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ROR« Regulates Multiple Aspects of Dendrite Development
in Cerebellar Purkinje Cells In Vivo

Yukari H. Takeo,"> Wataru Kakegawa,'2 Eriko Miura,"> and “Michisuke Yuzaki'-?
'Department of Physiology, Keio University School of Medicine, Tokyo 160-8582, Japan, and 2Core Research for Evolutional Science and Technology
(CREST), Japan Science and Technology Agency (JST), Tokyo 102-0075, Japan

The establishment of cell-type-specific dendritic arbors is fundamental for proper neural circuit formation. Here, using temporal- and
cell-specific knock-down, knock-out, and overexpression approaches, we show that multiple aspects of the dendritic organization of
cerebellar Purkinje cells (PCs) are controlled by a single transcriptional factor, retinoic acid-related orphan receptor-alpha (ROR«), a
gene defective in staggerer mutant mice. As reported earlier, ROR« was required for regression of primitive dendrites before postnatal
day 4 (P4). ROR« was also necessary for PCs to form a single Purkinje layer from PO to P4. The knock-down of ROR« from P4 impaired
the elimination of perisomatic dendrites and maturation of single stem dendrites in PCs at P8. Filopodia and spines were also absent in
these PCs. The knock-down of ROR« from P8 impaired the formation and maintenance of terminal dendritic branches of PCs at P14.
Finally, even after dendrite formation was completed at P21, ROR« was required for PCs to maintain dendritic complexity and functional
synapses, but their mature innervation pattern by single climbing fibers was unaffected. Interestingly, overexpression of ROR« in PCs at
various developmental stages did not facilitate dendrite development, but had specific detrimental effects on PCs. Because ROR«
deficiency during development is closely related to the severity of spinocerebellar ataxia type 1, delineating the specific roles of ROR« in
PCs in vivo at different time windows during development and throughout adulthood would facilitate our understanding of the patho-
genesis of cerebellar disorders.
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The genetic programs by which each neuron subtype develops and maintains dendritic arbors have remained largely unclear. This
is partly because dendrite development is modulated dynamically by neuronal activities and interactions with local environmental
cues in vivo. In addition, dendrites are formed and maintained by the balance between their growth and regression; the effects
caused by the disruption of transcription factors during the early developmental stages could be masked by dendritic growth or
regression in the later stages. Here, using temporal- and cell-specific knock-down, knock-out, and overexpression approaches in
vivo, we show that multiple aspects of the dendritic organization of cerebellar Purkinje cells are controlled by a single transcrip-
tional factor, retinoic acid-related orphan receptor alpha. j

ignificance Statement

Kulkarni and Firestein, 2012). However, the genetic programs by
which each neuron subtype develops and maintains dendritic
arbors have remained largely unclear. This is partly because den-
drite development is not only encoded by intrinsic programs, but
is also modulated dynamically by neuronal activities and interac-
tions with local environmental cues (Sotelo and Dusart, 2009;
Tavosanis, 2012). In addition, dendrites are formed and main-
tained by the balance between their growth and regression
(Emoto, 2012). Therefore, the effects caused by the disruption of

Introduction

Dendritic arbors of every neuron grow in a specific branching
pattern to properly integrate synaptic inputs in neuronal circuits.
Dendrite malformation is reportedly associated with several neu-
ropsychiatric and neurodevelopmental disorders, such as Down,
Rett, and Fragile X syndromes (Kaufmann and Moser, 2000;
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transcription factors during the early developmental stages could
be masked by dendritic growth or regression in the later stages.

Cerebellar Purkinje cells (PCs) have served as a useful model
with which to study dendrite development because these cells
develop one of the most elaborate dendritic trees in the mamma-
lian CNS. In mice, PCs arise from the ventricular zone during
embryonic days 10—13 (E10-E13) and migrate to the cerebellar
cortex by E16-E17. Postmigratory PCs exhibit fusiform shapes
with a few primitive apical dendrites. These dendrites rapidly
retract and the PCs enter the “stellate cell” stage by postnatal day
4 (P4) (see Fig. 1A). By ~P8, PCs enter the “young PC” stage
by losing their perisomatic dendrites and forming single-stem
dendrites, which give rise to branches and branchlets with nu-
merous spines. Retinoic acid-related orphan receptor alpha
(RORa), which belongs to a superfamily of nuclear receptors,
was originally identified as the gene responsible for the ataxic
mouse staggerer (Sidman et al., 1962; Gold et al., 2007). Staggerer
PCs exhibit atrophic, fusiform-like dendrites lacking spiny
branchlets (Landis and Sidman, 1978; Soha and Herrup, 1995).
Interestingly, overexpression of RORa in wild-type PCs at PO
accelerated dendrite regression in organotypic cultures, whereas
dendritic growth was not affected when ROR«a was overexpressed
after P7 (Boukhtouche et al., 2006). Although these findings in-
dicate that RORa specifically mediates the regression of dendrites
in the early phase of development, its effect on dendrite matura-
tion at later stages is unclear in organotypic cultures in vitro.
Indeed, ROR« expression is not only limited to early develop-
ment, but is also maintained throughout adult life. The deletion
of RORa in PCs at P10—P21 has also been reported to cause
dendrite atrophy at P28 in vivo (Chen et al., 2013). However,
because RORa was knocked out during the late developmental
stage, it is not completely clear whether ROR« regulates dendrite
growth or maintenance in the adult. Therefore, the role of endog-
enous RORa at specific time windows during development and
after maturation of the PCs remains unclear. Here, using
tamoxifen-induced gene knock-down, knock-out, and the over-
expression method in vivo, we show that RORa plays multiple
roles in PC dendritogenesis, including alignment of somata, den-
drite regression, stem dendrite formation, spine formation, and
maintenance of mature dendrites, at specific time windows dur-
ing development and throughout adulthood in vivo.

Materials and Methods

Procedures. All procedures related to animal care and treatment were
performed in accordance with the guidelines set by the Animal Resource
Committee of Keio University. The animals were killed by decapita-
tion after anesthetization with pentobarbital (Somnopentyl; Kyoritsu
Seiyaku).

c¢DNA constructs. miR knock-down vectors were generated using
BLOCK-iT Pol II miR RNAi Expression Vector Kits (Invitrogen). The
fragments were subcloned into a pCAGGS-enhanced green fluorescent
(EGFP) vector. The 21 bp target sequence of RORa is as follows: AGC
TGT GTG CCA TCA AGA TTA. For the control experiments, we used
two different scrambled sequences: GGC TTC AACTGA CGT GTATAA
and GTT AAT TGA GAC GTC CAT ACG. The pCL20-L7-ER > CreER T2
vector was described previously (Nishiyama et al., 2012). The cDNA
fragment encoding full-length murine RORal (Nishiyama et al., 2012)
was subcloned into the pCAGGS vector. cDNA encoding a hemaggluti-
nin (HA) tag was added to the 3’ end of RORal. To obtain the plasmid
vector encoding the miR-resistant form of RORa1 (rRORal), silent mu-
tations were introduced to the miR target sequence by PCR. The mutated
nucleotide sequence of the knock-down target is as follows: AAC TTT
GCG CAATTA AAATCA.

For the inducible expression of miR-RORg;, control miR (miR-SC), or
rRORal-HA, the fragments were subcloned into a “flex” vector (CAG-
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flex) which was produced by inserting two mutant loxP sites (2272loxP
and 5171loxP) (Lee and Saito, 1998) into the multicloning sites of the
PCAGGS vector. For the inducible CRISPR/Cas9 system, the SpCas9
c¢DNA was amplified by PCR from pX330-U6-Chimeric_BB-CBh-
hSpCas9 plasmid (Addgene #42230; Cong et al., 2013) and subcloned
into the CAG-flex vector. For construction of gRNA-expressing vector,
SpCas9 fragment was removed from the pX330 plasmid and then the
oligonucleotide encoding gR-LacZ or gR-RORa was inserted into Bbsl
sites. We used one of two different gRNA targeting sequences for RORa.
The following oligonucleotide sets were annealed and inserted into the
pX330 plasmid: 5'-CAC CGC ATT GAT GTC CAA TCC CGA C-3' and
5-AAA CGT CGG GAT TGGACATCAATGC-3" or 5'-CACCGA GTC
GGC CTT GCT GCC CTC-3" and 5'-AAA CGA GGG CAG CAA GGC
CGA CTC-3' for RORa; 5'-CAC CTG CGA ATA CGC CCA CGC
GAT-3" and 5'-AAA CAT CGC GTG GGC GTA TTC GCA-3’ for LacZ.

