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Celsr3 is required for Purkinje cell maturation and
regulates cerebellar postsynaptic plasticity
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SUMMARY

Atypical cadherin Celsr3 is critical for brain embryonic development, and its role
in the postnatal cerebellum remains unknown. Using Celsr3-GFP mice, Celsr3
shows high expression in postnatal Purkinje cells (PCs). Mice with conditional
knockout (cKO) of Celsr3 in postnatal PCs exhibit deficit in motor coordination
and learning, atrophic PC dendrites, and decreased synapses. Whole-PC
recording in cerebellar slices discloses a reduction frequency of mEPSC and
defective postsynaptic plasticity (LTP and LTD) in Celsr3 cKO mutants. Wnt5a
perfusion enhances LTP formation, which could be occluded by cAMP agonist
and diminished by cAMP antagonist in control, but not in Celsr3 cKO or Fzd3
cKO cerebellar slices. Celsr3 cKO resulted in the failure of mGIuR1 agonist-
induced LTD and paired stimulation-induced PKCa overexpression in PC den-
drites, and downregulation of mGluR1 expression compvared to controls. In
conclusion, Celsr3 is required for PCs maturation and regulates postsynaptic
LTP and LTD through Wnt5a/cAMP and mGIluR1/PKCa signaling respectively.

INTRODUCTION

The formation of cerebellar circuitry is important for locomotor plasticity and adaptive learning. Cerebellar
development is protracted and thereby at risk of genetic or environmental disruption. The cerebellum
maintains wide connections with the cerebral cortex, brain stem, and spinal cord, and integrates various
modalities of sensory and motor information to refine and modulate motor coordination, balance, posture,
and skilled learning (Cerminara, et al., 2015; Ito, 2006). GABAergic Purkinje cells (PCs) are a key component
of the cerebellar circuitry. Their somas are organized into a monolayer, their dendrites ramify sagittally in
the molecular layer, and their axons innervate deep cerebellar nuclei that project to extracerebellar targets.
Two excitatory glutamatergic inputs synapse on PCs: Climbing fibers (CFs) from the inferior olivary complex
and parallel fibers (PFs) from granule cells (Jorntell and Hansel, 2006). Each PC receives monosynaptic in-
puts from one CF and each CF projects to about 10 PCs. PFs are bifurcations of granule cell axons, and
contribute more than 100,000 synapses on PC dendrites, making it the strongest excitatory projection in
the brain (Eccles, et al., 1966).

Both postsynaptic long-term potentiation (LTP) and long-term depression (LTD) occur at PF-PC synapses,
and are induced by a low-frequency 1 Hz stimulation of PFs (LTP) and both PFs-CFs (LTD) (Hoxha, et al.,
2016; Hirano, 2013; Sakurai, 1987; Ito, et al., 1982). LTP and LTD implicate a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid glutamate receptors (AMPARs), which are recruited (LTP) or internalized (LTD)
in PC dendritic spines, generating different intracellular signals (Martin, et al., 2020; Gutierrez-Castellanos,
etal., 2017). LTP and LTD can occur in vivo and may play different roles in motor learning: LTP is responsible
for the gain-decrease vestibulo-ocular reflex (VOR) adaptation, whereas LTD mediates gain-increase VOR
adaptation (Boyden and Raymond, 2003).

Celsr3 encodes an atypical cadherin receptor that plays critical roles in neural development (Goffinet and
Tissir, 2017; Boutin, et al., 2012). Frizzled3 (Fzd3) protein acts as a receptor of Wnt ligands to regulate mul-
tiple processes of brain development (Wang, et al., 2016b). Studies in mutant mice showed that Celsr3 and
Fzd3 cooperatively regulate axon wiring, probably by forming a receptor complex (Chai, et al., 2015).
Celsr3 expression is downregulated after birth in most brain regions, but not in the cerebellum (Tissir
and Goffinet, 2006). As the development of dendrites and acquisition of electrophysiological properties
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Figure 1. Celsr3 is highly expressed in postnatal PCs

Parasagittal cerebellar sections from Celsr3-GFP mice were processed by double immunofluorescent staining with anti-Calbindin (red) and anti-GFP
antibodies (green)

A-D: At postnatal day (P) 3, GFP-positive signal was identified in PCs and some fibers in deeper regions (A), with distribution similar to that of Calbindin-
immunoreactivity (B), as confirmed in the merged figure (D).A few GFP-positive cells below the PC layer were negative for Calbindin (arrowheads in A, D).
E-H: At P10, GFP-immunoreactivity was visualized in cells and dendrites (E), and anti-Calbindin immunostaining showed that PC somas formed a monolayer
and their dendrites invaded the molecular layer (F). Co-expression of Calbindin and Celsr3-GFP was confirmed in the merged image (H). A few GFP-positive
cells were negative for Calbindin (indicated by arrowheads in E, H). I-L: At P21, co-expression of Celsr3-GFP(l) and Calbindin (J) shown in PCs (L). DAPI
staining disclosed the nuclei in blue (C, G, K). Insets in D, H and L show enlarged images indicated by boxed regions respectively.

Celsr3 expression in the postnatal cerebellum, generated conditional mutant mice with PC-specific Celsr3
inactivation, and studied cerebellar morphology, synaptic plasticity, and behavior. Our results indicate that
Ceslr3 is required for optimal PC maturation and regulates the induction of PF-PC postsynaptic LTP and
LTD, respectively through Wnt5a/cAMP, and mGluR1/PKCa signaling.

RESULTS

Celsr3 is highly expressed in postnatal PCs

The maturation of PCs occurs during the first three postnatal weeks. Embryonic PC clusters transform into
stripes around birth, and progressively form the adult array of parasagittal stripes around postnatal day (P)
20 (Hawkes, 2018); the refinement of PC dendrites lasts even longer (McKay and Turner, 2005). We studied

Celsr3 expression in Celsr3-GFP postnatal mice, using double immunofluorescent staining against GFP (Fig-
ures 1A, 1E, and 1) and the PC marker Calbindin (Maskey, et al., 2010). At P3, cerebellar folding became
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Figure 2. Celsr3 cKO mice show impaired motor coordination and adaptive motor learning

(A) In rotarod tests, the falling latency was significantly shorter at each time point in Celsr3 cKO than in control mice. Compared to day 1, stay duration time
increased at day 2 in controls, but not until day 5 in mutants. *, P< 0.05; **, P< 0.01, ANOVA post-hoc test; n = 8 mice in each group.

