Indeed,
there were no differences between control and Celsr3 cKOs in
visual function as measured in the optomotor test, in anxiety-like
behavior as measured using the light/dark transfer test, or in ac-
tivity levels assessed in the locomotor activity test (Fig. 4 D-J).

Vangl2 Inhibits Excitatory Synapse Formation in Vivo. The localized
expression of Vangl2 protein in the postsynaptic density suggests
a role in synapse formation. However, Vangl2 is also an impor-
tant signaling component in axon guidance. Germline Vangl2
mutations, either complete loss-of-function or gain-of-function
(looptail), lead to massive axon projection defects (as well as other
earlier developmental defects, such as an open neural tube), which
will secondarily cause synapse formation defects (14, 41, 42). In
two earlier studies, these germline Vangl2 mutants show a de-
crease in dendritic complexity and spine density (7, 11). To
identify the biological function of Vangl2 in synapse formation,
which occurs postnatally, we crossed a Vangl2 cKO allele (43) with
the SLICK-A Cre line to delete Vangl2 postnatally. To evaluate
the role of Vangl2 in functional synapses in vivo, we first measured
mEPSC frequency and amplitude in acute hippocampal slices.
Patch-clamp recordings of mEPSCs for P14 to P21 controls (n =
17 neurons, n = 7 mice) and Vangl2 cKOs (n = 18 neurons, n = 6
mice) were performed the same way as for Celsr3 cKO acute slices.
In contrast to the germline Vangl2 mutations, we observed a large,
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Fig. 3. Celsr3 is required for excitatory synapse formation in vivo. (A-B’) Representative EM images and quantification showing a 36% decrease in distal
asymmetric axospinous synaptic density (indicated by red arrowheads) on the apical CA1 dendrites in the stratum radiatum of Celsr3 cKOs. Controls and Celsr3
cKOs (n = 4 mice per group; *P < 0.05, Mann-Whitney U-statistic test). There was no significant change in axodendritic synaptic density (indicated by green
arrowheads) or in distal symmetric synaptic density (indicated by yellow arrowheads). (Scale bar, 400 nm.) (C) Representative traces showing mEPSCs (control,
blue asterisks; cKO, orange asterisks). (D) Quantification of mean mEPSC frequency (Left) and amplitude (Right) recorded in control (n = 20 cells, n = 7 mice)
and Celsr3 cKO littermates (n = 12 cells, n = 5 mice) (**P < 0.01, Mann-Whitney U-statistic test). (E) Average event trace for control and Celsr3 cKO shows no
significant difference in decay time constant (P = 0.42372, Mann-Whitney U-statistic test) of the remaining synapses. (F) Representative traces showing
mlPSCs (control, blue asterisks; cKO, orange asterisks) recorded in CA1 hippocampal pyramidal neurons from controls (Upper) or Celsr3 cKOs (Lower).
(G) Quantification of mean mIPSC frequency (Left) and amplitude (Right) recorded in control (n = 18 cells, n = 5 mice) and cKO littermates (n = 14 cells, n =3
mice) shows no significant difference. (H) Average event trace for control and Celsr3 cKO shows no significant difference in decay time constant (P = 0.95216,

Mann-Whitney U-statistic test). All data are expressed as mean + SEM.

58% increase in the mean mEPSC frequency (Fig. 54 and B; **P =
0.00252, Mann-Whitney U-statistic test) with no change in the
mean mEPSC amplitude (Fig. 5 4 and B) or decay time constant
(Fig. 5C; P = 0.50286, Mann—-Whitney U-statistic test). Recording
of the mIPSCs (control n = 13 neurons, n = 3 mice; Vangl2 cKO

= 11 neurons, n = 3 mice) was performed and revealed no
significant changes in mIPSC mean frequency (Fig. 5D and E; P =
0.45326, Mann-Whitney U-statistic test), amplitude (Fig. 5 D and
E; P = 0.48392, Mann-Whitney U-statistic test), or decay time
constant (Fig. 5F; P = 0.47152, Mann—Whitney U-statistic test).
These data suggest Vangl2 inhibits excitatory synapse formation.
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We then analyzed spine density and morphology in P14 slices.
Spines are dynamic structures that rapidly respond to environ-
mental cues and molecular signaling. To preserve the spine
density and morphology as close to the live mouse as possible,
mice were anesthetized and quickly transcardially perfused with
room temperature 4% paraformaldehyde (PFA). After processing
the tissue (44), CAl neurons and their dendritic branches were
injected with Alexa Fluor hydrazide 555 to visualize spines. Only
YFP+ neurons were included in the analysis, to ensure Cre-
expressing dendrites were evaluated in the SLICK-A+;Vangl2
cKO. CALl oblique apical dendrites located 100 to 200 pm from
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Fig. 4. Celsr3 conditional knockout mice displayed impaired hippocampus-dependent behaviors. (A) Celsr3 cKO littermates showed a longer latency in
locating the escape chamber than control littermates in the Barnes maze assay (control n = 18; cKO n = 17; P = 0.0113, ANOVA). The controls had a significant
learning curve (n = 18 male mice; P = 0.0022, ANOVA), whereas the Celsr3 cKOs only showed a trend toward a learning curve (n = 17 male mice; P = 0.0830,
ANOVA). (B) In the probe test, control mice spent significantly more time in the quadrant originally housing the escape chamber than the average of the
other three quadrants [F(1,17) = 7.14, *P = 0.016, ANOVA]. Celsr3 cKOs showed no significant difference in the percent time spent in the target vs. other
quadrants [F(1,15) = 0.40, P = 0.54, ANOVA]. (C) Celsr3 cKOs had significant impairment of hippocampus-dependent contextual conditioning (*P < 0.05,
unpaired Student’s t test) as reflected by the 50% reduced time spent freezing in the fear conditioning test. Hippocampus-independent cued conditioning
remained the same. (D-J) Behavioral tests for non-hippocampus-dependent tasks showed no differences between control and Celsr3 cKO mice as observed in
(D) visual ability in the optomotor test, (E and F) anxiety-like behavior as measured using the light/dark transfer test, or (G-J) activity levels assessed in the

