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Retinoid-Related Orphan Receptor o Controls the Early
Steps of Purkinje Cell Dendritic Differentiation
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Dendritic differentiation involves both regressive and growth events. The mechanisms controlling the regressive events are poorly
understood. This study is aimed at determining the role of the nuclear receptor retinoid-related orphan receptor oo (ROR«) in
Purkinje cell (PC) dendritic differentiation in organotypic cultures. As observed in vivo, in these cultures, fusiform PCs with
embryonic bipolar shape undergo regression before the outgrowth of the ultimate dendritic tree. We show that lentiviral-mediated
hRORa1 overexpression in fusiform PCs leads to a cell-autonomous accelerated progression of dendritic differentiation. In
addition, ROR« is necessary for the PC regressive events: whereas staggerer RORa-deficient PCs remain in the embryonic fusiform
stage, replacement of hROR«1 restores normal dendritogenesis. These results demonstrate that ROR« expression in fusiform PCs
is crucial for the dendritic regression and progression of the following step of extension of dendritic processes. However, it does not
seem to participate to the last stage of dendritic growth. This study identifies ROR« as a nuclear receptor crucial for the control of

dendritic remodeling during development.
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Introduction
Like most postmitotic neurons, cerebellar Purkinje cells (PCs)
have a bipolar shape during their migration. Once they reach
their terminal domains, these immature PCs follow a process of
dendritic regression, before extending apical dendrites from
which the ultimate and characteristic dendritic tree will arise.
Dendritic differentiation thus involves both regressive and
growth events (Ramoén y Cajal, 1911; Armengol and Sotelo,
1991). However, although numerous factors have been impli-
cated in the late phases of dendritic growth (Schilling et al., 1991;
Baptista et al., 1994; Mount et al., 1995; Hirai and Launey, 2000;
Metzger and Kapthammer, 2000; Heuer and Mason, 2003;
Swinny et al., 2004), to our knowledge, factors involved in the
early dendritic differentiation steps, in particular the regressive
phase, are unknown.

The retinoid-related orphan receptor o (RORa)-deficient
staggerer mutant mouse displays a cerebellar atrophy caused by
an early cell-intrinsic death of most of the PCs, along with sec-
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ondary degeneration of granule cells and inferior olivary neurons
(Sotelo and Changeux, 1974; Herrup, 1983; Zanjani et al., 1990;
Hamilton et al., 1996; Steinmayr et al., 1998). Interestingly, in the
few surviving PCs, the dendritic differentiation is impaired, be-
cause these remaining PCs have atrophic dendrites, lacking distal
spiny branchlets (Bradley and Berry, 1978; Sotelo, 1978, 1990).
PCs in primary mixed cerebellar cultures from homozygous stag-
gerer mutant mice do not progress beyond the early migratory
morphology (Shirley and Messer, 2004). Together with the den-
dritic atrophy, many other immature features remain, such as PC
polyinnervation by climbing fibers (Crepel et al., 1980a; Mariani
and Changeux, 1980). In addition, expression of many genes has
been shown to be altered, such as Pcp-2/L7 (Hamilton et al.,
1996), calmodulin (Messer et al., 1990), and sonic hedgehog (Gold
et al., 2003). From all of these studies, it was not possible to
conclude about the precise role of ROR« in the dendritic differ-
entiation process, most likely attributable to the difficulty in
studying the differentiation progression in vivo from the early
bipolar PCs in the atrophic and disorganized staggerer cerebel-
lum, in which most of the PCs undergo cell death. In the present
study, we aimed at determining the involvement of ROR« in the
progression of dendritic differentiation from the early bipolar
PCs, by using both staggerer RORa-deficient PCs and RORa-
overexpressing PCs in organotypic cultures.

To address this question, RORa-overexpressing PCs were ob-
tained by infecting mouse cerebellar organotypic cultures with a
lentiviral (Lenti)-derived vector encoding hRORa1. PCs in orga-
notypic cultures differentiate with the same sequence as that ob-
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served in vivo in the rat. Our results show that RORa controls
initial PC dendritic development, particularly the transition
phase from the fusiform cell to the PC stellate cell (the regressive
stage), and accelerates the following steps of dendritic development.
In contrast, ROR« does not seem to have a major role in the last
phase of PC dendritic growth. Thus, our study identifies for the first
time a factor implicated in the early steps of the PC dendritic differ-
entiation and most particularly in the regressive steps.