In utero electroporation. In utero electroporation (IUE) was performed
on E11.5 in the cerebella of ICR mice as described previously (Nishiyama
etal., 2012). Briefly, plasmid DNA was injected into the fourth ventricle
by a glass pipette and a set of electrical pulses was applied two to four
times. Positive electrodes were placed onto the rostral edge of the cere-
bellar ventricular zone and electroporated mice of either sex were ana-
lyzed. Plasmid DNA was resolved in HEPES-buffered saline (21 mm
HEPES, 137 mm NaCl, 5 mm KCl, and 0.7 mm Na,HPO,). To inject a
single vector, the plasmids were dissolved at a concentration of 2 mg/ml.
For the double transfection of EGFP-miR and rROR«1-HA, the two
plasmids were mixed in a 1:1 ratio in a final concentration of 4 mg/ml.
For the overexpression of rRORal-HA, the CAG-EGFP and CAG-
rRORa1-HA vectors were mixed in a 1:2 ratio at a final concentration
of 3 mg/ml. For the inducible knock-down, CAG-DsRed2, L7-
ER™CreER ™2, and CAG-flex-EGFP-miR vectors were mixed in a 1:2:3
ratio for a total concentration of 5 mg/ml. Using this protocol,
4-hydroxytamoxifen (4-OHT) injection induced EGFP expression in
49 * 7% of DsRed2-positive PCs (n = 9 experiments). The rescue ex-
periment was performed by using CAG-flex-rRORa1-HA in place of
CAG-DsRed2. For the inducible overexpression, CAG-EGFP, L7-
ER™2CreER "2, and CAG-flex-rRORa1-HA were mixed in a 1:2:3 ratio
for a total concentration of 5 mg/ml. For inducible CRISPR/Cas9-based
gene editing, CAG-DsRed2, CAG-flex-EGFP, L7-ER "2CreER"?, U6-
gRNA, and CAG-flex-Cas9 vectors were mixed in a 0.5:0.5:2:3:3 ratio or
CAG-flex-EGFP, L7-ER ™2 CreER ™2, U6-gRNA, and CAG-flex-Cas9 vec-
tors were mixed in a 1:2:3:3 ratio for a total concentration of 5 mg/ml.

4-OHT administration. 4-OHT (Sigma-Aldrich) was dissolved in eth-
anol at a concentration of 20 mg/ml and diluted with 9 volumes of corn
oil (Sigma-Aldrich). The diluted 4-OHT was injected intraperitoneally
with 26 gauge needles into P4, P8, and P21 mice. The dosage was 200 ul
at P4, 200-300 pl at P8, and 500 ul at P21.

Immunohistochemistry and fluorescence image acquisition. For immu-
nohistochemical analyses of the PCs at P4 or later, mice were fixed by
cardiac perfusion under sodium pentobarbital anesthesia with 0.1 M so-
dium phosphate buffer (PB), pH 7.4, containing 4% paraformaldehyde
(4% PFA/PB). The brains were then removed and soaked in 4% PFA/PB
overnight. After rinsing the specimens with PBS, the cerebellum was
isolated and parasagittal slices (100 wm thick) were prepared using a
microslicer (DTK-2000; Dosaka). For immunohistochemical analyses of
the pups at PO, the mice were decapitated and the heads were soaked in
4% PFA/PB overnight and then in 30% sucrose/PB until the heads sank.
Samples were embedded in Tissue-Tek OCT compound (Sakura) and
frozen. Parasagittal slices (30 wm thick) were prepared using a cryostat
(Leica).

Sections were permeabilized with 0.1% Triton X-100 in PBS, blocked
with 10% donkey serum in PBS, and incubated for 2—4 h or overnight
with the following primary antibodies: guinea pig anti-calbindin (1 mg/
ml; Frontier Institute), rabbit anti-calbindin (1:500; Millipore), mouse
anti-HA (1:500; Covance), goat anti-RORe (1:500; Santa Cruz Biotech-
nology), and guinea pig anti-vGluT2 (1 mg/ml; Frontier Institute). After
staining with the primary antibodies, the sections were washed and
incubated with Alexa Fluor-546, Alexa Fluor-555, or Alexa Fluor-
647 (Invitrogen), Cy3, or DyLight-649 (Jackson ImmunoResearch
Laboratories)-conjugated secondary antibodies for 1-2 h. Sections were
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then washed and mounted onto glass slides and the fluorescent signals of
the EGFP or secondary antibodies were observed using confocal micro-
scopes, as described below.

Image analysis. We analyzed EGFP-positive cells located in cerebellar
lobules I- IV/V of the vermis. Many PC markers, such as calbidin, are
reported as candidate genes with transcription that is regulated by ROR«
(Gold et al., 2003). Therefore, PCs were identified by EGFP signals be-
cause ~96% of transfected cells were PCs in our [UE method (Nishiyama
et al., 2012). For accurate PC identification, cells in which EGFP levels
were >5 times greater than the background were included and cells
having cytosolic EGFP signals brighter than their nuclear signals were
excluded from the analyses. To analyze the dendritic length using
IMARIS software (Zeiss), z-stack images of the EGFP-labeled single PCs
were obtained at an optimal z-interval with an FV-1000 using a 40X
objective [numerical aperture (NA) 1.0; Olympus], except for Figure 4,
in which an LSM710 with a 63X objective (NA 1.4; Zeiss) was used. The
gain was adjusted to allow signal saturation in the soma and primary
dendrite only. The images were reconstructed using IMARIS and the
dendrites were traced manually with the IMARIS FilamentTracer soft-
ware using AutoDepth and Manual mode. The dendritic starting points
were determined manually at the base of each primary dendrite on the
surface of the soma. When multiple primary dendrites were observed,
every primary dendrite was traced and the total dendritic length or the
number of branch points was summed. For analyses of dendrites of PCs
expressing miR-RORa in Figure 4, perisomatic dendrites shorter than 20
pum in length were excluded from analyses.

The quantification of RORa levels was performed using Image] soft-
ware version 1.49. A circular selection of the same size was made on the
brightest region in the nucleus of an EGFP-positive cell and the mean
gray value of the selection was obtained. For each EGFP-positive cell,
control gray values were obtained from multiple untransfected cells with
RORa« signals that were brightest in the same z-plane. The obtained
values were subtracted by the background value. The percentage ob-
tained by comparing the values from the EGFP-positive cells to the values
from the untransfected cells represented the relative ROR« level. The
background value of interest z-plane was determined by the mean gray
value in an equivalent circular selection made on a dark area near the
EGFP-positive cells where no soma exists. The distance between the
edge of the external granular layer (EGL) and PC soma and the longest
neurite length was measured using ImageJ. The diameter of the stem
dendrite was determined from 2D images using the line tool in Image].
The width of the primary dendrite at its middle portion was measured. If
there were multiple primary dendrites, then the thickest primary den-
drite was analyzed.

For the spine number analyses, z-stack images of the single distal
dendritic segments were obtained using the LSM710 with a 63X ob-
jective (NA 1.4; Zeiss) or the FV1000 with a 100X objective (NA 1.4;
Olympus). The dendrite was reconstructed in the 3D surpass view in
IMARIS. The heads of dendritic protrusions oriented in both the x—y
plane and the z-direction were counted. The number of protrusions
was divided by the length of the analyzed dendritic segment, which
was measured with IMARIS FilamentTracer software.

The head width of dendritic spines was measured using the line tool in
Image]. Only the protrusions oriented in the x—y direction were analyzed.
The longest width within the distal half-region of each protrusion was
measured.

For quantification of number of vGluT2 puncta on the soma, z-stack
images of whole cell bodies of EGFP-positive PCs were obtained using
the FV1000 with a 60X objective (NA 1.40; Olympus). The number of
vGluT2-immuopositive puncta on the EGFP-positive soma was counted
from each z-plane and combined.

Electrophysiology. Parasagittal cerebellar slices (200 wm thick) were
prepared from ICR mice in which miR or CRISPR/Cas9 constructs were
transfected by IUE, as described previously (Kakegawa et al., 2008).
Whole-cell patch-clamp recordings were made from EGFP-positive PCs
using a 60X water-immersion objective attached to an upright micro-
scope (BX51WI; Olympus) at room temperature. The resistance of the
patch pipettes was 1.5-3 M{) when filled with an intracellular solution
composed of (in mm): 150 Cs-gluconate, 10 HEPES, 4 MgCl,, 4 Na,ATP,
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1 Na,GTP, 0.4 EGTA, and 5 lidocaine N-ethyl bromide (QX-314) (pH
7.25, 295 mOsm/kg). The solution used for the slice storage and record-
ing consisted of the following (in mm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1
MgCl,, 1.25 NaH,PO,, 26 NaHCO; and 10 p-glucose, which bubbled
continuously with a mixture of 95% O, and 5% CO,. Picrotoxin (100
uM; Sigma) was always present in the saline to block the inhibitory
inputs.