locomotor activity test. All data are expressed as mean + SEM.

the CAl pyramidal neuronal cell bodies spanning the stratum
radiatum were imaged using confocal microscopy, and spine
density and morphology were analyzed. Vangl2 cKO lead to 29%
increase of spine density (Fig. 5G; 15.6 + 0.06 spines per 10-pm
dendritic segment; n = 24 neurons, n = 4 mice; ***P < 0.001,
Student’s ¢ test) compared with controls (Fig. 5G; 12.1 + 0.04
spines per 10-pm dendritic segment; # = 31 neurons, n = 3 mice).
The average percentage of stubby-shaped spines in Vangl2 cKOs
decreased by 36% (Fig. 5G; ***P < 0.001, Student’s ¢ test) and the
average percentage of thin-shaped spines increased by 18% (Fig.
5G; **P = 0.00104, Student’s ¢ test). The increase in mEPSC
frequency observed in the Vangl2 cKO correlates with the increase
in excitatory synaptic density (as observed with quantifying spine
density) in the Vangl2 cKO. Together, these data suggest Vangl2
normally inhibits initial spine formation and potentially indirectly
or directly promotes spine elimination, contrary to previous re-
ports (7, 11).

Discussion

Opposing Roles of Celsr3 and Vangl2 in Glutamatergic Synapse
Formation. We found that PCP components are specifically lo-
calized at excitatory synapses as they form during early postnatal
development and are associated either directly or indirectly with
a number of key synaptic proteins. Hippocampal neurons lacking
Celsr3 develop approximately half as many excitatory synapses,
as revealed by immunostaining, electron microscopy, and patch-
clamp recording of mEPSCs both in cultured hippocampal
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neurons and in acute hippocampal slices. Both the Celsr3 KO
and cKO showed no change in the number of inhibitory synap-
ses, and the Celsr3 cKO displayed no change in the activity of
inhibitory synapses. The remaining excitatory synapses after the
loss of Celsr3 may be formed by other Celsr isoforms, such as
Celsr2 expressed in an overlapping pattern in the hippocampus
(31, 32), or a separate signaling pathway. These synaptic defects
manifested in hippocampus-dependent behavioral deficits in
adult Celsr3 cKOs. Therefore, this study precisely identifies the
essential role of a core PCP protein, Celst3, in glutamatergic
synapse formation. Because PCP components often have op-
posing functions and mutually exclusive subcellular localization,
we anticipated that if PCP-like signaling is responsible for synapse
formation, there should be some components that will inhibit
synapse formation. Indeed, we found that Vangl2 inhibits gluta-
matergic synapse formation in the same hippocampal pyramidal
neurons. Our paper provides evidence that components of the PCP
signaling pathway have opposing functions in glutamatergic syn-
apse formation, suggesting that PCP signaling mediates both pos-
itive and negative regulation of synapse formation and may be a
candidate for a novel regulatory mechanism of synaptic plasticity.