Materials and Methods

Recombinant lentiviral production, titrations, and

transduction efficiency

DNA constructs. The backbone of the lentiviral construct (pFlap) carries
the DNA flap sequence (Zennou et al., 2001) and is deleted for the human
immunodeficiency virus-1 (HIV-1) enhancer and promoter sequences
in the U3 region of the 3’ long-terminal repeat (Sirven et al., 2001). The
human 1.6 kb hRORal c¢DNA fragment was inserted into the
pFlapAU3.PGK-WPRE transfer vector and placed under the control of
the phosphoglycerate kinase (PGK) promoter, followed by a 600 bp post-
translational regulatory element WPRE (woodchuck posttranscriptional
regulatory element) (Zufferey et al., 1999).

Lentiviral production. Stocks of lentiviral vector were prepared by tran-
sient cotransfection of HEK293T cells with the p8.91 encapsidation plas-
mid (AVprAVifAVpuANef) (Zufferey et al., 1997), pHCMV-G, and the
recombinant gene transferring vector, as described previously (Zennou
et al,, 2000). Briefly, the supernatants were treated with DNasel (Roche
Products, Welwyn Garden City, UK) before ultracentrifugation and then
resuspended in PBS, aliquoted, and stored at —80°C until use. The
amount of p24 capsid protein was determined by the HIV-1 p24 ELISA
antigen assay (Beckman Coulter, Fullerton, CA). Virus from different
virus stock productions averaged 150 ng/ul p24.

The titration of each vector stock was determined by infecting
HEK293T cells derived from human embryonic kidney. HEK293T cells
were grown at 37°C in DMEM supplemented with 10% heat-inactivated
fetal calf serum (Invitrogen, Carlsbad, CA). Cells were plated in 24-well
plates, and viral contact was performed for 1 h in a minimal volume (100
ul) in the absence of serum with increasing amounts of each lentiviral
suspension, after which fresh complete medium was added. After a 48 or
72 h incubation period, cells were washed with PBS, detached with tryp-
sin, fixed in 4% paraformaldehyde, and analyzed. Titer of the virus pro-
duction was evaluated by calculating the transducing units (TU) after 48
and 72 hin culture using the TU = fC,V formula, where fis the frequency
of green fluorescent protein (GFP)- or RORa-positive cells (as described
for slices, see RORa-immunolabeling procedures below), C, is the total
number of target cells, and Vis the volume of the viral stock used. Titers
from different virus productions averaged 1.7 X 10° TU/ml.

Animals

Animal housing and all procedures were performed in accordance with
the guidelines of the French Ministry of Agriculture and the European
Community.

The staggerer Rora®® mutant mice were maintained on a C57BL/6]
genetic background in our colony. Rora*®¢ and their Rora™/* littermates
were obtained by intercrossing fertile heterozygous Rora™”® animals and
were genotyped by PCR. Genomic DNA was extracted from tail biopsy
and amplified in two reactions, one for each allele. The staggerer Rora*®
allele primers were as follows: 5'-CGTTTGGCAAACTCCACC-3' and 5'-
GATTGAAAGCTGACTCGTTCC-3'. The Rora™ allele primers were as
follows: 5-TCTCCCTTCTCAGTCCTGACA-3" and 5'-TATATTCCACC-
ACACGGCAA-3'. The amplified fragments (318 and 450 bp for Rora™
and Rora® alleles, respectively) were detected by electrophoresis on an
agarose gel.

Swiss mice were obtained from Janvier (Le Genest-St-Isle, France).