(B) In Catwalk tests, the swing speed and stand index of hindlimbs, and the maximal contact areas of hindpaws were significantly decreased in Celsr3 cKO
compared to controls. *, P< 0.05; Student'’s t-test; n = 8 mice in each group.

(C) In grid tests which evaluate walking coordination, the error ratio was significantly increased in Celsr3cKO versus control mice. **, P< 0.01; Student's t-test;
n = 6 mice in each group.

(D and E) There was no significant difference between Celsr3 cKO and control mice in the open-field test (D) and the grid strength test (E). P> 0.05; Student's
t-test; n = 8 mice in each group.

apparent. Calbindin-positive PCs were arrayed parallel to the cerebellar surface, and their efferent axons
collected in the depth of the cerebellum (Figure 1B). When the GFP and Calbindin signals were compared
(Figures 1A and 1B), merged images indicated that all Calbindin-positive cells were positive for Celsr3-
GFP, whereas a few GFP-positive cells located more deeply were Calbindin negative (Figure 1D). At P10,
somas of Calbindin-positive cells formed a monolayer and their dendrites ramified profusely in the molecular
layer (Figure 1F). The GFP-positive signal was evident in PCs bodies and dense neurites (Figure 1E). A few GFP-
positive, Calbindin-negative cells were scattered below the PC layer (Figure 1H); they were positive for Calre-
tinin and negative for Parvalbumin (Figure S1), indicating that a small minority of Calretinin-positive granule
cells also express Celsr3 (Rogers, 1989). At P21, Calbindin-positive PC dendrites filled the molecular layer,
and individual neurites were readily identified (Figure 1J). The GFP-signal was restricted to PCs and the mo-
lecular layer (Figure 11), and overlapped with Calbindin-positive labeling (Figure 1L). These results indicate that
Celsr3 remains highly expressed in PCs cell bodies and neurites in postnatal cerebellum.

Celsr3cKO in postnatal PCs impairs motor coordination and learning

High expression of Celsr3 in postnatal PCs prompted us to assess its role in cerebellum-associated behav-
iors. To explore this, we produced Celsr3 cKO mice (see STAR Methods) in which Cre recombinase expres-
sion, driven by PCP2, is initiated in PCs around P10 (Zhang, et al., 2004). Celsr3 cKO animals survive and
grow similarly to control animals. Behaviors were studied using young adult animals (2-3 months old).
We first assessed locomotor performances in the rotarod test. In control animals, the time spent in the ro-
tarod increased from the second day, with a significant difference between the first day and second day:
194.60 + 18.88 s versus 248.00 + 18.82 s (Figure 2A; P< 0.05, ANOVA post-hoc test; n = 8), indicating
that animals learn to adapt to acceleration. In contrast, in Celsr3 cKO animals, the stay time on the
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Figure 3. The density of synaptic profiles is decreased in Celsr3 cKO mice

(A and B) Parasagittal cerebellar sections from control (A) and Celsr3 cKO mice (B) stained for Calbindin (red). Overall cerebellar architecture is similar in both
genotypes.

(C and D) At higher magnification, Calbindin-positive PC somas and dendritic field are comparable in control (C) and mutant (D) mice. C and D correspond to
boxed squares in A and B.

(E and F) Double immunostaining for Calbindin (red) and synaptophysin 38 (5Y38, green) in control (E) and mutant (F). SY38-positive dots are abundant in the
molecular and the PC layer, and many of them are Calbindin-positive, appearing in yellow.

(G and H) Double immunostaining was for Calbindin (red) and postsynaptic density protein 95 (PSD95, green) in the control (G) and the mutant (H).

(I and J) Decreased densities of SY38-posititive (1) and PSD95-positive (J) profiles in Celsr3 cKO mice compared to control mice. *, P< 0.05, Student'’s t-test;
n =4 animals in each group. Gross morphology of the cerebellum is comparable in both genotypes groups (arrows).

accelerated rotarod increased only on the fifth (Figure 2A; P< 0.05, Student’s t-test; n = 8). At each time
point, the latency before falls was significantly shorter in Celsr3 cKO than in control mice (Figure 2A, P<
0.01 at day1-3 and P< 0.05 at day 4, 5; Student’s t-test). This indicates slower adaptive learning and
impaired motor coordination in the mutant.

Walking coordination was assessed by Catwalk and grid tests. In the Catwalk, the swing speed and foot-
print area of hind paws were significantly decreased and the stand index of hind paws was increased in
Celsr3 cKO animals compared to controls (Figure 2B; P< 0.05, Student'’s t-test, n = 8 in each group). In
grid tests, the error ratio was significantly increased in Celsr3 cKO mice (Figure 2C, 17 + 2% (Celsr3
cKO) versus 9 £ 2% (control) in total 50 steps (P< 0.01, Student’s t-test; n = 6 in each group).

Spontaneous locomotor behavior, measured in the open field, showed no significant differences in the
walking distance (30-min recording) in Celsr3 cKO and control mice: 12,712.86 + 2797.05 cm versus
11,255.00 £+ 2097.53 cm (Figure 2D; P> 0.05, Student’s t-test; n = 8). Similarly, the forelimb grip strength
showed no significant differences between both groups: 88.89 + 4.21 g (Celsr3 cKO) versus 88.22 +
8.67 g (control) (Figure 2E; P> 0.05, Student's t-test; n = 8 in each group).