Direct Role of Celsr3 and Vangl2 in Synapse Formation. Because PCP
signaling components play important roles in multiple steps of
neural development, including neuronal migration and axon
guidance, the proper experimental design is required to precisely
dissect the function of each component and assign their role in
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Fig. 5. Vangl2 inhibits excitatory synapse formation in vivo. (A) Represen-
tative traces showing mEPSCs. (B) Quantification of mean mEPSC frequency
(Left) and amplitude (Right) recorded in control (n = 17 cells, n = 7 mice) and
Vangl2 cKO littermates (n = 18 cells, n = 6 mice; **P < 0.01, Mann-Whitney
U-statistic test). (C) Average event trace for control and Vangl2 cKO shows
no significant difference in decay time constant (P = 0.50286, Mann-Whitney
U-statistic test). (D) Representative traces showing mIPSCs recorded in CA1
hippocampal pyramidal neurons from controls (Upper) or Vangl2 cKOs
(Lower). (E) Quantification of mean mIPSC frequency (Left) and amplitude
(Right) recorded in control (n = 13 cells, n = 3 mice) and Vangl2 cKO litter-
mates (n = 11 cells, n = 3 mice) shows no significant difference. (F) Average
event trace for control and cKO shows no significant difference in decay
time constant (P = 0.47152, Mann-Whitney U-statistic test). (G) Represen-
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synapse formation (12-18). Previous studies deleted the Celsr3
gene either from early embryonic development or early embry-
onic brain development (8-10). When Celsr3 was deleted from
the embryonic forebrain using EmxI-Cre, a number of defects
were found in neuronal cell numbers, migration, and axon
guidance. These severe early defects will have an impact on later
phases of development, such as synapse formation, which rely on
correct axon guidance and dendrite formation. In addition to the
reduction of glutamatergic synapses, inhibitory synapse numbers
were found to be increased, probably due to the cell migration
and axon guidance defects (10). In our study, Celsr3 was deleted
postnatally and we observed no change in tissue/cellular ar-
rangement or axon guidance, therefore avoiding the early de-
velopmental confounds and allowing us to analyze the precise
role of Celsr3 in synapse formation. We did not observe any
changes in inhibitory/symmetric synapse formation, consistent
with our observation that Celsr3 and Vangl2 were not present in
symmetric synapses. Similarly, another recent study implicated
Vangl2 in glutamatergic synapse formation using the looptail
mouse line containing a germline point mutation in the Vangl2
gene (7). The authors found that Vangl2 binds to N-cadherin
and promotes the endocytosis of N-cadherin, suggesting that
Vangl2 normally disassembles synapses because N-cadherin
promotes synapse formation. However, glutamatergic synapse
formation was found to be greatly reduced using the looptail
heterozygous mutant. The looptail mouse line has a point muta-
tion in the Vangl2 gene, which is embryonic-lethal in homozygotes,
and heterozygotes show a number of severe neural developmental
defects, including open neural tube, neurogenesis, neuronal mi-
gration, and axon guidance defects (14, 41). Therefore, the re-
duction of glutamatergic synapse formation is probably secondary
to these earlier defects, misrepresenting the true function of
Vangl2. Furthermore, the looptail mutation has been proposed to
be a gain-of-function mutation, which could lead to other un-
expected artifacts (42). Therefore, our study correctly assigns the
function of Celsr3 and Vangl2 in glutamatergic synapse formation,
laying down the foundation for future studies in this important
pathway for synapse formation and potentially plasticity.

Wnat signaling has long been implicated in synapse formation (28).
However, due to the complexity of Wnt signaling mechanisms, some
published papers may report apparently conflicting results. In our
study, we show that the Celsr3-mediated signaling pathway responds
to the inhibitory function of WntSa in glutamatergic synapse for-
mation. We also revealed the opposing roles of Wnt-regulated PCP
components, Celsr3 and Vangl2, in glutamatergic synapse formation.
Therefore, the precise function of Celsr3 and Vangl2 in synapse
formation that we report here will provide important clues to fully
understand the mechanisms of the assembly and plasticity of gluta-
matergic synapses in health and disease.

Materials and Methods

Celsr3 KO and cKO mice were provided by Andre Goffinet, Université
Catholique de Louvain, Brussels (12, 13). Vang/2 cKO mice were provided by
Yingzi Yang, Harvard Medical School (43). The SLICK-A (JAX; 007606) line (29)
constitutively expresses YFP and expresses a tamoxifen-inducible form of Cre
recombinase, CreER™. P7 and P8 pups were administered tamoxifen via in-
traperitoneal injection once daily. All experiments were performed with lit-
termate, tamoxifen-injected controls. All animal work in this research was
approved by the University of California, San Diego (UCSD) Institutional Ani-
mal Care and Use Committee.

tative images of control and Vangl/2 ¢cKO dendritic spines from P16 CA1
neurons labeled by cell filling with Alexa Fluor 555 hydrazide. m, mushroom;
s, stubby; t, thin. (Scale bar, 5 um.) (H) Vangl2 cKO has a significant 29%
increase in average spine density (***P < 0.001, Student’s t test). cKO has a
significant 36% decrease in stubby-shaped spines (***P < 0.001, Student’s t
test) and an 18% increase in thin-shaped spines (**P < 0.01, Student’s t test).
All data are expressed as mean + SEM.
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Subcellular fractionation and coimmunoprecipitation data were collected from
P14 wild-type mouse brains. All hippocampal culture data are from E18.5 embryos
collected from littermate Celsr3 KO mice (Celsr3*"* and Celsr377). Celsr3 and
Vangl2 immunofluorescence staining was performed at P14 in SLICK-A-positive;
Celsr3*"* mice. Celsr3 cKO EM was performed in P14 mice imaging the CA1 apical
dendrites 150 to 200 pm from the cell body spanning the stratum radiatum. Celsr3
cKO and Vangl2 cKO mEPSC and mIPSC recordings were from acute hippocampal
slices taken from 2- to 3-week-old mice. Vangl2 cKOs were from mice that were
killed and perfused at room temperature and then neurons individually labeled
using Alexa Fluor hydrazide 555 (Invitrogen). All behavioral experiments were
performed in mice 3 to 4 months old. Additional details regarding methods for all
experiments described here are available in S/ Materials and Methods.
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S| Materials and Methods