Slice cultures

Swiss mice at embryonic day 17 (E17), postnatal day 0 (P0), or P7 were
used. EO was the mating day, and PO was the day of birth. Organotypic
cultures of cerebellum were prepared as described previously (Ghoumari
et al., 2002). Briefly, after decapitation, brains were dissected out into
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cold Gey’s balanced salt solution (Sigma, St. Louis, MO) supplemented
with 5 mg/ml glucose, and the meninges were removed. Parasagittal
cerebellar slices (350 um thick) were cut on a Mcllwain tissue chopper
and transferred onto 30 mm Millipore membrane culture inserts with a
0.4 um pore size (Millicell CM; Millipore, Bedford, MA). The PCs were
then infected by adding directly onto the slices the volume of viral stock
(Lenti-hRORa!1 and Lenti-GFP) corresponding to 1.7 X 10° TU. Slices
were maintained in culture in six-well plates containing 1ml/well of me-
dium containing 50% basal medium with Earle’s salts (BME) (Invitro-
gen), 25% HBSS (Invitrogen), 25% horse serum (Invitrogen), 1 mm
L-glutamine, and 5 mg/ml glucose at 37°C in a humidified atmosphere
with 5% CO,. The medium was replaced every 2-3 d.

Mice obtained from Rora ™" intercrosses were also used in this study.
In these litters, Rora™’™, Rora™ ¢, and Rora*®’*¢ mice could be generated.
In RORa replacement experiments, slices of each cerebellum were di-
vided between two Millicells. For each animal, half of cerebellar slices
served as control and were infected with Lenti-GFP and the other half
with Lenti-hRORal to compare control (Lenti-GFP) versus RORa-
overexpressing PCs from the same animals. The genotype was deter-
mined a posteriori by PCR on tail biopsy, in blind studies.

Antibodies and staining procedures

Cerebellar slices were fixed in 4% paraformaldehyde in 0.12 M PBS, pH
7.4, for 1 h at room temperature. After washing in PBS, the slices were
incubated for 1 h in PBS containing 0.25% Triton X-100, 0.2% gelatin,
0.1% sodium azide (PBSGTA), and 0.1 m lysine. Then rabbit polyclonal
anti-28 kDa calbindin calcium-binding protein (CaBP) antibody (1:5000
dilution; Swant, Bellinzona, Switzerland) to visualize PCs and goat poly-
clonal anti-RORa1 (sc-6062; 1:4000 dilution; Santa Cruz Biotechnology,
Santa Cruz, CA) in PBSGTA were applied overnight. At this dilution, in
control slices, the intensity of ROR« labeling was always weak. Therefore,
in Lenti-hRORa1-infected slices, the higher intensity of ROR« labeling
in RORa-overexpressing PCs could be unambiguously distinguished
from the weak intensity of RORa« labeling attributable to of endogenous
expression. After 2 h incubation with cyanine 3-conjugated donkey anti-
rabbit (1:500 dilution; Jackson ImmunoResearch Europe, Soham, Cam-
bridgeshire, UK; Interchim, Montlugon, France) and FITC-conjugated
donkey anti-goat (1:2000 dilution; Jackson ImmunoResearch, West
Grove, PA), the slices were washed several times in PBS and mounted in
mowiol (Calbiochem, La Jolla, CA). The slices were analyzed with an
inverted microscope (Eclipse TE 300; Nikon, Tokyo, Japan). Immuno-
fluorescence images were captured at 400X magnification using a Qim-
aging Retiga 1300 camera (VayTek, Fairfield, IA) and analyzed using
Image-Pro Plus 4.1 software (Media Cybernetics, Silver Spring, MD).

Classification of PC differentiation stages

Classification of PCs was assessed after calbindin immunostaining
among the transduced PCs (identified by GFP and CaBP expression for
Lenti-GFP-infected slices or by the double ROR« and CaBP immunola-
beling for Lenti-hRORa1-infected slices). Images were taken from all
slices, corresponding to at least 100 PCs in each experiment. Quantifica-
tion was performed on three independent experiments.