Celsr3cKO mice have reduced synapse density on PC dendrites

Cerebellar foliation and cytoarchitecture appeared similar in Celsr3 cKO and control animals (Figures 3A
and 3B), and the mean cerebellar volume was comparable in both groups (Figure 3K). Calbindin-positive
PC somas were organized into monolayers and their dendrites filled the molecular layer similarly in control
and mutant samples (Figures 3C and 3D). In addition, Dil placement in the cerebellar cortex labeled PC
axons projecting to the deep nuclei in both groups (Figure S2). To assess the synapse density on PCs,
we first carried out double immunofluorescent staining for Calbindin and the presynaptic marker synapto-
physin 38 (SY38), or the postsynaptic density protein 95 (PSD95). In high magnification confocal images,
SY38-positive and PSD95-positive profiles were widely distributed in somas and dendrites of Calbindin-
positive PCs in both genotypes (Figures 3E-3H), but the density of SY38-positive and PSD95-positive
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Figure 4. Celsr3 cKO mice show decreased mEPSC frequency and PC dendritic atrophy
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(A-C)Whole-cell recording of PCs in acute cerebellar slices. There is significant reduction of mEPSC frequency (A), but not amplitude (B) in Celsr3 cKO

compared to control slices. *P< 0.05, Student’s t-test; 15 cells from 7 control mice and 17 cells from 6 mutant mice.
(C) Examples of recordings.

(D-F)Analysis of biocytin-injected PCs. There is a significant reduction of dendritic area (D), dendritic volume (E) and spine density (F) in Celsr3cKO compared
to control mice. Examples of PCs from control and Celsr3 cKO mice (F). *, P< 0.05; **, P< 0.01; Student's t-test; n = 5 PCs in the control and n = 6 PCs in Celsr3

cKO.

profiles was significantly lower in Celsr3 cKO than in control mice (Figures 31 and 3J; P< 0.05, Student's t-
test, n = 4 animals in each group). We analyzed cerebellar tissues by transmission electron microscopy. As
reported previously (Fan, et al., 2018), asymmetrical synapses on PC dendrites were readily identified in the
two groups (Figures S3A, S3B, S3A/, and S3B'), with a significantly lower density of synapses in Celsr3 cKO
versus control samples (Figure S3C; 13.7 £+ 0.96/100 umz in control versus 7.9 + 0.85/100 umz in mutant,
n = 3, P< 0.05; Student’s t-test), but no differences of the thickness of postsynaptic densities (Figure S3D).

Celsr3cKO mice show decreased mEPSC frequency and PC dendritic atrophy

Given the impaired locomotor performances and decreased synapse density in Celsr3 cKO mice, we asked
whether Celsr3 inactivation in PCs may impact synaptic transmission. We recorded mEPSCs of individual
PCs in acute cerebellar slices of young adult mice (8-10 weeks old). Compared to normal samples, there was
a significant reduction of mEPSC frequency (Figures 4A and 4C; P< 0.05, Student’s t-test), but no differences
of mEPSC amplitude (Figures 4B and 4C; P> 0.05, Student's t-test) in mutant PCs (17 cells from é mutant
mice and 15 cells from 7 control mice), indicating a deficiency of synaptic transmission. The morphology of in-
dividual PCs was examined using biocytin-injection followed with streptavidin-FITC immunofluorescent stain-
ing (Figure 4F). Analysis of 3D-reconstructed PCs showed a significant decrease of dendritic area, volume, and
spine density in mutant versus control cells (Figures 4D-4F; P< 0.05 in dendritic area and volume and P< 0.01in
spine density; Student'’s t-test, n = 6 and 5 PCs in the mutant and control respectively).

Inactivation of Celsr3 in PCs prevents induction of PF-PC LTP and LTD

To test the role of Celsr3 in cerebellar plasticity, in acute cerebellar slices, stimulating PFs at 1 Hz for 300 s
induced LTP in control but not in Celsr3 cKO mice (Figure 5A; P<0.05, n = 15 PCs from 6 control mice; n =9
PCs from 4 mutant mice, Student’s t-test), whereas the paired plus ratio (PPR) was comparable in both
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Figure 5. Celsr3 mutant PCs show impaired postsynaptic plasticity

LTP or LTD induced in acute cerebellar slices

(A) Left panel: percentage of baseline EPSC amplitudes in control (black) and Celsr3 cKO (red) plotted before (first 10 min) and after (starting at 15 min) PF
stimulation. PF stimulation induced an increase of EPSC amplitudes (LTP) in the control but not in the mutant. Right panel: representative traces of EPSCs
before (black) and after (red) stimulation. The time of LTP induction was indicated by the arrow. P< 0.05, n = 15 PCs from é mice in the control; n =9 PCs from 4
mice in the mutant, Student’s t-test.

(B) Left panel: percentage of baseline EPSC amplitudes in the control (black) and the Celsr3 cKO (red) plotted before (first 15 min) and after (starting at
20 min) combined stimulation of PFs and CFs. Stimulation induced a decrease of EPSC amplitudes (LTD) in the control but not in the mutant. Right panel,
representative traces of EPSCs before (black) and after (red) stimulation. The time of LTD induction was indicated by the arrow. P< 0.05, n = 15 PCs from 6
mice in the control; n = 9 PCs from 4 mice in the mutant, Student's t-test.

(C and D) The paired pulse ratios (PPRs) were comparable before (Pre-LTP, Pre-LTD) and after (Post-LTP, Post-LTD) the induction of LTP and LTD in control
(C) and mutants (D). Representative traces of EPSCs before (black) and after (red) LTP or LTD induction.P> 0.05, n = 8 PCs from 3 mice in each group,
Student's t-test.

groups (Figure 5C; P>0.05, n =8 PCs from 3 mice in each group, Student’s t-test), indicating that presynaptic
neurotransmitter release is unaffected in Celsr3 cKO mice (Fioravante and Regehr, 2011). Similarly, paired
stimulation of PFs and CFs at 1 Hz for 300 s induced LTD in control but not in Celsr3 cKO mice (Figure 5B; P<
0.05,n=15PCs from 6 control mice; n = 9 PCs from 4 mutant mice, Student’s t-test), with no difference of the
PPR (Figure 5D; P>0.05, n = 8 PCs from 3 mice, Student’s t-test). Furthermore, the amplitude of CF-PC EPSC
and the density of VGlut2-positive particles (CF terminals) on Calbindin-positive PC dendrites were compa-
rable in control and Celsr3 cKO mice (Figure S4). Altogether, these results demonstrate that Celsr3in PCs is
required for induction of PF-PC postsynaptic plasticity, and acts in a cell-autonomous manner.