To evoke the EPSCs derived from the climbing fiber (CF-EPSCs) and
parallel fiber (PF-EPSCs) inputs onto the PCs, square pulses were applied
through a stimulating electrode placed on the granular layer (10 ws,
0-200 pA) and the molecular layer (~50 wm away from the pial surface;
10 ws, 0-200 wA), respectively. Selective stimulation of the CFs and PFs
was confirmed by paired-pulse depression and paired-pulse facilitation,
respectively, of EPSC amplitudes at a 50 ms interstimulus interval. Cur-
rent responses were recorded with an Axopatch 200B amplifier (Molec-
ular Devices) and the pPCLAMP system (version 9.2; Molecular Devices)
was used for data acquisition and analysis. The signals were filtered at 1
kHz and digitized at 4 kHz.

Results

Embryonic RORa knock-down recapitulates staggerer
phenotypes

To characterize the roles of RORa at different developmental
time points, we introduced a plasmid vector encoding miR
against RORa (miR-RORa) together with EGFP into the PCs at
E11.5 by IUE (Fig. 1A, B). Using this protocol, we previously
showed selective transfection of the PCs in vivo (~96% of the
transfected cells in the cerebellar cortex; Nishiyama et al., 2012).
In the present study, immunostaining of electroporated cerebella
at P14 revealed that the protein levels of RORa in EGFP-
expressing cells were significantly reduced [knock-down (KD):
9.3 = 3% of untransfected control, n = 10 cells from 2 mice]
compared with PCs transfected with a control vector encoding
miR targeting a scrambled sequence (miR-SC: 106 = 6% of un-
transfected control, n = 10 cells from 3 mice; KD vs SC p =
3.84 X 107 Student’s ¢ test). PCs expressing miR-SC exhibited
the typical morphology of young PCs, with one thick stem den-
drite that gave rise to many branches studded with spines in the
sagittal plane (Fig. 1C). In contrast, PCs expressing miR-ROR«
exhibited thin, curvy dendrites with a few branches that lacked
dendritic spines (Fig. 1D, top). The somata of 44.4% of the PCs
expressing miR-ROR« (1 = 27 cells from 4 mice) were mislocal-
ized in the internal granular layer (IGL) (Fig. 1 B, D, bottom). The
number of branch points per 10 wm of dendrites was significantly
reduced in the PCs expressing miR-RORa, regardless of their
soma position in the IGL or the Purkinje layer (PL) compared
with PCs expressing miR-SC (Fig. 1E). As reported in wild-type
PCs (Berry and Bradley, 1976; Bradley and Berry, 1978; Fujishima
et al.,, 2012), control PCs expressing miR-SC exhibited longer
proximal (first and second order) than distal (= third order)
dendrites, which remained relatively constant at higher orders
(Fig. 1F). In contrast, PCs expressing miR-ROR« lacked highly
branched (>15™ branch order) dendrites (Fig. 1F). Dendrite
segments at branch orders 1-6 were significantly longer in PCs
expressing miR-RORa than control PCs expressing miR-SC re-
gardless of their soma position (SC: 8.1 = 0.5 um, n = 180 from
3 mice vs knock-down PL: 25 & 2 um, n = 293 from 2 mice, p =
1.30 X 10 ~®and vs knock-down IGL: 29 + 2 um, n = 206 from
2 mice, p = 1.30 X 10 ~%, ANOVA followed by Tukey’s test; Fig.
1F). To rule out the off-target effect of the miR, we cotransfected
PCs with miR-RORa and a cDNA encoding HA-tagged RORa1,
which was resistant to the miR (rRORa1-HA; Fig. 1G). The num-
ber of branch points (Fig. 1E) and length of each dendritic
segment (Fig. 1F) were restored by the coexpression of rRORa1-
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Branch order

The knock-down of RORex in PCs recapitulates staggerer-like dendritic morphology in vivo. A, Schematic diagram of the developmental stages of PCs in vivo and the experimental

procedure. IUE was performed at E11.5 and the cerebella were fixed at P14. The plasmid vectors are described in the bottom panel. B—D, Confocal images of sagittal slices from electroporated
cerebella (B) and single PCs expressing control (C, miR-SC) and knock-down (D, miR-ROR«) miR at P14. Endogenous RORc immunoreactivities are shown in red together with the EGFP signals.
Arrowheads in Cand D indicate the transfected PC somata. The somata of 55.6% of the PCs expressing miR-RORcx were located in the PL, but the others were mislocalized to the IGL, as shownin B
and the upper and bottom of D. E, Number of dendritic branch points of single PCs per 10 m of the total dendritic length. The bars represent the mean = SEMn = 4 (SC), 5 (PL: KD), 4 (IGL:KD),
and 10 (RC) cells from 2 or 3 mice, *p = 0.0144, **p = 0.000681, ##p = 0.00132, and t1p = 0.00681, respectively (ANOVA followed by Tukey’s test). F, Length of the dendritic segments at each
branch order. The dendritic segments are numbered in a centrifugal order as shown in the diagram on the upper left. The bars represent the mean == SEM segment lengths of 410 cells from 2 or
3 mice. G, Confocal images of PCs expressing RC constructs at P14. Exogenous RORceT immunoreactivities are shown in red (HA) and calbindin immunoreactivity is shown in blue together with the

EGFP signals. Arrowheads and asterisks in , D, and G indicate the transfected PC somata and nontransfected neighboring PCs, respectively. Scale bars: B, 100 wm; C, D, G, 20 um.

HA. These results indicate that the miR-based knock-down of
RORa« at E11.5 recapitulates staggerer phenotypes, including the
mislocalization of PC somata and their primitive dendrites.

Role for ROR« in postnatal cellular migration and primitive
dendritic regression

Postmitotic PCs migrate to the cerebellar cortex by E16 in a
manner dependent on Reelin signaling to form a few-cell layer
called the “Purkinje plate” before forming a single-cell PL
(Sotelo and Dusart, 2009; Miyata et al., 2010). To clarify at
which stage RORa regulates the positioning of PCs, we ana-
lyzed the effects of RORa knock-down at PO after introducing
miR-RORa at E11.5 (Fig. 2A). Immunohistochemical analy-
ses of endogenous ROR« revealed that miR-RORa effectively
reduced RORa expression compared with miR-SC (KD: 24 +
1% of untransfected control, n = 10 cells from 2 mice; SC:
75 = 11% of untransfected control, n = 12 cells from 2 mice;

KD vs SC p = 0.00103 Student’s ¢ test; Fig. 2 B, C) at P0O. Nev-
ertheless, the location of PC somata expressing miR-RORa
and miR-SC was indistinguishable (Fig. 2D, E) and the dis-
tance between the PC somata and the upper outline of the
calbindin-immunopositive molecular layer was similar be-
tween the PCs expressing miR-SC and miR-RORa« (Fig. 2F).
These results indicate that RORe is unlikely to be involved in
the regulation of initial PC migration and the formation of
Purkinje plates, which was completed by PO.

Next, we analyzed the effects of RORa knock-down at P4 after
introducing miR-RORa at E11.5 (Fig. 3A). Control PCs express-
ing miR-SC were aligned in a monolayer, whereas most PCs ex-
pressing miR-RORa were located in the IGL (Fig. 3B,C). In
addition, the neurites of PCs expressing miR-RORa were signif-
icantly longer than those expressing miR-SC (Fig. 3D-F). PCs
that expressed miR-RORa but reached the PL tended to have
shorter neurites than PCs mislocalized in the IGL; the expression
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Normal migration of RORc-deficient PCs at P0. A, Schematic diagram of the experimental procedure. The mice were electroporated with plasmid vectors encoding KD or SCmiRat E11.5

and fixed at P0. B—E, Immunohistochemical analyses of the cerebellar slices at P0. The cerebellar slices electroporated with miR-SC (B, D) or miR-ROR« (C, E) were immunostained with
anti-calbindin antibody (Calb, red) and anti-RORcx antibody (grayscale or blue). EGFP fluorescence is shown in green. Low-magpnification images are shown in D and E. Arrowheads and arrows
indicate transfected and nontransfected PCs, respectively. F, Position of transfected PC somata. The schematic diagram indicates how the position of the PC somata from the upper outline of the ML
was measured. The bars in the lower graph represent the mean = SEM distances. n = 13 cells from 2 mice (SC) and 22 cells from 2 mice (KD); n.s., not significant (p = 0.252 by Student's t test).

Scale bars: B, ¢, 10 wm; D, E, 50 m.

level of endogenous RORa in PCs transfected with miR-ROR«
was inversely correlated with neurite length (Fig. 3G). In addi-
tion, PCs expressing low levels of RORa were located mostly in
the IGL (Fig. 3G). These results indicate that cell-intrinsic ROR«
signaling is necessary for PCs to form a single layer in the PL after
the Purkinje plate is formed. Because mislocalized PCs tended to
have longer neurites, the RORa-dependent regression of den-
drites may be necessary for PCs to align in a straight line. Alter-
natively, the reduction of neurites length may not occur in the
mislocalized environment.