With few adaptations, we classified PCs according to the different
stages described previously during postnatal rat development (Armengol
and Sotelo, 1991). Fusiform PCs with a bipolar shape, reminiscent of
embryonic migratory PCs, are defined as stage I (see Fig. 1 A). This stage
I corresponds to both “simple” and “complex” fusiform stages, observed
from E16 to P4 in vivo. Stage II comprised PCs with short processes all
around the soma (see Fig. 1B). This “stellate” stage includes both
“regressive-atrophic dendrites” and “stellate cell” stages described previ-
ously, from P2 to P6 in vivo. PCs with one to three perisomatic protru-
sions are defined as stage III (see Fig. 1C). They correspond to PCs at
approximately P5-P10 in vivo. Finally, PCs with one or more identified
dendritic trees (defined as primary dendrites giving rise to additional side
branches) are classified as stage IV. Interestingly, dendritic spine-like
structures are observed only on PCs in stages IIT and IV.
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Figure1. Classification of PC differentiation stages in organotypic cultures. CaBP-immunolabeled PCs from slices cultured at PO
and maintained in culture for 3 d (A),7d (B), 10d (C) or 14d (D). A, Fusiform PCs with a bipolar shape are defined as stage |. B, PCs
with regressive-atrophic dendrites all around the soma are defined as stage II. ¢, PC with one or more perisomatic protrusions is
defined as stage lll. D, PC with identified dendritic tree is classified in stage V. Scale bar, 20 m.
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Figure 2. Lentiviral-mediated transduction in organotypic cerebellar cultures. PO plus 7 DIV cultured cerebellar slices at low
(4X) magpnification (4-C) or at higher (20X) magnification (D—I) infected with Lenti-GFP (A—F) or with Lenti-hROR«1 (G-1)
vectors. A-F, PCs are visualized with PC-specific CaBP immunolabeling in red (4, Cand D, F), and Lenti-GFP-transduced PCs are
revealed by green GFP expression (B, Cand E, F). GFP-expressing PCs appear as yellow cells in merged images (C, F). In Cand F,
white arrowsindicate PCs nontransduced by the Lenti-GFP vector, and open arrows indicate non-PC GFP-expressing cells. G-I, PCs
revealed in red (G, /), and RORc-expressing cells are immunolabeled in green (H, I). hRORc1-overexpressing PCs appear as red
cells with intense yellow nuclei in the merged image (/). In H, arrowheads indicate Lenti-hRORc1-transduced cells with intense
RORcx immunolabeling, whereas the double-crossed arrow shows the weak intensity of ROR« immunolabeling in a cell with
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transduced with either Lenti-GFP or Lenti-
hRORa1 was assessed by a Student’s ¢ test using
Statview software (SAS Institute, Cary, NC).

Results

Lentiviral-mediated gene transfer is
adapted to the study of PC dendritic
development in organotypic culture
Atbirth, in vivo, most murine PCs are fusi-
form (bipolar shape; stage 1) (data not
shown), as described for rats (Armengol
and Sotelo, 1991). When cultured at PO,
most PCs in organotypic slices were still in
stage I after 3 d in vitro (DIV) (PO plus 3
DIV) (Fig. 1A). They retracted their prim-
itive dendrites (stage II) after 7 DIV (Fig.
1 B) and elongated numerous perisomatic
protrusions (stage IIT) after 10 DIV (Fig.
1C). Finally, they developed their ultimate
dendritic trees (stage IV) after 14 DIV (Fig.
1D). Thus, in organotypic culture, PC
dendritic development undergoes the
same pattern of differentiation as that ob-
served in vivo.

To study the role of ROR« in PC den-
dritic development, we used a recombinant
nonreplicative lentiviral-derived vector en-
coding either hRORa1 (Lenti-hROR«1) or
GFP (for control, Lenti-GFP) under the con-
trol of the PGK promoter to overexpress
ROR« in PCs in cerebellar organotypic
cultures.

Alarge number of PCs were transduced
with both lentiviral vectors. In slices in-
fected with the Lenti-GFP vector, >80% of
the calbindin (CaBP)-positive PCs ex-
pressed GFP (Fig. 2A—C). The same trans-

endogenous ROR«x expression. Scale bars: A—C, 100 wm; D-1, 20 um.