Subcellular Fractionation. Subcellular fractionation was performed
as previously described with modifications (25). Forebrains from
P14 wild-type mice were homogenized to 10% (wt/vol) in ice-cold
0.32 M sucrose buffer containing 1 mM MgCl,, 0.5 mM CaCl,,
1 mM NaHCOs3, and protease inhibitors using 16 strokes with a
glass dounce. The homogenates were spun at 710 X g for 30 min
at 4 °C to pellet out nuclei and large debris. The supernatant was
further centrifuged at 13,800 x g for 10 min at 4 °C to get pellets
(P2). P2 pellets were resuspended in the sucrose buffer and
layered on top of a discontinuous sucrose gradient containing 1.0
and 1.4 M sucrose in 4 mM Hepes buffer (pH 7.4). The gradient
was centrifuged at 82,500 x g for 1 h at 4 °C. Synaptosomes were
recovered from the cloudy band between 1.0 and 1.4 M sucrose,
resuspended in 1 mM NaHCOj; (1:9, vol/vol), and lysed by
hypoosmotic shock using 3 strokes with a glass dounce. The ly-
sates were then incubated with an equal volume of 0.32 M su-
crose buffer containing 1% Triton-X shaking at 4 °C for 15 min
and spun at 82,500 x g for 1 h. The PSD fraction was obtained
from the resulting pellet. The synaptic membrane fraction (SMF)
was precipitated from the supernatant using the methanol/
chloroform/H,0 method (45). Both the PSD fraction and SMF
were solubilized in 3% SDS for Western blot analysis.

Celsr3 and Vangl2 Colocalization with Synaptic Protein Immunostaining.
SLICK-A mice were perfused with PBS and 4% PFA at P14. Brains
were removed and postfixed in 4% PFA overnight at 4 °C. Brains
were then cryoprotected in 30% sucrose for 2 days before being
embedded in OCT and frozen on dry ice. Coronal free-floating
sections were prepared at 30 pm in a cryostat and used for
immunofluorescence staining for Celsr3, Vangl2 (Santa Cruz;
sc-46561), PSD-95 (Thermo Fisher; MA1-045), Bassoon (SYSY;
141004), and YFP (Millipore; AB16901). Before staining, tissues
were treated with 1% SDS for 5 min at room temperature for
antigen retrieval. Fluorescent z-stack images were acquired with an
LSM 510 Zeiss confocal microscope using a 63x oil-immersion lens
with 2x zoom-in.

Coimmunoprecipitation. A crude synaptosomal membrane fraction
was obtained from mouse P14 brain (26). Briefly, the snap-frozen
brain was homogenized in ice-cold Hepes buffer containing 0.32 M
sucrose. After centrifuging the homogenate for 10 min at 800 x g
and 4 °C, the supernatant was centrifuged for 15 min at 9,200 x g
and 4 °C. The pellet (P2) contains crude synaptosomal membrane.
The P2 pellet was solubilized and the supernatant was used for
coimmunoprecipitation assay. Control IgG (Sigma), anti-Frizzled3
antibodies (R&D), or anti-Celst3 antibodies (17) were combined
with precleared crude synaptosomal membrane fraction and protein
A/G agaroses. The proteins retained on the beads were then ana-
lyzed by Western blotting.

Hippocampal Neuron Culture. Hippocampal neuron culture was
performed as described previously (27). Hippocampi were dis-
sected from E18 mice. Cells were pelleted and resuspended in
Neurobasal medium supplemented with 2% B27 (Invitrogen), 5%
FBS (Invitrogen), penicillin/streptomycin (CellGro), and Gluta-
MAX (Invitrogen) and plated on poly-D-lysine— (Millipore) and
laminin- (Invitrogen) coated glass coverslips in a 24-well plate at
a density of 2 x 10" cells per square centimeter for immunos-
taining or 6 x 10* cells per square centimeter for electrophysi-
ology. Medium was changed every 3 days. Arabinofuranosyl
cytidine (4 pM) was added at day 6 in vitro to prevent glial cell
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proliferation. Cultures were grown for 6 or 14 to 15 DIV at 37 °C
with 5% carbon dioxide atmosphere.