To rule out the off-target effect of miR, we cotransfected PCs
with miR-RORa and rRORa1-HA cDNA (Fig. 3H). Most PCs
coexpressing miR-RORa and rRORa1-HA were localized to the
PL (Fig. 3H, top). Unexpectedly, some PCs cotransfected with
miR-RORa and rRORa1-HA were mislocalized to the white
matter and displayed very long neurites (Fig. 3H, bottom, I).
When RORa1-HA was overexpressed without miR-RORa, most
PCs exhibited long neurites (Fig. 3]) located in the white matter
(Fig. 3K). These results indicate that the incomplete rescue by
rRORal (Fig. 3I) was caused by the overexpression of rRORa1.
In addition, these results indicate that low expression levels of
endogenous RORa during the early developmental stages is nec-
essary for the initial migration of PCs to reach the cerebellar
cortex; after this initial migration, ROR« is likely required for
terminal translocation of PCs to align in the PL and pruning of
neurites by P4.

RORa regulates reorganization of dendrites after the stellate
cell stage

Although RORe is expressed in the PCs during development and
throughout adulthood, the role of RORa beyond the fusiform stage
is unclear. To address this, we used an inducible Cre-based gene
knock-down system. The PC-specific L7 promoter (Oberdick et al.,
1990) was used to express the conditionally active form of Cre re-
combinase ER "*-Cre-ER 2 (Matsuda and Cepko, 2007). By coex-
pressing a plasmid encoding EGFP-tagged miR flanked by two
incompatible sets of flox sequences (Stern et al., 2008), miR was
designed to be expressed in a 4-OHT- and L7-dependent manner
(CAG-flex-miR constructs; Fig. 4A). When 4-OHT was adminis-
tered from P4, endogenous ROR« expression was already reduced in
EGFP-positive PCs at P6 (Fig. 4B). At this stellate cell stage, no dif-
ferences in dendrite morphology between PCs expressing miR-SC
and miR-RORa were observed (Fig. 4B). However, at P14, PCs ex-
pressing miR-ROR«a from P4 displayed thin, curvy, branchless
dendrites (Fig. 4C) that resembled staggerer PCs and PCs in which
miR-RORa was introduced at E11.5 (Fig. 1C). Indeed, PCs express-
ing miR-RORe had significantly longer dendrite segments at branch
orders 1-6 than PCs expressing miR-SC (KD: 17 = 1 um, n = 281
from 3 mice vs SC: 9.3 = 0.6 um, n = 195 from 2 mice, p = 1.29 X
10 ~®and vs rescue: 9.5 + 0.4 wm, n = 411 from 2 mice, p = 1.29 X
10 ~%, ANOVA followed by Tukey’s test), but lacked highly branched
(>15"branch order) dendrites (Fig. 4D). As aresult, the number of
dendritic branch points (Fig. 4E) and the total dendritic length were
dramatically reduced in PCs expressing miR-ROR« (Fig. 4F). Fur-
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expressing miR-SC or miR-RORcx at P4. The positions of transfected PCs (EGFP, green) were compared with other PCsimmunostained with anti-calbindin (Calb, red) antibodies. Scale bar, 100 m.
C, Percentage of transfected PCs located in the PL. Bars represent the mean = SEM of three independent experiments (*p = 0.0181, Student’s t test). D, E, Confocal images of the PCs expressing
miR-SC (D) and miR-ROR« (E). Immunofluorescent signals of ROR« (red) and calbindin (Calb, blue) together with stacked EGFP images are shown. The arrowheads indicate transfected PCs. Scale
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from 3 mice (KD), ***p = 4.52 X 10 ~'° (Student’s t test). G, Relationship between RORc expression levels and the longest neurite lengths of PCs expressing miR-RORa (KD). Red and blue dots
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transfected PCs. The asterisks in the bottom indicate nontransfected PCs. Scale bars, 20 um. The schematic diagram on the left shows the plasmids used. /, Location of the PCs expressing miR-SC (SC,
left bar), miR-RORcx (KD, middle bar), and miR-RORc plus rRORct1-HA (RG, right bar). The percentages of PCs located in the WM, IGL, and PL are shown. n = 70 cells from 3 mice (SC), n = 58 cells
from 3 mice (KD), and n = 85 cells from 3 mice (RC), ***p = 7.27 X 10 "6, +1tp = 8.25 X 10 ~8 and ###p = 8.83 X 10 ~*, respectively (> test followed by Bonferroni's correction). J, K,
Overexpression of RORc from E11.5 impaired PC migration from the WM. Immunofluorescent signals of exogenous (HA, red) and both exogenous and endogenous ROR« (blue or grayscale) are
shown together with a transfection marker EGFP (green). The arrowheads and asterisks indicate transfected and nontransfected PCs, respectively. The low-magpnification view is shown in K. The
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thermore, although control PCs treated with miR-SC typically had  test followed by Steel-Dwass test; Fig. 4G). These results indicate that
thick, single dendrites (Fig. 4G), PCs expressing miR-ROR« often ~ RORe is required, not only for dendrite pruning at the fusiform
had multiple thin, apical dendrites (Fig. 4 H,I) inaddition tonumer-  stage (Boukhtouche et al., 2006), but also for the remodeling of den-
ous short, perisomatic dendrites (SC: 0 = 0, n = 4 cells from 2 mice  drites during the transition from the stellate cell stage to the young
vsKD: 11 * 1.1, n = 7 cells from 3 mice, p = 0.0169, Kruskal-Wallis ~ PC stage.
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To rule out the off-target effect, we coexpressed miR-ROR«
and rRORa1-HA ¢cDNA in a 4-OHT- and L7-dependent manner
(Fig. 4A) from P4. At P14, the branching pattern (Fig. 4D), num-
ber of branches (Fig. 4E), total dendrite length (Fig. 4F ), diameter
of the thickest stem dendrites (Fig. 4G,H ), and number of peri-
somatic dendrites [rescue (RC):0.4 + 0.3, n = 7 cells from 2 mice;
RCvs SC p = 0.497; RC vs KD p = 0.00365, Kruskal-Wallis test
followed by Steel-Dwass test; Fig. 4G] were restored by the coex-
pression of rRORa1-HA (Fig. 4C), confirming the specific effect
of miR-RORa.

In contrast, the number of apical dendrites (Fig. 4G,I) was
not restored by rRORa1-HA. Therefore, to examine the effect
of the overexpression of RORa, we expressed rRORal-HA
alone in a 4-OHT- and L7-dependent manner from P4 (Fig.
5A). Immunohistochemical analyses revealed that ROR« is
overexpressed in the nucleus of PCs transfected with
rRORal-HA (Fig. 5B). Interestingly, PCs overexpressing
rRORa1-HA also resembled staggerer PCs at P13 (Fig. 5C);
these PCs had significantly longer dendrite segments at branch
orders 1-6 than PCs expressing EGFP only (control: 9.3 * 0.7
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Overexpression of RORc from the stellate cell stage impairs dendritic pruning and branching. 4, Schematic diagram of the experimental procedure. The mice were electroporated at

E11.5and the expression of rRORcx1-HA (overexpression) was induced by an injection 4-OHT at P4. B, Application of 4-OHT at P4 induced the overexpression of exogenous RORcx. Immunofluorescent
signals for exogenous RORc (HA, red) and both exogenous and endogenous ROR« (blue or grayscale) at P13 are shown. The arrows and arrowheads indicate untransfected and transfected PCs
(EGFP, green), respectively. Scale bar, 20 pum. €, Dendritic branching of PCs expressing EGFP (control) with or without RORce1-HA (overexpression) at P13. Representative stacked images of EGFP
fluorescence are shown. Scale bar, 20 um. D, Length of dendritic segment at each branching order. Bars represent the mean == SEM segment lengths of n = 4 (control) and n = 7 (overexpression)
cells from 3 mice. E, Number of dendritic branch points. Bars represent the mean == SEM branch points. n = 4 (control) and n = 7 (overexpression) cells from 3 mice, ***p = 0.000629 (Student’s
ttest). F, Total dendritic length per single PCs. Bars represent the mean == SEM total dendriticlength. n = 4 (control) and n = 7 (o/e) cells from 3 mice, **p = 0.00347 (Student's t test). G, Enlarged
images of the somata shown in C, Arrowheads indicate the apical dendrites. Scale bar, 20 .em. H, Number of apical primary dendrites per single PC. The percentages of PCs showing 1,2, 3, and more
apical primary dendrites are shown. n = 29 (control) and n = 27 (overexpression) cells from 3 mice, ***p = 8.76 X 10 -8 (thest). 1, Diameters of the thickest primary dendrites. Bars represent

the mean = SEM diameters of nine PCs, *p = 0.0375 (Student's ¢ test).

um, n = 162 vs overexpression: 15.2 = 0.7 um, n = 467, 3
mice each, p = 3.93 X 107'°, Student’s ¢ test), but lacked
highly branched (>15"™ branch order) dendrites (Fig. 5D).
The number of dendritic branch points (Fig. 5E) and total
dendritic length were dramatically reduced in PCs overex-
pressing rRORal-HA (Fig. 5F). PCs overexpressing
rRORal1-HA also had multiple stem dendrites (Fig. 5G,H),
which were thinner than control PCs (Fig. 5I). In contrast, the
overexpression of RORal reportedly accelerated the regres-
sion of primitive dendrites at the fusiform stage in cultured
cerebellar slices in vitro (Boukhtouche et al., 2006). These re-
sults indicate that appropriate levels of RORa are necessary
for the formation of stem dendrite and dendritic branches
during the transition from the stellate cell stage to the young
PC stage in vivo.