Quantitative morphological analysis of Purkinje cell

dendritic trees

The dendritic morphology of Purkinje cells in stage IV was quantitatively
analyzed in cells that had no or little overlap of dendrites with neighbor-
ing cells as described previously (Metzger and Kapfhammer, 2000). All
quantifications were performed on either Lenti-GFP-transduced PCs
(identified by the coexpression of CaBP and GFP for the controls) or on
Lenti-hRORal-transduced PCs for hRORal-overexpression experi-
ments (identified by the coexpression of RORa and CaBP). Using Image-
Pro Plus 4.1 software, two parameters were measured in blind studies
from the immunofluorescence images: (1) the dendritic tree area, by con-
necting the ends of all terminal dendritic tips of a single Purkinje cell, includ-
ing the soma with straight lines; and (2) the length of the longest dendrite
(i.e., distance between the cell body and the most distal dendritic ending).
For each experiment, at least 50 PCs from all slices were quantified. Quanti-
fication was performed from three independent experiments.

Statistical analysis

Independent experiments were performed with 10—12 cerebellar slices per
sample and repeated three times using matched controls. For PC stage quan-
tification, at least 100 PCs were analyzed in each sample. For the quantitative
morphological analysis of PC dendritic tree, at least 50 PCs from each slice
were quantified from each sample. Results are expressed in figures and in the
text as mean = SD. The statistical significance of differences between PCs

duction efficiency was observed with the

Lenti-hRORa«a1 vector (data not shown).

Interestingly, the lentiviral vector seems to

preferentially transduce PCs, because

most of the GFP-expressing or RORa-
overexpressing cells were PCs (very few other cellular types were
transduced) (Fig. 2D-I). Thus, unlike classical transfection
methods, transferring a transgene by the lentiviral vector ap-
proach appears to be very efficient in PCs.

Using Lenti-GFP, we then analyzed whether lentiviral infec-
tion interferes with PC survival and dendritic differentiation. In
PCs, transduction with Lenti-GFP was easily detectable by the
appearance of GFP fluorescence in CaBP-immunolabeled PCs.
No differences in survival (data not shown) or in dendritic dif-
ferentiation were detected between nontransduced PCs and con-
trol Lenti-GFP-transduced PCs (Fig. 2 D-F). The lentiviral infec-
tion is therefore adapted to the study of dendritic differentiation.

To distinguish PCs with endogenous ROR« expression from
those with the lentiviral-mediated RORa overexpression in
Lenti-hRORal-infected slices, we revealed RORa using a low
antibody concentration (1:4000). At this dilution, the back-
ground labeling of endogenous RORa expression (Fig. 2H,
double-crossed arrow) could be unambiguously distinguished
from the high intensity of ROR«-overexpressing PCs (Fig. 2H,
arrowheads). RORa immunostaining was always confined to the
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nucleus, whatever its expression level.
Thus, Lenti-hROR«!1 is an efficient tool to
overexpress RORa in PCs.

E17-7DIV

hRORa1 overexpression in PCs
accelerates dendritic differentiation
through stages I to IV

Most PCs from either E17 or PO slices after
7 DIV displayed regressive-atrophic den-
drites and were thus in the stellate stage II
(Fig. 3A,D,L,0). In contrast, when ROR«
was overexpressed by Lenti-hRORal
transduction, the majority of PCs exhib-
ited dendritic trees stemming from one or
more identified primary branches (stage
IV) after 7 d in culture in both E17 and PO
slices (Fig. 3B,D,M,0O).