Hippocampal Culture Immunofluorescence and Image Analysis. For
puncta density analysis, the cultured neurons (6 and 14 DIV) from
littermate Celsr3*" and Celsr3~'~ hippocampi were immunos-
tained with the following primary antibodies: chicken anti-MAP2
(Abcam) to visualize dendrites, mouse anti-PSD-95 (Affinity
BioReagents), and rabbit anti-VGLUT1 (Synaptic Systems).
Celsr3™* and Celsr3~'~ hippocampal cultures were treated with
the same staining process. Z-stacked images were obtained with
a Carl Zeiss microscope using a 63x oil-immersion lens. Three or
more neurons with pyramidal morphology and at least two di-
ameters’ distance from the neighboring neurons were selected
per coverslip. Three coverslips were used for each group per
experiment (n = 5 experiments for excitatory synapses and n = 4
experiments for inhibitory synapses). Secondary dendrites were
chosen for puncta analysis. Number and area of puncta were
analyzed using the Image] Puncta Analyzer program (46, 47),
and the length of the dendrite was analyzed by ImageJ (NIH).

Mouse Lines. Celsr3 KO and cKO mice were provided by Andre
Goffinet (12, 13). Vangl2 cKOs were provided by Yingzi Yang
(43). The strain backgrounds between the Celsr3 ¢cKOs and
Vangl2 cKOs were different, with Celsr3 cKOs being 100%
C57BL/6 whereas the Vangl2 cKOs were mixed 129;C57BL/6.
The SLICK-A (JAX; 007606) line (29) has a dual Thy-1 pro-
moter system, with one promoter constitutively expressing YFP
and the other Thy-1 promoter expressing a tamoxifen-inducible
form of Cre recombinase, CreER™. For postnatal injections,
tamoxifen (Sigma; T5648) was dissolved in corn oil at 10 mg/mL
by rocking overnight at room temperature and used immediately
the following day. P7 and P8 pups were administered ~50 to
60 pL tamoxifen via i.p. injection once daily for 2 days. All ex-
periments were performed with littermate tamoxifen-injected
controls. Controls for Celsr3 cKO experiments: SLICK-A—positive;
Celsr3™*, or SLICK-A-negative Celsr3*"*, Celsr3™*, or Celsr3™"
mice; for Vangl2 cKO experiments: SLICK-A—positive;Vangl2*"*,
or SLICK-A-negative Vangl2*"*, Vangl2"*, or Vangl2?™" mice. For
the cKO group, tamoxifen-injected SLICK-A—positive;Celsr3"™"
and SLICK-A—positive;Vangl2™" mice were used.

Electron Microscopy. P14 Celsr3 cKOs and their littermate control
mice were anesthetized i.p. with a ketamine/xylazine mixture and
perfused with modified Karnovsky’s fixative (2.5% glutaralde-
hyde and 2% PFA in 0.15 M sodium cacodylate buffer, pH 7.4).
After postfixation in the same solution overnight at 4 °C, whole
brains were cut coronally (200-ym) with a vibratome. Sections
were postfixed with 1% osmium tetroxide for 1 h on ice. Fol-
lowing en bloc staining in 2% uranyl acetate in distilled water for
1 to 2 h, sections were dehydrated in a graded ethanol series and
then treated twice in acetone for 10 min each. Sections were
embedded by being infiltrated in Durcupan resin (Sigma-
Aldrich) and then placed in an oven at 60 °C for 48 h. Ultrathin
sections from the CA1 region were cut and stained with uranyl
acetate and Sato’s lead. Images were captured using an FEI
Tecnai G2 Spirit BioTWIN transmission electron microscope
equipped with an Eagle 4k HS digital camera (FEI). Twelve to
20 fields from the distal stratum radiatum (150 to 200 pm from
CA1 pyramidal cell bodies) were selected under 6,800x magni-
fication, and synapses were counted in each field.

10f4


www.pnas.org/cgi/content/short/1612062114

L T

/

1\

=y

Electrophysiology in Acute Slices. For Celsr3 cKOs at P13 to P15,
mice were anesthetized by isoflurane and decapitated, and their
brains were quickly removed and placed in ice-cold dissection
buffer containing 110 mM choline chloride, 2.5 mM KClI,
1.2 mM NaH,PO,, 25 mM NaHCOj;, 20 mM glucose, 1.3 mM
sodium ascorbate, 2.4 mM sodium pyruvate, 0.5 mM CaCl,, and
7 mM MgCl, (pH 7.3). For Vangl2 cKO acute brain slices
ranging over 2 to 3 weeks old, bath solution and internal solu-
tions were prepared similar to Celsr3 cKO.

Sagittal acute slices were cut in 300-pm-thick sections on
a vibratome (Leica; VT1200). Slices were allowed to recover at
34 °C for 15 min and then at room temperature for 45 min to 6 h
in carbogenated artificial cerebrospinal fluid (ACSF) containing
119 mM NaCl, 2.5 mM KCl, 26.2 mM NaHCOj3, 1 mM NaH,PO,,
2.5 mM CaCl,, 1.3 mM MgCl,, and 11 mM glucose (pH 7.3).
Individual slices were transferred to a recording chamber and then
continuously perfused at a rate of 2 to 3 mL/min with ACSF
containing 1 pM TTX (Tocris). To isolate mEPSCs we added
10 pM gabazine, and for mIPSCs we added 20 pM CNQX (6-
cyano-7-nitroquinoxaline-2,3-dione), to the ACSF. CA1 pyramidal
cells were visualized by infrared differential interference micros-
copy and voltage-clamped at —70 mV.