Facilitation of LTP induction by Celsr3 requires Wnt5a/cAMP signaling

The second messenger cyclic adenosine monophosphate (cAMP) is a key modulator of the PF-PC postsyn-
aptic LTP, which is triggered by G-protein-coupled postsynaptic receptors such as adrenergic receptors
(Martin, et al., 2020). To test whether cAMP activation induces LTP in PCs, the cAMP agonist forskolin
was perfused in cerebellar slices during baseline recording of PCs. LTP was similarly induced in both control
and mutant slices (Figure 6A; P> 0.05, n = 6 PCs from 3 mice in each group, Student’s t-test), indicating that
cAMP-dependent LTP induction can proceed independently of Celsr3. But could cAMP activation itself be
regulated by Celsr3?

6 iScience 24, 102812, July 23, 2021
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Figure 6. Wnt5a/Celsr3/cAMP signaling is required for LTP induction

(A) Perfusion of the cAMP agonist forskolin induces EPSP typical features of LTP in both control and Celsr3 cKO groups
(P> 0.05, n = 6 PCs from 3 mice in each group, Student’s t-test). Washing out of forskolin does not diminish LTP
immediately.

(B) LTP cannot be induced in Fzd3 cKO PCs compared to the control (P< 0.05, n = 6 PCs from 3 mice in each group,
Student'’s t-test). The time of LTP induction is indicated by the arrow.

(C) Perfusion of Wnt5a induces LTP in controls, but not in Fzd3 or Celsr3 mutants (P< 0.05, n = 6 PCs from 3 mice in each
group, Student'’s t-test). In the control, washing out of Wnt5a does not diminish LTP immediately.

(D) Wntb5a and forskolin perfusion do not enhance the LTP induction upon single drug perfusion, and LTP induction by
forskolin and Wnt5a is prevented by pre-perfusion of the cAMP antagonist-SQ22536. P< 0.05, n = 6 PCs from 3 mice in
each group, Student’s t-test.

(E) The PPR is unaffected by administration of forskolin, Wnt5a or 5Q22536. P> 0.05, n = 6 PCs from 3 mice in each group,
Student's t-test.

Whnt5a activates cAMP signaling through Fzd3 receptor (Hansen, et al., 2009) and induces LTP in hippocam-
pal neurons (Zhang, et al., 2015; Cerpa, et al., 2010). We tested whether Wnt5a perfusion could induce LTP
of PCs. Interestingly, Wntb5a induced LTP efficiently in control but not in Celsr3 cKO slices (Figure 6C; P<
0.05, n = 6 PCs from 3 mice in each group, Student’s t-test), suggesting that Celsr3 inactivation in PCs pre-
vents Wntba-induced cAMP-dependent LTP induction.

Previous studies indicated that Celsr3 and Fzd3 form receptor complexes that regulate developmental
events, including some driven by non-canonical Wnt ligands (Wang, et al., 2016a; Chai, et al., 2015;
Chai, et al., 2014). We wondered whether Fzd3 inactivation in PCs might also impair Wnt5a-induced
LTP. To test this, we generated Fzd3 cKO mice using PCP2-Cre (see STAR Methods). Similar to the finding
in Celsr3 cKO animals (Figure 5A), the PF-PC postsynaptic LTP could not be induced by stimulating PFs
(Figure 6B; P< 0.05, n = 6 PCs from 3 mice in each group, Student's t-test) or by Wnt5a perfusion in Fzd3
cKO compared to control slices (Figure 6C; P< 0.05, n = 6 PCs from 3 mice in each group, Student'’s t-test).
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Figure 7. Celsr3 inactivation impairs mGluR1-dependent LTD induction

(A) Left panel, plots of EPSC baseline percentages show mGIluR1 agonist DHPG-induced LTP in the control (black) but not in the Celsr3cKO (red) (P< 0.05,n =
9 PCs from 4 mice in the control; n = 6 PCs from 3 mice in the mutant, Student’s t-test). Right panel: Representative traces of EPSCs before (black) and after
(red) LTD induction. The PPR was comparable with and without DHPG perfusion (P> 0.05, n = 5 PCs from 3 mice in each group, Student's t-test).

(B) In control slices, LTD induction is accompanied by a significant increase of PKCa (red) overexpression in PC dendrites (green, biocytin-labelling) as
compared to sham stimulation in the control (left panel). But no PKCa overexpression is observed after PF or sham stimulation in Celsr3 cKO slices (right
panel). Quantification in the histogram (***, P< 0.001; n = 4 PCs from 3 mice in each group; Student's t-test).

(C) PCs were immunostained for Calbindin (green) and mGIuR1 (red). A significant decrease of mGluR1-postitive particle density in spines is seen in the
Celsr3 cKO compared to the control (*, P< 0.05; Student's t-test; n = 5).

(D) Western blots of cerebellar samples show decreased mGIuR1 protein in the mutant compared to the control.(*, P< 0.05; Student’s t-test; at least
triplicate).

To test whether cAMP is a downstream component of Wnt5a-Celsr3/Fzd3 signaling during LTP induction,
cerebellar slices were subjected to Wnt5a and forskolin perfusion with or without pre-perfusion of the
cAMP inhibitor SQ22536. The effect of forskolin and Wnt5a could be occluded by each other (Figure 6D).
In addition, we found that pre-perfusion of SQ22356 impaired Wnt5a and forskolin-induced LTP in PCs of
normal slices (Figure 6D; P< 0.05, n = 6 PCs from 3 mice in each group, Student’s t-test), indicating that LTP
induction by Wnt5a requires cAMP activity. Of note, perfusion of forskolin, Wnt5a or SQ22536 did not affect
the PPR in PFs-PCs (Figure 4E; P> 0.05, n = 6 PCs from 3 mice in each group, Student’s t-test), confirming
that Wntba-Celsr3/Fzd3-cAMP signaling regulates LTP induction postsynaptically.

Celsr3 regulates the PF-PC postsynaptic LTD through the mGluR1/PKCa pathway

PF-PC LTD induction requires mGluR1-dependent synaptic signaling and enhanced ionotropic glutamate
receptor internalization via PKCa phosphorylation (Hoxha, et al., 2016). To explore whether Celsr3 regu-
lates mGIuR1 signaling during LTD induction, we perfused acute cerebellar slices with the mGIuR1 selec-
tive agonist DHPG. As predicted, in control slices, DHPG efficiently induced PF-PC LTD (Figure 7A), while
the PPR was unaffected (Figure 7A; P> 0.05, n = 5 PCs from 3 mice in each group, Student’s t-test). By
contrast, in Celsr3 cKO slices, DHPG perfusion failed to induce LTD in PCs (Figure 7A; P< 0.05, n = 9
PCs from 4 mice in the control; n = 6 PCs from 3 mice in the mutant, Student’s t-test).