RORa regulates dendritic spine formation after the stellate
cell stage

Unlike in other cell types, dendritic spines are cell autonomously
formed in PCs in the absence of PF inputs (Yuste and Bonhoeffer,
2004; Sotelo and Dusart, 2009). To investigate the role of ROR«
in spinogenesis, we examined the dendritic protrusions in PCs in
which RORa was knocked down or overexpressed from P4. Al-
though PCs expressing miR-SC were studded with spines and
filopodia at P14, PCs expressing miR-RORa completely lacked
protrusions on their dendrites (Fig. 6A), indicating that ROR« is
indispensable for spine formation after the stellate cell stage. In-
terestingly, PCs overexpressing rRORa1 from P4 had stubby or
mushroom-like shapes (Fig. 6B, arrowheads, E) at P13, in con-
trast to the thin or filopodia-like spines observed in control PCs
expressing only EGFP (Fig. 6B, arrows). However, the number of
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plus rRORa1-HA (RC), or rROR1-HA (overexpression) was induced by 4-OHT at P4. A, A deficiency in ROR« causes the loss of spines at the distal dendrites of PCs at P14. Representative
confocalimages of EGFP signals are shown. Scale bar, 5 sum. B, Excess ROR«x causes the loss of spines but facilitates the maturation of spinesin PCs at P13. Representative confocal images
of EGFP signals in the distal dendrites (top) and their enlarged views (bottom) are shown. Scale bars, 5 (top) and 1 im (bottom). C, Densities of the dendritic protrusions per length. Bars
represent the mean = SEM number of protrusions (per micrometer) of the independent experiments, n = 4 cells from 2 mice (SC), n = 6 cells from 3 mice (KD), and n = 5 cells from
2 mice (RC), **p = 0.0000615 and ##p = 0.00309 (ANOVA followed by Tukey's test); n = 3 cells from 2 mice (control), n = 5 cells from 2 mice (overexpression), *p = 0.0144 by
Student’s t test. D, Overexpression of RORc from P4 facilitates the maturation of dendritic spines at P8. Representative confocal images of EGFP signals in the distal dendrites are shown.
Scale bar, 5 wm. Arrows indicate dendritic protrusions. E, Width of the distal dendritic spines at P13. Bars represent the mean = SEM spine head widths, n = 47 spines from 2 mice
(control) and n = 101 spines from 2 mice (overexpression), **p = 0.0385 by Student’s t test.

spines was reduced in PCs overexpressing rRORal (Fig. 6 B, C).
As a result, the coexpression of rRORal did not completely re-
store the reduced number of dendritic protrusions induced by
miR-RORa« (Fig. 6 A, C). The overexpression of rROR«l1 from P4
increased the occurrence of stubby or mushroom-shaped spines
even at P8 (Fig. 6D, arrowheads), when almost all dendritic pro-
trusions were filopodia or thin spines in the control PCs (Fig. 6D,
arrows). Dendritic filopodia in PCs are not only thought to serve
as the precursors to spines, but also to be involved in dendritic
growth (Berry and Bradley, 1976; Bradley and Berry, 1978).
Therefore, RORa overexpression in PCs during the stellate
cell stage may have restricted dendrite formation by promot-
ing the maturation of filopodia. Together, these results indi-
cate that the appropriate expression levels of RORa are
important for the proper development of dendrites and spines
at the stellate cell stage.

RORa regulates dendritic growth and maintenance after the
young PC stage

To investigate the role of RORa after the young PC stage, when
apical dendrites form further branches after the perisomatic den-
drites are removed, RORa was knocked down from P8 (Fig. 7A).

At P10, endogenous RORa expression was already reduced in
PCs expressing miR-RORa compared with PCs expressing
miR-SC (KD: 30 * 4% of untransfected control, n = 6 PCs; SC:
96 * 12% of untransfected control, # = 6 PCs; 3 mice each; KD vs
SC, p = 0.00229 Student’s ¢ test; Fig. 7B), whereas no differences
in dendrite morphology between PCs expressing miR-SC and
miR-RORa were observed (Fig. 7C). However, at P14, PCs ex-
pressing miR-RORa displayed atrophic dendrites (Fig. 7D). Al-
though the length of the first-order branch tended to be reduced
in PCs expressing miR-RORe, the length of each second- and
higher-order dendritic branch was similar between PCs express-
ing miR-SC and miR-ROR« (Fig. 7E). Nevertheless, PCs express-
ing miR-RORe had significantly fewer dendritic branch points
(Fig. 7F) and shorter dendrites (Fig. 7G) than PCs expressing
miR-SC, indicating that the number of terminal dendritic seg-
ments was selectively reduced in PCs expressing miR-RORa. The
coexpression of rRORa1-HA successfully rescued the abnormal
dendritic morphology caused by miR-ROR« (Fig. 7D-G), ruling
out the off-target effect of miR-RORa. The dendrites of PCs
expressing miR-SC gained ~800 wm in length and 100 branch
points between P10 and P14, whereas the dendrites of PCs
expressing miR-RORa lost ~700 wm in length and 60 branch
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Knock-down of ROR« after the young PC stage impairs the formation and maintenance of dendrites. A, Schematic diagram of the experimental procedure. The expression

of miR-SC (SC), miR-ROR« (KD), and miR-RORcx plus rROR1-HA (rescue: RC) was induced by 4-OHT at P8. B, Application of 4-OHT at P8 induces the reduction of endogenous ROR« in
PCs expressing miR-RORcx at P10. Inmunofluorescent signals for endogenous RORcx (red) were examined in EGFP-positive PCs (green, arrowheads). The asterisks indicate neighboring
untransfected PCs. Scale bar, 20 wm. C, Gross dendritic arborization of PCs expressing miR-SCand miR-ROR« is indistinguishable at P10. Representative stacked EGFP images of PCs are
shown. Scale bar, 20 m. D, Knock-down of ROR« from P8 induces atrophic PC dendrites at P14. Representative stacked EGFP images of PCs expressing miR-SC (SC), miR-ROR«x (KD), and
miR-ROR« plus rRORce1-HA (RC) are shown. Scale bar, 20 wm. E, Length of the dendritic segment of PCs at each branch order at P14. Bars represent the mean = SEM segment lengths
of n = 3 cells from 2 mice (SCand RC) or n = 5 cells from 2 mice (KD). F, Total number of dendritic branch points in PCs at P10 and P14. Bars represent the mean = SEM branch points.
P10, n = 3 cells from 3 mice (SCand KD), n.s., not significant (p = 0.575 by Student's t test); P14, n = 3 cells from 2 mice (SCand RC) and n = 5 cells from 2 mice (KD), **p = 0.00123
and ##p = 0.00800, respectively (ANOVA followed by Tukey’s test). G, Total dendritic length of single PCs at P10 and P14. Bars represent the mean = SEM total dendritic lengths. P10,
n = 3 cellsfrom 3 mice (SCand KD); n.s., not significant (p = 0.818 by Student’s t test); P14, n = 3 cells from 2 mice(SCand RC) and n = 5 cells from 2 mice (KD), *p = 0.0105and **p =

0.00332, respectively (ANOVA followed by Tukey's test).

points (Fig. 7F, G). Therefore, the loss of ROR«a not only inter-
fered with normal dendritic growth, but also caused a reduction
in the existing terminal dendrites. These results indicate that
RORa« is required for the formation and maintenance of growing
mature dendrites during the young PC stage.

RORa is crucial for the maintenance of dendrites and spines
in adult PCs

Finally, to further clarify the role of ROR« in PCs after the com-
pletion of dendritic development, we knocked down RORa by
injecting 4-OHT at P21 (Fig. 8A). At P23, endogenous ROR«
expression was reduced in PCs expressing miR-ROR« compared
with untransfected PCs (22 = 3% of untransfected control, n = 8
cells from 2 mice; Fig. 8B), whereas no abnormalities in the den-
drite morphology were observed (Fig. 8C). At P35, PCs express-
ing miR-RORa exhibited atrophic dendrites (Fig. 8D). Although
the length of each dendritic branch was comparable between PCs
expressing miR-SC and miR-ROR« (Fig. 8E), the number of den-

dritic branch points (Fig. 8F) and total dendritic length (Fig. 8G)
were significantly decreased in PCs expressing miR-RORa. The
coexpression of rRORal-HA successfully rescued the abnormal
dendritic morphology caused by miR-ROR« (Fig. 8D-G), ruling
out the off-target effect of miR-RORa. These results further in-
dicate that RORw is required for maintenance of the terminal
dendrites of PCs, not only at the young PC stage (P8; Fig. 7), but
also after PCs enter the mature stage.