Whole-cell recordings for mEPSCs were made using 3- to
5-MQ pipettes filled with an internal solution that contained
115 mM CsMeSO,, 20 mM CsCl, 10 mM Na, phosphocreatine,
2.5 mM MgCl,, 4 mM Na,ATP, 0.3 mM Na;GTP, 0.6 mM
EGTA, 10 mM Hepes, and 5 mM QX-314 (pH 7.3 adjusted with
CsOH, and osmolarity was maintained at 285 to 290 mOsm).
Whole-cell recordings for mIPSCs were made using 3- to 5-MQ
pipettes filled with an internal solution that contained 130 mM
CsCl, 4 mM NaCl, 5 mM Na, phosphocreatine, 2 mM MgCl,,
2 mM Na,ATP, 0.6 mM Na;GTP, 1.1 mM EGTA, and 5 mM
Hepes (pH 7.3 adjusted with CsOH, and osmolarity was main-
tained at 285 to 290 mOsm).

Analysis of the recording started after 5 min to allow for
stabilization of the established whole-cell configuration. Signals
were recorded with a 10x gain, low-pass Bessel-filtered at 2 kHz
(Axopatch 200B; Molecular Devices) with Clampex 10 software
(pCLAMP; Molecular Devices), and analysis for Celsr3 cKOs
was performed with Clampfit software (pCLAMP; Molecular
Devices). Vangl2 cKOs were analyzed using the Mini Analysis
Program (Synaptosoft). Automatic detection was verified by visual
inspection. Series and input resistances were monitored during the
recording, and experiments were removed if total series resistance
changed more than 20% or if the current required to hold the cell
at —70 mV varied by more than 50 pA. Values are presented as
mean + SEM. Mann-Whitney U-statistic test was used to compare
changes with the control.

Mouse Behavioral Assessments. All behavioral tests were per-
formed on mice 3 to 4 months of age, and tamoxifen was injected
as described above using littermate controls.

Barnes maze test. The Barnes maze is a spatial learning and memory
test (35, 48, 49) sensitive to impaired hippocampal function (50).
This task has the benefit of minimizing pain and distress to the
animal. Traditional spatial tests involve swimming in opaque
water to locate a hidden platform (the Morris water maze). The
Barnes maze is less physically taxing than the Morris water maze,
making it more suitable for mice, which are not as strong as rats,
and also suitable for studies in all ages and abilities of mice (48).
In addition, the strategies used by the animals to perform the task
are readily revealed. The Barnes maze used was an opaque
Plexiglas disk 75 cm in diameter elevated 58 cm above the floor
by a tripod. Twenty holes, 5 cm in diameter, were located 5 cm
from the perimeter, and a black Plexiglas escape box (19 x 8 x
7 cm) was placed under one of the holes. Distinct spatial cues
were located all around the maze and kept constant throughout
the study.
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On the first day of testing a training session was performed,
which consisted of placing the mouse in the escape box and
leaving it there for 1 min. One minute later, the first session was
started. At the beginning of each session, the mouse was placed in
the middle of the maze in a 10-cm-high cone-shaped silver start
chamber. After 10 s the start chamber was removed, a buzzer
(80-dB) and a light (400-Ix) were turned on, and the mouse was set
free to explore the maze. The session ended when the mouse
entered the escape tunnel or after 3 min elapsed. When the mouse
entered the escape tunnel, the buzzer was turned off and the
mouse was allowed to remain in the dark for 1 min. If the mouse
did not enter the tunnel by itself it was gently put in the escape box
for 1 min. The tunnel was always located underneath the same
hole (stable within the spatial environment), which was randomly
determined for each mouse. Mice were tested once a day for
4 days for the acquisition portion of the study.

For the probe test (day 5), the escape tunnel was removed and
the mouse was allowed to freely explore the maze for 3 min. The
time spent in each quadrant was determined and the percent time
spent in the target quadrant (the one originally containing the
escape box) was compared with the average percent time in the
other three quadrants. This is a direct test of spatial memory, as
there is no potential for local cues to be used in the mouse’s
behavioral decision.

Each session was videotaped and scored by an experimenter
blind to the genotype of the mouse. Measures recorded included
the latency to escape the maze and the number of errors made per
session. Errors were defined as nose pokes and head deflections
over any hole that did not have the tunnel beneath it.
Conditioned fear test. In this procedure, mice learn to associate a
novel environment (context) and a previously neutral stimulus
(conditioned stimulus, a tone) with an aversive foot-shock
stimulus (51). It allows for the assessment of both hippocampus-
dependent and amygdala-dependent learning processes in
the same mouse (52, 53). Testing then occurs in the absence of the
aversive stimulus. Conditioned animals, when exposed to the
conditioned stimuli, tend to refrain from all but respiratory
movements by freezing. Freezing responses can be triggered by
exposure to either the context in which the shock was received
(context test) or the conditioned stimulus (CS+ test). Condi-
tioning took place in Freeze Monitor chambers (Med Associates)
housed in sound-proofed boxes. The conditioning chambers (26 x
26 x 17 cm) were made of Plexiglas, with speakers and lights
mounted on two opposite walls and shockable grid floors.