By which mechanism could Celsr3 inactivation impair mGluR1 activation? A possibility could be that Celsr3
regulates mGluR1 distribution in PCs. To test this, we studied mGIluR1 expression in Calbindin-labeled PCs
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(Figure 7C). In PC dendrites, the density of total and spine-associated mGluR1-positive profiles was signif-
icantly decreased in Celsr3 mutant versus control cells (Figure 7C; P< 0.05, n = 3 mice in each group, Stu-
dent's t-test). Inline with this, Western blot analysis of cerebellar samples showed that mGIuR1 protein levels
were lower in mutant than control tissues (Figure 7D; P< 0.05, n = 3 mice in each group, Student’s t-test).

LTD can be induced upon combined PC depolarization and glutamate application, and PC depolarization
induces PKCa translocation to plasma membrane (Tsuruno and Hirano, 2007). To compare PKCa translo-
cation during LTD induction in control and mutant cells, we selected well separated biocytin-labeled PCs in
the same slice, and submitted one of them to combined stimulation to induce LTD, while the other was
given sham stimulation. We fixed slices immediately after induction and carried out PKCa immunostaining.
Biocytin labeled dendrites of individual PCs in all samples (Figure 7B). In control animals, there was a sig-
nificant increase of PKCa immunoreactivity in the dendritic field of PCs with LTD induction compared to
those with sham stimulation (Figure 7B; P< 0.001, n = 4 PCs from 3 mice in each group, Student’s t-test).
In contrast, in Celsr3 mutant samples, PKCa immunoreactivity was similarly weak upon PF/CF paired and
sham stimulation (Figure 7B; P> 0.05, n = 4 PCs from 3 mice in each group, Student’s t-test), indicating a
failure of PKCa overexpression. In addition, the basal expression of PKCa was comparable in control
and Celsr3 cKO mutant cerebellar slices (Figure S5). Thus, paired stimulation of PFs and CFs triggers
PKCa overexpression in PC dendritic field in a Celsr3-dependent manner.

DISCUSSION

Atypical cadherin Celsr3 plays critical roles during brain development, in collaboration with Fzd3 (Feng,
et al., 2016; Chai, et al.,, 2014; Qu, et al., 2014; Feng, et al., 2012; Qu, et al., 2010; Ying, et al., 2009; Zhou,
et al., 2008; Tissir, et al., 2005). Its putative role during postnatal brain maturation has not been addressed
in detail, because Celsr3 expression is sharply downregulated after birth, exceptin a few regions such as the
cerebellum. Here, we show that Celsr3 is required for postnatal cerebellar Purkinje cell maturation and syn-
aptic plasticity, which has potential implications in neural disorders implicating the cerebellum.

To avoid issues related to abnormal prenatal development, we studied mutant mice with PC-specific inac-
tivation (Celsr3 cKO), driven by PCP2-Cre which is activated from P10 (Zhang, et al., 2004; Tomomura, et al.,
2001). In those mice, Celsr3 expression during neurogenesis and migration is unaffected. Accordingly,
mutant PCs are normally organized into a monolayer and the architecture of the cerebellum is preserved.
In contrast, there is impaired PC maturation at later stages, leading to decreased dendritic volume, surface,
and synapse density. In whole cell recordings, mutant PC's mEPSC frequency is decreased. Both decreased
release of presynaptic neurotransmitter and reduced synapses on PCs can result in the reduction of mEPSC
frequency (Choy, et al., 2018; Chen, et al., 2010). In Celsr3 cKO mice, the PPR of PF-PC is not affected, and
Celsr3is mainly inactivated in PCs according to Celsr3 expression pattern. These suggest that Celsr3 might
mainly modulate excitatory synaptic transmission to PCs through influencing synapse maturation. In line
with this, it is reported that Celsr3 knockout results in a dramatic loss of glutamatergic synapse formation
in hippocampal pyramidal neurons (Thakar, et al., 2017).

In rotarod, Catwalk, and grid tests, Celsr3 cKO mice display abnormalities of motor coordination, adaptive
learning, and walking balance. However, PC axons project normally to the deep cerebellar nuclei, so that
those deficits are likely due to impairment of synaptic function. This is supported by morphological data,
spontaneous mEPSC recording, and the defective induction of the PF-PC postsynaptic LTP and LTD in
Celsr3 cKO mice. The unaffected PPR in Celsr3 cKO slices suggests that Celsr3 modulates synaptic plas-
ticity through the postsynaptic component.

Neither LTP nor LTD can be induced in Celsr3 cKO mutants. In the cerebellum, PF-PC LTP is induced by
AMPARSs insertion in dendritic spine membranes. Multiple intracellular molecules are involved in the pro-
cess, such as protein phosphatases (PP1, PP2A, and PP2B), T-type Ca®* channels, and nitric oxide (Gutier-
rez-Castellanos, et al., 2017; Belmeguenai and Hansel, 2005; Kakegawa and Yuzaki, 2005; Lev-Ram, et al.,
2002). Recent studies show that cAMP signaling activates the GluA2/GluA3-dependent AMPARs by
enhancing their conductance, which induces LTP (Martin, et al., 2020; Gutierrez-Castellanos, et al.,
2017). In our study, the cAMP agonist forskolin was equally efficient in inducing LTP in control and Celsr3
cKO slices. This implies that Celsr3 acts upstream of cAMP, or that Celsr3-dependent LTP induction does
not rely on cAMP signaling. Wnt5a acts as an activator of cAMP signaling through Fzd receptors (Ding,
et al.,, 2017; Hansen, et al., 2009) and induces LTP in the hippocampus (Zhang, et al., 2015; Cerpa, et al.,
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2010). In our setting, a short perfusion of a low concentration of Wnt5a was sufficient to induce LTP in con-
trol PCs, and this was inhibited by forskolin, indicating that Wnt5a acts upstream of cAMP signaling. How-
ever, Wnt5a failed to induce LTP in mutant PCs. Taken together these results indicate that Wnt5a/Celsr3/
cAMP is a candidate signaling cascade for LTP induction in PCs. Previous studies showed that Wnt5a/
Celsr3 regulated glutamatergic synapse formation in hippocampal slices, albeit at a high Wnt5a concen-
tration (100 ng/mL), and that long Wnt5a administration (36 h) is detrimental to synapse structure (Thakar,
et al., 2017). In contrast, our data indicate that a low Wnt5a concentration (20 ng/mL) and a short-time
perfusion (LTP appears after 5 min) contribute to promote synaptic plasticity. In addition, the Wnt5a-
induced LTP in PCs is different from that in hippocampus. The induction of Wnt5a-dependent LTP in hip-
pocampus is slow, taking approximately 20 min (Cerpa, et al., 2011; Cerpa, et al., 2010). This might be
related to the fact that the LTP induction of PCs needs a moderate increase of intracellular calcium in
the postsynaptic component (Zang and De Schutter, 2019), whereas the LTP in hippocampus depends
on a large increase of intracellular calcium (Graupner and Brunel, 2012).