The number of dendritic spines on the remaining dendrites
was also significantly reduced in PCs at P35 when RORa was
knocked down from P21 (Fig. 9A, B). We also observed extraor-
dinarily thin distal dendrites that completely lacked spiny protru-
sions (13 = 1 spineless dendrites per PC, n = 4 PCs from 2 mice;
Fig. 9A); such spineless dendrites were never observed in control
PCs expressing miR-SC. These phenotypes in RORa-deficient
PCs were completely rescued by the coexpression of RORa1-HA
(Fig. 94, B), indicating that the maintenance of spines also re-
quires RORa in mature PCs.
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Knock-down and overexpression of ROR« in mature PCs disturb the dendritic morphology. A, Schematic diagram of the experimental procedure. The expression of miR-SC (SC),

miR-RORc (KD), miR-RORcx plus rRORce1-HA (RC), or rRORcx1-HA (overexpression) was induced by 4-OHT at P21. B, Application of 4-OHT at P21 reduced the expression of endogenous ROR« in PCs
expressing miR-ROR«x at P23. Immunofluorescent signals for endogenous ROR« (red) were examined in EGFP-positive PCs (green, arrowheads). The asterisk indicates a neighboring untransfected
PC. Scale bar, 20 pem. €, Gross dendritic arborization of EGFP-positive PCs expressing miR-RORcx at P23. Scale bar, 20 um. D, Knock-down of RORcx from P21 induces atrophic PC dendrites at P35.
Representative stacked EGFP images of PCs expressing miR-SC (SC), miR-RORcx (KD), miR-RORcx plus rRORc¢1-HA (RC), and rRORx1-HA (overexpression) are shown. Scale bar, 20 m. E, Length of
the dendritic segment at each branch order. Bars represent the mean = SEM segment lengths of n = 5 cells from 3 mice (SC), n = 4 cells from 2 mice (KD), n = 3 cells from 3 mice (RC), and n =
4 cells from 2 mouse (overexpression). F, Total number of dendritic branch points in PCs at P35. Bars represent the mean = SEM branch points. n = 5 cells from 3 mice (SC), n = 4 cells from 2 mice
(KD), n = 3 cells from 3 mice (RC), **p = 0.00129 and ##p = 0.00184, respectively (ANOVA followed by Tukey's test); n = 4 cells from 2 mice (overexpression), tp = 0.0397 (Student's ¢ test vs
SC). G, Total dendritic length of single PCs at P35. Bars represent the mean = SEM total dendritic lengths of the independent experiments. n = 5 cells from 3 mice (SC), n = 4 cells from 2 mice (KD),
n = 3 cells from 3 mice (RC), ***p = 0.000227 and ###p = 0.000550, respectively (ANOVA followed by Tukey's test); n = 4 cells from 2 mice (overexpression), 1p = 0.000136 (Student’s ¢ test

vs SO).

In contrast to spineless dendrites, the soma of ROR«a-deficient
PCs exhibited spine-like protrusions (Fig. 9C,D). Immunohisto-
chemical analyses revealed that more vGluT2-immunopositive
puncta were located on the somata of these RORa-deficient PCs
(Fig. 9E, F), suggesting that these spines were at least partly in-
nervated by CFs. The abnormal spines on the soma were not
rescued completely by the coexpression of RORal-HA (Fig.
9C,D). Therefore, we examined the effect of the overexpres-
sion of RORa1-HA from P21 in the absence of miR-RORa.
Although the spines in PCs overexpressing RORa were signif-
icantly wider than that in control PCs (overexpression: 0.57 =
0.02 wm, n = 119 spines from 2 mice vs SC: 0.49 = 0.01 wm,

n = 58 spines from 3 mice, p = 0.000152, Student’s ¢ test), the
number of spines on the dendrites was comparable (Fig.
9A, B). In contrast, PCs overexpressing RORa exhibited many
spine-like somatic protrusions (Fig. 9C,D), indicating that ap-
propriate levels of ROR« are necessary to prevent emergence
of somatic spines in mature PCs. Some axons of the ROR«a-
deficient PCs exhibited abnormal torpedo-like swelling (Fig.
9C), which is often observed in degenerating neurons (Cole-
man, 2005). Such axon swellings were never observed in PCs
overexpressing RORa with or without miR-RORa. Together,
these results indicate that RORa is crucial for the maintenance
of mature cellular morphology, including the maintenance of
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Figure9. The distinct effects of knock-down and overexpression of RORc on dendritic and somatic spines of mature PCs. The expression of miR-SC (SC), miR-ROR« (KD), miR-ROR«x
plus rRORa1-HA (RC), or rROR ¢ 1-HA (overexpression) was induced by 4-OHT at P21. A, Representative confocal images of the distal dendrites of PCs at P35. Scale bar, 1 wm. B, Densities
of dendritic spines per length. Bars represent the mean = SEM number of protrusions (per micrometer). n = 6 cells from 3 mice (SC), n = 9 cells from 3 mice (KD), n = 5 cells from 3
mice (RC), ***p = 0.0000133 and ###p = 0.000100, respectively (ANOVA followed by Tukey's test); n = 12 PCs from 2 mice (overexpression), n.s., not significant vs SC (p = 0.566,
Student’s t test). €, Knock-down and overexpression of RORcx from P21 induces somatic spiny protrusions in PCs at P35. Representative confocal images of EGFP signals at the somata are
shown. Scale bar, 10 wm. D, Number of somatic spiny protrusions. Bars represent the mean = SEM number of protrusions per PCs of the independent experiments. n = 8 (SCand KD)
and n = 9 (RC) cells from 3 mice each; ***p = 0.000827 (ANOVA followed by Tukey's test), and n = 16 cells from 2 mice (overexpression); tTp = 0.00476 (Mann-Whitney U test vs SC).
E, Representative confocal z-stacked images of the vGluT2 immunoreactivity (red) on EGFP-positive PC somata (green) at P35. Scale bar, 20 wm. F, Histograms showing the percentage
of PCs contacted by >15 vGluT2-immunopositive puncta. The number of vGluT2 puncta on the somata of PCs expressing miR-SC (SC) or miR-ROR« (KD) was counted at P35.n = 39 cells
from 3 mice (SC) and n = 41 cells from 4 mice (KD), **p = 0.00451 () * test).

dendritic spines, the prevention of somatic protrusions, and
axon swellings.

RORa is required for the maintenance of synaptic functions,
but not innervation patterns in mature PCs

Functional abnormalities at the PF-PC synapses have been re-
ported in staggerer PCs (Mitsumura et al., 2011). To examine the
roles of ROR« in the maintenance of synaptic functions in ma-

ture PCs, we performed whole-cell patch-clamp recordings in
P35 slices from PCs in which RORa was knocked down from P21
(Fig. 10A). PF-evoked EPSCs were markedly decreased in PCs
expressing miR-RORa (Fig. 10B,C). In addition, the paired-
pulse ratio of PF-EPSCs was significantly increased in PCs ex-
pressing miR-RORe, indicating that the release probability was
decreased in PFs (Fig. 10D). These results are similar to those
observed in staggerer PCs (Mitsumura et al., 2011), indicating
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Knock-down of RORcx impairs synaptic functions, but not innervation patterns, in mature PCs. A, Schematic diagram of the experimental procedure. The expression of miR-SC (SC) or

miR-RORa (KD) was induced by 4-OHT at P21 and whole-cell patch-clamp recordings were performed from PCs in cerebellar slices at P35. B-D. PF-EPSCs recorded from PCs clamped
at —80mV. Representative PF-EPSCs in PCs expressing miR-SCand miR-ROR« at various stimulus intensities (B). Shown is the input— output relationship of PF-EPSCs (C,n = 9 cells for SCand n =
12 cells for KD, 3 mice each). D, Paired-pulse ratio (PPR) of PF-EPSCs at an interstimulus interval (ISI) of 50 ms (n = 22 cells for SCand n = 20 cells for KD, 3 mice each; **p = 0.003 by the
Mann—Whitney U test). The PPR is defined as the amplitude of the second EPSC divided by that of the first EPSC. Error bars indicate SEM. E—H, CF-EPSCs recorded from PCs clamped at —10 mV. E,
Representative CF-EPSCs in PCs expressing miR-SCand miR-ROR« at various stimulus intensities. F, G, Histograms showing the mean amplitude (F, ***p = 0.0001 by the Mann—Whitney U test)
and the PPR of CF-EPSCs (G; at IS = 50 ms, p = 0.90 by the Mann—Whitney U test). Error bars indicate SEM. H, Percentage of PCs innervated by single and multiple CFs. The number of CF-EPSCs
induced by different stimuli thresholds (0—200 wA) was counted. n = 17 cells from 3 mice for SCand n = 35 cells from 4 mice for KD (E-H).

that RORa is required for the maintenance of normal PF synaptic
functions. Similarly, the CF-evoked EPSCs were significantly de-
creased in PCs expressing miR-RORa (Fig. 10 E, F). In contrast to
PF-EPSCs, the paired-pulse ratio of CF-EPSCs was unaffected
(Fig. 10G), indicating that the loss of RORe in PCs differentially
affected the presynaptic release probability of PFs and CFs.