On day 1, mice were placed in the conditioning chamber
for 5 min to habituate them to the apparatus. On day 2, the mice
were exposed to the context and conditioned stimulus (30-s,
3,000-Hz, 80-dB sound + white light) in association with foot
shock (0.60-mA, 2-s, scrambled current). Specifically, the mice
received three shock exposures in their 6-min test, each in the
last 2 s of a 30-s tone/light exposure. On day 3, contextual con-
ditioning (as determined by freezing behavior) was measured in
a 5-min test in the chamber where the mice were trained (context
test). On the following day, the mice were tested for cued con-
ditioning (CS+ test). The mice were placed in a novel context for
3 min, after which they were exposed to the conditioned stimuli
(light + tone) for 3 min. For this test, the chamber was disguised
with new walls (white opaque plastic creating a circular com-
partment in contrast to a clear plastic square compartment) and
a new floor (white opaque plastic in contrast to a metal grid).
Freezing behavior (i.e., the absence of all voluntary movements)
was measured in all of the sessions by real-time digital video
recordings calibrated to distinguish between subtle movements,
such as whisker twitches and tail flicks, and freezing behavior.
Freezing behavior in the context and cued tests (relative to the
same context before shock and an altered context before tone,
respectively) is indicative of the formation of an association
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between the particular stimulus (either the environment or the
tone) and the shock, namely that learning has occurred.
Optomotor test of visual ability. The optomotor is a stationary ele-
vated platform surrounded by a drum with black and white striped
walls. The mouse was placed on the platform to habituate for
1 min and then the drum rotated at 2 rpm in one direction
for 1 min, stopped for 30 s, and then rotated in the other direction
for 1 min. The total number of head tracks (15° movements at
the speed of the drum) was recorded. In our hands, mice that
have intact vision track 5 to 15 times, whereas blind mice do not
track at all.

Light/dark transfer test. The light/dark transfer procedure has been
used to assess anxiety-like behavior in mice by capitalizing on the
conflict between exploration of a novel environment and the
avoidance of a brightly lit open field (49). The apparatus is a
rectangular box made of Plexiglas divided by a partition into two
environments. One compartment (14.5 x 27 x 26.5 cm) is dark
(8 to 16 Ix) and the other compartment (28.5 x 27 x 26.5 cm)
is highly illuminated (400 to 600 Ix) by a 60-W light source lo-
cated above it. The compartments are connected by an opening
(7.5 x 7.5 cm) located at floor level in the center of the partition.
Mice were placed in the dark compartment to start the 5-min
test. The time spent in the lit compartment was used as a pre-
dictor of anxiety-like behavior, namely a greater amount of time
in the lit compartment would be indicative of decreased anxiety-
like behavior.

Locomotor activity test. Locomotor activity is measured in poly-
carbonate cages (42 x 22 x 20 cm) placed into frames (25.5 X
47 cm) mounted with two levels of photocell beams at 2 and 7 cm
above the bottom of the cage (San Diego Instruments). These
two sets of beams allowed for the recording of both horizontal
and vertical (rearing) behavior. Horizontal locomotor activity
was further separated into ambulation (consecutive beam breaks,
indicative of walking or running), center activity (all beam breaks
in the center of the apparatus), and total horizontal activity (all
lower-level beam breaks). A thin layer of bedding material was
applied to the bottom of the cage. Mice were tested for 120 min.

Spine Density and Morphology. Mice were perfused and sectioned,
and individual neurons and their dendrites were labeled with
Alexa Fluor hydrazide 555 (Invitrogen) as previously described
(44). SLICK-A:Vangl2 cKO pups were i.p. injected with tamoxifen
at P7 and P8. At P16, pups were anesthetized with a ketamine/
xylazine mixture followed by transcardial perfusion with 20 mL of
room temperature 4% PFA, postfixed for 30 to 45 min in 4%
PFA, vibratome-sectioned at 100 pm, and then postfixed again for
10 min. Alexa Fluor hydrazide 555 (10 mM in 200 mM KCl) was
injected into dendritic segments ionophoretically by filling the cell
with Alexa Fluor hydrazide dye. Sections were briefly fixed for
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15 min to preserve the fluorescent label. To confirm the labeled
dendrite was from a SLICK-A—positive Cre-expressing neuron,
colabeling with YFP was achieved by immunolabeling with GFP
antibody (Invitrogen). Thirty- to 40-pym segments of CA1 oblique
apical dendrites, which are located 100 to 200 pm from the CA1l
pyramidal neuronal cell bodies in the stratum radiatum, were
analyzed. These spines represented the postsynaptic structures of
the Schaffer collateral-CA1 synapses.