Studies in knockout mice showed that Celsr3 and Fzd3 share similar roles in brain development, and it was
proposed that both proteins form a receptor complex to steer axon pathfinding driven by Wnt ligands
(Wang, et al., 2016a; Chai, et al., 2015; Chai, et al., 2014). Our finding that LTP could not be induced in
Fzd3 cKO mutant PCs byPF stimulation or Wnt5a perfusion supports that mechanism.

PF-PC LTD induction requires a postsynaptic signaling cascade implicating mGIuR1 and PKCa, and can be
blocked by inhibiting mGIluR1 function using antibodies, or by inactivating PKCa (Leitges, et al., 2004; Shige-
moto, et al., 1994). Celsr3 inactivation in PCs results in a decrease of mGluR1 distribution in dendritic spines
and reduced protein expression. This may attribute to PC dendrite atrophy in Celsr3cKO mutants since mGIluR1
is enriched in PC dendritic spines (Mansouri, et al., 2015). Alternatively, Celsr3inactivation may directly disturb
mGIuR1 expression and distribution, which is supported by the decreased intensity of mGluR1-positive parti-
cles on PC spines in the mutant (shown in Figure 7C). The impaired aggregation of PKCa in dendrites upon the
paired stimulation of PFs and CFs is also consistent with the previous report that activating mGIuR1 could
induce PKCa overexpression in dendrites of rod bipolar cells (Hellmer, et al., 2018). During LTD induction,
the stimulation could induce a quick translocation of PKCa in a short time window using PKCa-GFP transgenic
mice (Tsuruno and Hirano, 2007). In Celsr3cKO mice, no change of PKCa immunofluorescent intensity after the
simulation may indirectly reflect the impaired translocation from somas to dendrites as the previous report (Hir-
ono, et al.,, 2001). Our Celsr3 mutant mice not only had defective LTD, but disclosed behavioral anomalies
similar to those observed in mGluR1 mutants (Aiba, et al., 1994). This suggests strongly that Celsr3 is required
for normal mGluR1 distribution in PCs, and regulates LTD induction via mGluR1/PKCa signaling.

In conclusion, expression of Celsr3 in postnatal PCs is required for the maturation of their dendrites and for
PF-PC postsynaptic plasticity. Celsr3 regulates postsynaptic LTP via Wnt5a/cAMP signaling, probably in
complex with Fzd3, and LTD through mGluR1/PKCa signaling.

Limitations of study

We acknowledge some limitations in our study. First, we did not observe the translocation of PKCa. in the
recording cerebellar slices. Second, the present study does not clarify how Celsr3 regulates the expression
and distribution of mGluR1in PCs.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-mGIluR1 CST Cat#12551s; RRID:AB_2797953
Rabbit polyclonal anti-PKCa Sigma Cat#P4334; RRID:AB_477345
Rabbit polyclonal anti-BllI-Tubulin Abcam Cat#ab18207; RRID:AB_444319
Rabbit polyclonal anti-Calretinin Merk Millipore Cat#AB5054; RRID:AB_2068506
Mouse monoclonal anti-Parvalbumin Merk Millipore Cat#MAB1572; RRID:AB_2174013
Mouse polyclonal anti-Calbindin Sigma Cat#(C9848; RRID:AB_4768%94
Chicken polyclonal anti-green fluorescent protein Abcam Cat#ab13970; RRID:AB_300798
Mouse monoclonal anti-postsynaptic density protein 95 Merk Millipore Cat# MAB1596; RRID:AB_2092365
Mouse monoclonal anti-synaptophysin 38 Abcam Cat#ab8049; RRID:AB_2198854
Rabbit polyclonal anti-mGluR1 Abcam Cat#ab27199; RRID:AB_470927
Guinea pig polyclonal anti-Vglut2 Merk Millipore Cat#ab2251; RRID:AB_1587626
Chemicals, peptides, and recombinant proteins

Forskolin MCE Cat# HY-15371

SQ22536 MCE Cat# HY-100396

NBQX Sigma Cat# N183

DHPG MCE Cat# HY-12598A

Biocytin Sigma Cat# B4261

Wnt5a R&D Cat#645-WN

TTX Tocris Cat#1078

Streptavidin-FITC BD Biosciences Cat#434311

Picrotoxin Abcam Cat#ab120315

Experimental models: Organisms/strains

Mouse: PCP2-Cre Jackson Laboratory JAX: 010536

Mouse: Celsr3-GFP (Ying, et al., 2009) NA

Mouse: Fzd3f/f and Fzd3KI/+ (Qu, et al., 2014) NA

Mouse: Celsr3+/— (Tissir, et al., 2005) NA

Mouse: Celsr3f/f (Zhou, et al., 2008) NA

Software and algorithms

pClamp Molecular devices https://www.moleculardevices.com/applications/patch-
clamp-electrophysiology#relatedproducts

ImageJ NIH https://imagej.nih.gov/ij/

Imaris Bitplane https://imaris.oxinst.cn/

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed and will be fulfilled by the