Immature PCs are innervated by several CFs originating from
the inferior olivary nucleus, but most wild-type PCs become in-
nervated by single CFs by the end of the third postnatal week. In
contrast, staggerer PCs remain innervated by multiple CFs even in
adulthood (Crepel et al., 1980; Mariani and Changeux, 1980). To
investigate the role of ROR« in maintaining a single CF innerva-
tion onto mature PCs, we examined the stimulus thresholds re-
quired to evoke CF-EPSCs in PCs expressing miR-RORa from
P21. At P35, we found that CF-EPSCs were evoked in an all-or-
none manner in most PCs expressing miR-RORe;, as well as in
control PCs expressing miR-SC (Fig. 10H ). Therefore, like wild-
type PCs, PCs remain innervated by single CFs when ROR« is
knocked down from P21.

Gene deletion in mature PCs using CRISPR/Cas9 genome
editing system replicated the effects of miR-based knock-
down of ROR«

In contrast to our study, multiple functional CF innervation was
reported to be reestablished on mature PCs in Cre-mediated con-
ditional RORa knock-out mice (Chen etal., 2013). To investigate
the possibility that the discrepant result was caused by remaining
levels of RORa in PCs expressing miR-RORa, we knocked out
ROR« in mature PCs using an IUE-based tamoxifen-induci-
ble palindromic repeats (CRISPR)/CRISPR-associated (Cas) 9
(CRISPR/Cas9) genome editing technique. We introduced Cre-
dependent CAG-flex-SpCas9 and CAG-flex-EGFP vectors, to-
gether with an L7-ER "2-Cre-ER? plasmid and a plasmid vector
encoding a guide RNA (gRNA) against RORg, into E11.5 cere-
bella by IUE (Fig. 11A). Single 4-OHT administration at P21
induced almost complete loss of ROR« immunoreactivity in 64%
of EGFP-positive PCs at P35 (Fig. 11 B,C). Mean ROR« levels of
these PCs were significantly lower than those in the rest of PCs or
PCs expressing a control gRNA against the LacZ gene (Fig. 11D).
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Figure 11.  Tamoxifen-induced RORc knock-out in mature PCs by CRISPR/Cas9. 4, Schematic diagram of the experimental procedure. L7-ER ™-Cre-ER™ and chimeric guide RNA against LacZ
(gR-LacZ) or ROR«x (gR-RORc) are cotransfected with CAG-flex-EGFP and CAG-flex-SpCas9. Expression of SpCas9 was induced by 4-OHT at P21-P23 and mice were killed for analyses at P34 —P43.
B, Representative confocal images ofimmunofluorescent signals for endogenous ROR«x (red) of the EGFP-positive PCs (green, arrowheads) cotransfected with gR-LacZ (control) or gR-RORcx (KO) at
P35.4-0HT was administered at P21. The asterisk indicates a neighboring untransfected PCs. Scale bar, 20 um. C, Distribution of relative RORcx levels in the PCs cotransfected with control gR-LacZ
(blue, control) or gR-ROR«x (magenta, KO). n = 23 cells from 2 mice (control) and n = 45 cells from 4 mice (K0). D, Averaged ROR«x levels in control PCs and PCs expressing gR-ROR«x. According to
the ROR« fluorescent intensity, PCs were classified into low (when the ROR« intensity was << 20% of the nearby EGFP-negative PCs) and high (= 20%) groups. The ROR« fluorescent intensity was
averaged in each group. All control PCs fallinto the high group, but KO PCs were divided into low and high groups. Bars represent the mean = SEM. ***p = 1.27 X 10 ~Sand ###p = 1.27 X 10 ¢
(ANOVA followed by Tukey's test). E~H, Representative confocal z-stacked EGFP images of control and ROR-knock-out (KO) PCs at P35. Cas9-dependent ROR«x deletion in mature PCs caused
dendriticatrophy and abnormal spine formation. E, Dendritic morphology. The arrow indicates axon swelling. Scale bar, 20 .em. F, Spines on distal dendrites. Knock-out PCs showed extraordinarily
thin spineless dendrites. Scale bar, T yum. G, Abnormal spines on knock-out PC soma. Scale bar, 10 um. H, Confocal z-stacked images of immunofluorescent signals for vGIuT2 (red) on the
EGFP-positive control or knock-out PC soma (green) at P35. Note that somal and axonal swelling is observed in the knock-out PC. Scale bar, 10 wm. I, Histograms showing the percentage of PCs
contacted by >15 vGluT2-immunopositive puncta. n = 28 cells from 2 mice (control) and n = 33 cells from 3 mice (KO), **p = 0.00509 (> test). J-M, CF-EPSCs recorded from PCs clamped at
—10mV. J, Representative CF-EPSCs in control PCs and knock-out PCs at various stimulus intensities (/). L, Histograms showing the mean amplitude (***p = 0.000249 by the Mann—Whitney U
test) and the PPR (at ISl = 50 ms, p = 0.541 by the Mann—Whitney U test) of CF-EPSCs. Error bars indicate SEM. M, Percentage of PCs innervated by single and multiple CFs. The number of CF-EPSCs
induced by different stimuli thresholds (0—200 wA) was counted. n = 22 cells from 2 mice for control and n = 30 cells from 3 mice for KO (J-M).

These results indicate that Cas9-gRNA exerted frame-shift null
mutations in ROR« in vivo.

Cas9-induced knock-out of ROR«a induced morphological
phenotypes similar to those observed in miR-induced ROR«
knock-down: dendritic branches (Fig. 11E) and spines (Fig. 11F)
were degenerated, abnormal spines appeared on soma (Fig. 11G),
and axonal were swollen (Fig. 11E, arrow). We also observed an

increased number of vGluT2-immunopositive puncta (Fig. 11H)
on the soma of Cas9-based ROR« knock-out PCs (Fig. 11I).
Furthermore, electrophysiological analyses revealed that CF-
EPSCs were significantly decreased (Fig. 11],K) without changes
in the paired-pulse ratio (Fig. 11],L). Importantly, RORa knock-
out PCs, as well as PCs expressing control gRNA, were mostly
innervated by single functional CFs at P34-P43 (Fig. 11J,M).
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These results indicate that miR-induced
RORa knock-down largely reflected null
phenotypes and that the maintenance of a
mature single CF innervation pattern
does not require RORa.

fusiform

stellate cell
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young PC

Discussion

Using cell-specific and temporally con-
trolled gene knock-down, knock-out, and
induction methods, we investigated the
roles of RORa at each developmental
stage of PCs in vivo. We revealed that
RORa is required, not only for the regres-
sion of primitive dendrites, but also for
the alignment of the soma in the PL dur-
ing the transition from the fusiform to the
stellate cell stage (PO—P4; Fig. 12). During
the transition from the stellate cell to the
young PC stage (P4-P8), ROR« is re-
quired for the elimination of somatic
dendrites, leaving single apical stem den-
drites; RORa is also necessary for den-
dritic branching, filopodia formation, and
spine maturation (Fig. 12). Furthermore, after PCs reach a ma-
ture morphology, RORa is required for dendrite and spine main-
tenance. Therefore, endogenous ROR« cell-autonomously plays
multiple crucial roles in the morphogenesis of PCs during devel-
opment and throughout adulthood.

1

Figure12.

Multiple roles for ROR« in the early postnatal development
of PC dendrites

Previous findings from organotypic cultures in vitro suggested
that the main role of ROR« was to regulate dendrite regression
to enter the stellate cell stage (Boukhtouche et al., 2006). Our
in vivo analyses confirmed that RORa mediates the elimina-
tion of primitive dendrites before P4. However, our analyses
also revealed that RORa is involved in the alignment of the
soma in the PL between PO and P4. Although ectopic PC po-
sitioning is known to be caused by a loss of ROR« in staggerer
PCs (Gold et al., 2007), the stage at which RORa regulates PC
positioning had been unknown. Furthermore, although en-
dogenous RORa is highly expressed in PCs as early as E12.5
(Gold et al., 2007), the overexpression of ROR«a from E11.5
severely inhibited the migration of PCs from the white matter
(Fig. 3K). These results indicate that PL formation consists of
at least two different steps: migration to the cerebellar cortex
and terminal translocation. Too high ROR« expression is det-
rimental to the former step, whereas too low expression inhib-
its the latter step.