The maximal spine length and head width were measured
manually with ImageJ (NIH) to characterize spine shape as
previously described (54-59). Spines with heads equal to or less
than the head width were categorized as “thin,” and those with
heads greater than the neck width were categorized as “mush-
room.” Spines without a neck that had a width longer than their
lengths were termed “stubby.” Spines with one neck and a branch
point resulting in two heads were termed “branched.” Protrusions
not clearly seen or with lengths >5 pm were excluded from
analysis. Both image acquisition and morphometric analyses were
blinded. Results were compared between littermates and then
pooled by genotype to assess the influence of prenatal care. The
results are presented as mean + SEM. Statistical differences were
determined using Student’s ¢ test for two-group comparisons.
Analyses of spine density and morphology were done by experi-
menters blinded to the genotypes of the animals.

Sholl Analysis. Acute brain slices 300 pm thick were prepared as
described in the electrophysiology experiments. Slices were
transferred from a room temperature recovery chamber to the
electrophysiology rig, where slices were maintained at 32 °C to
aid the neuron to take in the dye. CA1 pyramidal neurons about
50 pm from the slice surface were individually injected with
Alexa Fluor hydrazide 555 diluted in internal solution for 10 to
15 min. After filling two or three cells per slice, the slice was
fixed in 4% PFA for 30 min followed by a brief PBS wash and
mounting onto slides.

Neurons that were completely filled by the dye and not arti-
ficially broken within 200 pm of the soma were used for Sholl
analysis. Neurons were imaged using the 40x objective on a Carl
Zeiss confocal microscope. The cell body, basal dendrites, and
apical dendrites were reconstructed using Adobe Illustrator CS2.
The Sholl analysis plugin available from Imagel software was
used to quantify the number of dendritic crossings made with
concentric spheres around the soma center with radii increasing
in increments of 10 pm. CAl pyramidal cells were analyzed in-
dependently, rather than averaging all cells within an animal,
because it has been shown that subsets of cells within an ana-
tomical nucleus, such as CAl hippocampus, can participate in-
dependently in behaviors and that different subsets have different
functions (60).
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Fig. S1. Characterization of recombination and hippocampal development in SLICK-A-positive;Celsr3 cKO. (A) SLICK-A-positive;ROSA26-tdTomato+ mice
tamoxifen-injected at P7 and P8 show coexpression of YFP and tdTomato in a subset of neurons at P14 in the brain. (Scale bar, 1 mm.) (B and C) SLICK-
A-positive mice not injected with tamoxifen show no recombination at P7 and modest recombination at P14. (Scale bars, 100 um.) (D) SLICK-A-positive;
ROSA26-tdTomato+ mice tamoxifen-injected at P7 and P8 show coexpression of YFP and tdTomato in a subset of neurons at P14 in CA1 pyramidal neurons.
The recombination efficiency is 99% in SLICK-A-positive CA1 hippocampal neurons (n = 460 cells, n = 4 animals). (Scale bar, 100 pm.) (E and F) Tamoxifen-
injected P14 SLICK-A-positive;Celsr3*"*;ROSA26-tdTomato and SLICK-A-positive;Celsr37°*/floX:R0OSA26-tdTomato mice exhibit constitutively active YFP re-
porter expression as well as tdTomato reporter expression to visualize gross hippocampal anatomy showing no defects in the Celsr3 cKO. (Scale bar, 100 um.) (G and
H) Tamoxifen-injected P14 SLICK-A-positive;Celsr3+* and SLICK-A-positive;Celsr37/fo* YFP expression showed no abnormal cell-body migration/localization or
dendritic branching defects. (Scale bars, 100 pm.) (/) YFP expression shows no defects in Celsr3 cKO hippocampal commissure. (Scale bar, 200 pm.) (J) YFP expression
shows no abnormal mossy fiber projections in tamoxifen-injected Celsr3 cKO. (Scale bar, 200 pm.) Arrows denote mossy fiber projections. (K and L) DAPI staining in
tamoxifen-injected SLICK-A—positive;Celsr3*+ and SLICK-A-positive;Celsr37/ shows no difference in CA1 or CA3 cell-layer thickness or cell density. (Scale bars,
200 pm.) (M) Representative reconstructed traces of control and Celsr3 cKO CA1 pyramidal neurons. (N) Sholl analysis of basal dendrites and apical dendrites
spanning the stratum radiatum shows no significant difference between tamoxifen-injected control and Celsr3 cKOs (Student’s t test; control n = 11 neurons, n =3
mice; cKO n = 10 neurons, n = 3 mice). All data are expressed as mean + SEM. CT, control; hc, hippocampal commissure; MF, mossy fiber; SLM, stratum lacunosum

moleculare; SP, stratum pyramidale; SR, stratum radiatum.
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