Lead Contact, Libing Zhou (tlibingzh@jnu.edu.cn)
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Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead
contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All animal experimental procedures were approved by the Laboratory Animal Ethics Committee at Jinan
University. Animals were housed under 12-h light/dark cycle (light on from 8:00 A.M. to 8:00 P.M.) with
free access to water and food. PCP2-Cre transgenic mice, in which Cre driven upon PCP2 expression is
restricted in cerebellar PCs (Zhang, et al., 2004), were purchased from the Jackson Laboratory (Stock num-
ber: 010536). PCP2-Cre mice were crossed with Celsr3™~ or Fzd3"* mice to yield double heterozygous
males PCP2-Cre:Celsr3*~ or PCP2-Cre;Fzd3"* which were then crossed with Celsr3”f or Fzd3"f females
to obtain PCP2-Cre;Celsr3” (Celsr3 cKO) and PCP2-Cre;Fzd3 X' (Fzd3 cKO) mice, in which only one Celsr3
or Fzd3 "floxed"” allele is inactivated by Cre recombinase in order to increase inactivation efficiency (Zhou,
et al., 2008). Littermate Celsr3"* or Fzd3”* mice were used as controls. Celsr3-GFP transgenic mice (Ying,
et al., 2009) (provided by Qiang Wu, Shanghai Jiaotong University) were used to detect Celsr3 protein
expression with anti-GFP immunostaining. Genotypes were determined by PCR. Males and females (2—-
3 months, 25-30 g) were used indiscriminately.

METHOD DETAILS

Behavioral studies of adult mice (2-3 months, 25-30 g) were performed by experimenters blind to animal
genotypes.

Open-field test

Spontaneous motor activity was measured in an open field made of transparent Plexiglas panels (50 x 50 x
35 cm) with an open top, under bright illumination (500 lux). Each mouse was placed in a corner of a
compartment and its ambulation was recorded for 30 min. Mice were studied for 3 consecutive days.
Data were analyzed using EnthoVision XT 7.0 (Noldus, Netherlands).

Rotarod test

Motor coordination was evaluated using the rotarod test (Ugo Basile, Italy). After a 3-min adaption on the
stationary rod, animals were subjected to the rotating rod with increasing speed from 4 to 40 rpm, and the
falling latency was monitored for a maximum of 5 min. Animals were tested for 5 consecutive days, three
trials per day with a 30-min interval. The average of three trials in each animal was taken as one experiment.

Grid test

Ataxic behavior was measured in the grid test apparatus, a 25 X 25 cm wire mesh with 1 cm? grids posi-
tioned 1 cm above a glass floor. Full (score: 2) and partial foot faults (score: 1) were scored if the mouse
slipped on the wire mesh floor (partial) and stepped on the glass plate below (full). The foot fault rate
was calculated with 50 steps (scores/50*100%).

Grip strength test

Grip force of mouse forelimb was assessed by a 47200 Grip Strength Meter (Ugo Basile, Italy). Mice were
tested 3 times with a 3-min interval. The results were averaged as one experiment.

Catwalk

Gait was analyzed using the Catwalk system (Noldus Information Technology, Leesburg, VA). Briefly, mice
traversed a glass walkway (109 x 15 x 0.6 cm) with dark plastic walls spaced 15 cm apart in a dark room.
Light from an encased fluorescent bulb was internally reflected within the glass walkway and scattered
when the plantar surface of the paw contacted the floor, producing paw prints. Paw prints were recorded
by a high-speed CCD camera mounted below the walkway. Trials in which the animal stopped or changed
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direction were excluded from analysis, and three uninterrupted trials were analyzed and averaged to obtain
the final gait analysis values. Paw print data were analyzed using the Catwalk software (v 7.1).

Immunostaining

After anesthesia, mice were perfused with 4% paraformaldehyde (PFA) and cerebellar tissues were
dissected out and fixed in the same fixative overnight at 4°C. Sagittal sections (25-pm thickness) were pre-
pared using a cryostat (Leica), washed in 0.01M phosphate buffered saline (PBS) 3 times, blocked in 3%
BSA, 1% goat serum and 0.01% X-triton in 0.01M PBS for 1 h, and incubated with primary antibodies over-
night at 4°C. The primary antibodies were: Rabbit anti-Calretinin (1:400, AB5054, Invitrogen), mouse anti-
Parvalbumin (1:1000, MAB1572, Millipore), mouse anti-Calbindin (1:1000, C9848, Sigma), rabbit anti-Cal-
bindin (1:1000; ab11426, Abcam), chicken anti-green fluorescent protein (GFP; 1:800; ab13970, Abcam),
mouse anti-postsynaptic density protein 95 (PSD95; 1:500; MAB1596, Abcam), guinea pig anti-vGlut2
(1:2000; ab2251, Millipore) and mouse anti-synaptophysin 38 (SY38; 1:500; ab8049, Abcam). Signal was de-
tected with Alexa Fluor 546 or 488 fluorescent secondary antibodies (1:1000, Invitrogen). After double
immunofluorescent staining for Calbindin and PSD95 or SY38, images in the molecular layer were collected
with a 63X oil objective and confocal microscopy (LSM700, Zeiss, Germany), and PSD95-positive or SY38-
positive profiles were counted using ImageJ. In each animal, the mean density calculated using 5-10 sec-
tions was taken as one sample, and 4 animals were used in mutant and control groups respectively.

For imaging of thick slices after recording, biocytin-injected neurons were immunostained with streptavi-
din-FITC (1:200; BD Biosciences Pharmingen) and images of labeled individual PCs were acquired using a
confocal microscope (LSM 700, Zeiss, Germany) with a 20X objective. Sequential optical sections of 1024 x
1024 pixels were taken at 1.0-um intervals along the z-axis, and three-dimensional (3D) reconstruction of
whole cells was made using Imaris 8.0 (Bitplane, USA) to calculate the entire dendritic surface area, the den-
dritic filament, volume and the spine density. To study the expression of mGluR1and PKCe, thick slices
(300 pum) were incubated with rabbit anti-mGIuR1 (1:200; Abcam) and anti-PKCe (1:5000; Sigma) for 96 h
at 4°C, and the images were scanned using a confocal microscope (LSM 700, Zeiss, Germany).