Mature PCs are characterized by a single stem dendrite. How-
ever, the mechanism by which a single stem dendrite is formed
and selectively strengthened whereas other dendrites are elimi-
nated is unknown. Our RORa knock-down experiments from P4
revealed that RORa plays crucial roles in such dendrite remod-
eling from the stellate cell to the young PC stages (Fig. 12). Inter-
estingly, the overexpression of RORa from P4 also inhibited the
pruning of surplus dendrites and the strengthening of stem den-
drites. In contrast, overexpression of ROR« did not cause such
detrimental effects on the pruning process in organotypic cul-
tures (Boukhtouche et al., 2006). Although several morphologi-
cal features in PC dendrites are conserved in cultured PCs, there
are a number of significant differences, such as the small arboreal
size and delayed maturation of dendrites, probably due to re-
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Roles for ROR«x at different developmental stages of PCs. Based on temporally controlled knock-down experiments,
the major roles of ROR« at each PC developmental stage (Sotelo and Dusart, 2009) are shown. During the transition from the
fusiform to stellate cell stages (PO —P4), RORcx is required for the regression of primitive dendrites and terminal translocation of PCs
to align in a single PL. During the transition from the stellate cell to young PC stage (P4 —P8), ROR« regulates the elimination of
somatic dendrites and the maturation of single-stem dendrites. RORcx is crucial for the dendritic branching, filopodia formation,
and spine maturation that occur from these stages. After the PCs reach mature morphology, RORc is still required for the main-
tenance of dendrites and spines.

duced electrical activities and trophic support from neighboring
cells and synaptic input from inferior olivary neurons (Baptista et
al., 1994; Kawaguchi et al., 2010). Indeed, wild-type PCs retain
three or four stem dendrites even at fully developed stages in a
dissociated culture (Fujishima et al., 2012). These results indicate
that the function of RORa in eliminating somatic dendrites is
likely under the effect of extrinsic factors in vivo.

Analyses of Cre-mediated conditional RORa knock-out mice
have previously indicated that multiple functional CF innerva-
tion was reestablished on mature PCs, together with the reloca-
tion of CF terminals to the PC soma (Chen et al., 2013). We
confirmed that RORa knock-down (Fig. 9) and knock-out (Fig.
11) after P21 induced relocation of CF terminals on PC somata,
indicating that RORa is required to maintain CF synapses on PC
dendrites. In contrast, our electrophysiological analyses revealed
that PCs remained innervated by single CFs when RORa was
knocked down (Fig. 10) or knocked out (Fig. 11) after P21. Be-
cause RORa was deleted from P10 to P21 in the previous study
(Chenetal., 2013), the mature CF single innervation pattern may
not have been established properly during development. Our ob-
servations indicate that ROR« is essential for the maintenance of
dendritic complexity and functional PF and CF synapses, but not
CF single innervation patterns, in mature PCs.

RORa is likely involved in the survival of PCs directly or in-
directly. Indeed, ROR«a knock-down (Fig. 9C) and knock-out
(Fig. 11E) PCs exhibited axonal swelling, which is often observed
in degenerating neurons (Coleman, 2005). However, it is very
difficult to analyze the survival phenotype in our experimental
conditions because the number of transfected PCs and the effi-
ciency of RORa knock-down were not always constant among
experiments. Further studies using genetically modified mice
and/or in vivo imaging are warranted to address this important
question.

Insights into RORa-mediated PC morphological changes

How does RORa regulate multiple aspects of dendrite formation
at different times during development and throughout adult-
hood? Since the discovery that staggerer is caused by a defective
transcriptional factor RORa, many genes that target the control
of ROR« have been identified. Such genes are classified into two
categories: genes that stimulate the proliferation of granule cells
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and genes involved in synaptic transmission between PCs and
granule cells (Gold et al., 2003; Serra et al., 2006). Therefore,
RORa may coordinate reciprocal signaling at PE-PC synapses in
the developing cerebellum (Gold et al., 2007). Indeed, granule
cellloss is caused by reduced PF—PC synapses (Selimi et al., 20005
Hirai et al., 2005). In addition, proper CF pruning depends on
functional PF-PC synapses (Watanabe and Kano, 2011). Fur-
thermore, terminal filopodia on PC dendrites may determine the
final dendrite morphology by forming synaptic contacts with PFs
during development (Berry and Bradley, 1976). Finally, PCs in
weaver mice, in which most granule cells die in the EGL during
the first 2 postnatal weeks, exhibit a reduced number of dendritic
branches oriented randomly (Rakic and Sidman, 1973). There-
fore, impaired PF-PC synaptic signaling is likely to be responsi-
ble, at least in part, for these staggerer phenotypes.

In contrast, Cbln1-null PCs develop almost normal dendritic
arborization and spines despite the fact that PF-PC synapse for-
mation is reduced by ~80% (Hirai et al., 2005). Furthermore,
PCs lacking RORa target genes, such as metabotropic glutamate
receptor 1 (Aiba et al., 1994), inositol trisphosphate receptor
(Matsumoto etal., 1996), and excitatory amino acid transporter 4
(Huang et al., 2004), are aligned in the PL and exhibit normal
dendritic trees with many spines. These findings indicate that,
although contacts between PF and PCs affect dendrite organiza-
tion, previously indicated genes targeted by RORa cannot fully
account for major staggerer phenotypes, such as multiple stem
dendrites and severely reduced dendritic branches without any
spines.

RORa regulated the elimination of primitive dendrites by
P4 before PF-PC synapses were formed (Boukhtouche et al.,
2006; Fig. 3), indicating a role of ROR«a independent from
PF-PC synapses. RORa knock-down experiments at P4 fur-
ther revealed that perisomatic dendrite elimination was
achieved by ROR« during the stellate cell to the young PC
stages. Although the mechanisms underlying axon repulsion
and retraction have been studied extensively, little is known
about dendrite elimination. Recently, a putative transcription
factor BTB/POZ domain-containing 3 (BTBD3) was reported
to control transcriptional programs that trim excess dendrites
in the developing mouse somatosensory cortex (Matsui et al.,
2013). Therefore, RORa may regulate yet to be identified tran-
scriptional programs leading to the pruning of PC dendrites at
multiple developmental stages.

After the normal formation of PF-PC synapses, knock-down
of RORa at P21 reduced the number of dendritic branches and
total dendritic length without affecting the average segment
length of each branch (Fig. 8). These results indicate that terminal
dendrites were selectively lost when ROR« was deficient in ma-
ture PCs. Furthermore, the loss of ROR« eliminated essentially
all spines, whereas the gain of ROR« enhanced the maturation of
spines at P21 (Fig. 9). In contrast, although the loss of Cblnl in
the adult cerebellum severely reduces PF-PC synapses, the den-
dritic arborization and spines are unaffected (Hirai et al., 2005;
Uemura et al., 2010). Terminal dendrites and dendritic spines are
dynamic structures largely dependent on the actin cytoskeleton.
Indeed, small GTPase M-Ras was reported to regulate dendrite
pruning in developing cortical neurons by affecting actin cyto-
skeleton dynamics (Tasaka et al., 2012). In Drosophila sensory
neurons, raw specifically regulates terminal dendrite growth by
modulating the actin cytoskeleton (Lee et al., 2015). Therefore,
we propose that a major role of ROR« in mature PCs is to stabi-
lize spines and terminal dendrites by modulating actin cytoskel-
eton dynamics.
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The knock-down of RORa at P4 completely prevented the
formation of filopodia, whereas its overexpression enhanced
the maturation of dendritic spines at P13 (Fig. 6). Furthermore,
the knock-down of ROR« at P8 also reduced the number of
dendritic branches and total dendritic length at P10 without af-
fecting the average segment length of each branch (Fig. 7), indi-
cating that the formation of terminal dendritic branches also
requires RORa at the young PC stage. Terminal filopodia, which
are often indistinguishable from terminal dendritic branches of
immature PCs (Berry and Bradley, 1976), are proposed to medi-
ate dendritic growth and branching. A recent mathematical mod-
eling study based on live imaging of dendrite outgrowth in
cultured PCs also indicated that the dendrite pattern was formed
by the stochastic addition of branches to the terminal dendrites
(Fujishima et al., 2012). Therefore, we propose that a major role of
RORa during development after the stellate celland young PC stages
is to form terminal filopodia that develop into branches in terminal
dendrites.

A decrease of ROR« during development is reported to me-
diate the severity of hereditary spinocerebellar ataxia type 1 (Serra
et al., 2006). However, our observations indicate that ROR«
overexpression is detrimental to normal PC development. There-
fore, future studies are warranted to clarify the precise molecular
mechanism by which RORa regulates different aspects of den-
drite development at each stage of PC development.
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