Transmission electron microscopy

Animals were perfused with 2% PFA and 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), followed
by dissection of cerebellar tissues and overnight post-fixation. One-mm thick vibratome sections were pre-
pared and areas containing PC dendrite were selected for trimming into 1-mm? samples. After further fix-
ation in 2.5% glutaraldehyde for 6 h, the samples were washed 3 times in distilled water, incubated in 1%
uranium acetate for 1 h, followed with washing in distilled water, dehydration in graded alcohol and pro-
pylene oxide and infiltration overnight in a mixture of propylene oxide and Epon (1:1; TAAB, United
Kingdom). Samples were then embedded in Epon, with polymerization for 48 h at 60°C, and 60-80 nm ul-
trathin sections were prepared using an ultramicrotome. Transferred to a copper mesh, the sections were
stained with lead citrate and images were captured with a transmission electron microscope (Hitachi, H-
7650) equipped with an AMT 2k CCD camera. In the superficial molecular layer, 20 fields were selected un-
der 17,5004 magpnification and synapses were counted blindly in each field (6*9 um?) by two different ob-
servers. To measure the thickness of the postsynaptic density, 5 fields were selected and photographed
under 37,000u magnification.

Immunoblotting

Cerebellar samples were homogenized in RIPA lysis buffer (containing PMSF, 1:50) and protein concentra-
tion was measured using the BCA assay (Bio-Rad). Samples corresponding to 30 ug proteins were analyzed
by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF
membrane (Immobilon P; Millipore) by electroblotting. Membranes were blocked with 5% low-fat milk
and 0.01% Tween 20 in PBS and incubated with primary antibodies overnight at 4°C. Signal was disclosed
using enhanced chemiluminescence (Pierce Biotechnology). Primary antibodies were: rabbit anti-mGIluR1
(1:1000, CST), rabbit anti BllI-Tubulin (1:10,000, Abcam).

Whole-cell patch-clamp recording and single cell tracing

Acute parasagittal cerebellar slices (300-um thickness) were prepared from adult animals (8-10 weeks, 25—
30 g), in cold extracellular solution. The solution for slice preparation and perfusion contained (in mM): 125
NaCl, 2.5 KCI, 2 MgCl,, 2 CaCl,, 1.25 NaH,PQO4, 26 NaHCOs3, 10 glucose, 300-310 mOsm/L, and was
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bubbled with 95% O, and 5% CO,. After a recovery period of at least 30 min at 35°C, slices were moved to a
submersion-type recording chamber and perfused with the extracellular solution at 27 + 1°C (flow rate: 1—
2 mL/min). PCs in lobule IV-V were visualized under an upright microscope (Eclipse FN1, Nikon, Japan).
Whole-cell patch-clamp recordings were made using a MutiClamp 700B amplifier (pClamp, Molecular de-
vices, USA). Patch pipettes (resistance 4-6 MQ) were filled with the intracellular solution containing (in mM):
135 CsMeSQOg3, 8 CsCl, 4 Nay-phosphocreatine, 2 Mg-ATP, 0.4 Na-GTP, 10 HEPES, 0.25 EGTA, 0.2% biocytin
(sigma), pH 7.2-7.3 with KOH, 280-300 mOsm/L. The PCs were held at =70 mV, and the miniature excitatory
postsynaptic currents (mEPSCs) were sampled at 10 kHz and filtered with Bessel-filter at 4kHz, using clamp
10.0 (pClamp, Molecular devices, USA). Picrotoxin (0.1 mM) and tetrodotoxin (TTX, 1 uM, Tocris) were
included in the extracellular solution during mEPSC recording. Experiments were not considered further
if total series of resistance changed more than 20%. The mEPSC detection was made using a sliding tem-
plate algorithm with Clamp Fit 10 (pClamp, Molecular devices, USA). Noise in recorded data was minimized
with a Gaussian low pass filter. The criteria for inclusion were a 6-pA amplitude threshold and a rise time
(10-90%) longer than 1 ms. Overlapping events were rejected. The traces of mEPSCs from control and
mutant mice were averaged for comparison.

LTP and LTD induction

For the induction of LTP and LTD, the intracellular solution contained (in mM): 133 KmeSQO3, 7.4 KCI, 0.3
MgCl2, 10 HEPES, 0.1 EGTA, 3 MgATP, 0.3 Na2GTP, pH 7.3 with KOH, 270-290 mOsm/L, and 0.1 mM picro-
toxin was added to block GABA effects. PCs were held in the voltage clamp at —70 mV and signals were
acquired at 10 kHz using a Multiclamp 700B amplifier with low-pass filter at 4 kHz. Cells with more than
25 mQ of access resistance were discarded, and input and access resistances were monitored for stability
throughout the recording. Stimulating electrodes were placed in the upper tier of the molecular layer for PF
stimulation, and in the granule layer for CF stimulation. A 0.05-Hz pulse was delivered to PFs for baseline
recording. After the baseline was stable, LTP was induced by stimulating PF at 1 Hz for 300 s, and LTD was
induced by a paired stimulation of PFs and CFs at 1 Hz for 300 s. Two test responses to a PF pulse (with
50 ms interval) were evoked every 20 s in voltage-clamp mode for paired-pulse ratio (PPR). The PPR was
calculated as the ratio of the amplitude of the second evoked excitatory postsynaptic current (eEPSC) to
that of the first. PPRs were averaged per 10 min and normalized for presentation. For the CF-PC EPSC
recording, the stimulating electrode was placed in the granule cell layer, 50-100 pm away from PC somas,
and PCs were held at —70 mV in the presence of 0.5 pM NBQX (N 183, Sigma) to maintain voltage clamp.

Drug application

During LTP recording, the following membrane permeable drugs were added to the extracellular solution:
50 uM forskolin (CAMP activator, MCE), 100 uM DHPG (mGIuR1 selective agonist, MCE), 20 ng/mL Wnt5a
(R&D Systems) and/or 50 uM SQ22536 (cAMP antagonist, MCE).

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are expressed as mean + SEM. ANOVA post-hoc test was used for analysis of rotarod tests and
Student’s t-test was used for the rest analysis. Statistical significance is noted as *, ** or ***, P< 0.05, P<
0.01 or P< 0.001, respectively.
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