To determine whether hRORal-
overexpressing PCs undergo the normal
differentiation steps, i.e., pass through a
regressive phase (stage II) before reaching
the stage IV, we analyzed the differen-
tiation stages of PO PCs at intermediate
culture times (after 3 and 5 d in culture).
After 3 d in culture (PO plus 3 DIV), 94.3%
of controls PCs were still in stage I (Fig.
3E,G), whereas 58.8% of hRORal-
overexpressing PCs have already reached
stage II (Fig. 3F,G). Moreover, hRORal-
overexpressing PCs at PO plus 5 DIV were
mostly in stage III (57.5%) (Fig. 3L, K),
when controls PCs have just reached stage
II (57.7%) (Fig. 3 H,K). Furthermore, we could detect filopodia
and dendritic spines (which are characteristics of dendrites in
stages III and IV in control PCs) on all stage III and stage IV
hRORa1-overexpressing PCs, suggesting a normal differentia-
tion process (Fig. 3C,J,N). From these experiments, we can con-
clude that hRORal-overexpressing PCs undergo a normal, but
accelerated, progression through stages IT and III before reaching
stage IV at PO plus 7 DIV (Fig. 3 M, O), whereas control PCs are
still in stage II (Fig. 3L, 0O).

P0-5DIV P0-3DIV

P0-7DIV

Figure3.

hRORa1 overexpression does not increase late
dendritic differentiation
To determine whether RORa is involved in the final dendritic
differentiation step, we assessed the effect of hRORal overex-
pression atlater stages. Cerebellar slices of P7 mice (stage Il at the
beginning of the culture) were infected with either Lenti-GFP
vector (control) or Lenti-hRORal vector (hRORal-
overexpressing PCs). The vast majority of control and hRORa1-
overexpressing PCs from P7 slices were in stage IV after 7 d in
vitro (Fig. 4A—C). We were therefore in a favorable situation to
determine whether RORa« plays a role in dendritic growth. We
quantified the dendritic arborization as described previously
(Metzger and Kapthammer, 2000) by measuring the length of the
longest dendrite (Fig. 4 D) and the dendritic tree area (Fig. 4 E) of
stage IV PCs at P7 plus 7 DIV. The analyzed parameters, the
length of the longest dendrite of each PC and the total dendritic
area, should provide a clear indication on the effect of the
hRORa1 overexpression on dendritic growth in infected cells by
comparing them with Lenti-GFP-transduced control PCs.

The quantitative evaluation of these parameters at P7 plus 7
DIV, illustrated in the histograms, comprise data obtained from

Lenti-GFP
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hRORa:1 overexpression accelerates dendritic differentiation. Images of PCs in organotypic cultures at E17 plus 7 DIV
(A-C),P0plus3DIVPCs (E, F), PO plus 5 DIV (H-J),and PO plus 7 DIV PCs (L-N'), revealed with CaBP immunolabeling. Slices were
infected with either Lenti-GFP (4, E, H, L) or Lenti-hRORa1 (B, C, F, 1, J, M, N) vectors. Transduced PCs were identified by GFP
expression for Lenti-GFP or by RORa immunolabeling for Lenti-hRORcT cultures. Note the presence of more mature hRORa1-
overexpressing PCs compared with Lenti-GFP-expressing PCs. €, J, N, High-magnification view of dendrites of stage IV PCs at E17
plus 7 DIV, PO plus 5 DIV, and PO plus 7 DIV, showing filopodia (arrows) and spine-like structures (arrowheads). D, G, K, 0,
Quantitative distribution of PCs between stages | to IV (stages are defined in Fig. 1). For all culture times, the PCs undergo an
accelerated differentiation when hRORa1is overexpressed. Scale bars: 4, B, E, F, H, 1, L, M, 25 pm (magnification, 20X); C,J, N,
5 pm (magnification, 100X).

three independent experiments (morphometry of at least 50 sin-
gle stage IV PCs was assessed in each independent experiment).
Control GFP-expressing PCs had a mean longest-dendrite length
of 110 = 7 wm, which is not significantly different ( p = 0.08)
from hRORal-overexpressing PCs (126 + 9 um). The mean tree
areas were also similar (7927 = 1323 wm?® for hRORal-
overexpressing PCs and 6288 + 510 um? for control PCs; p =
0.12). These results show that hARORa1-overexpressing PCs have
a dendritic tree comparable with controls and suggest that ROR«
does not participate in the late dendritic PC differentiation when
overexpressed in PCs that are already in stage III.

RORa-deficient Purkinje cells do not progress beyond the
early migratory morphology

From the experiments above, ROR« appears to be a crucial factor
controlling the early steps of PC differentiation. To test whether
the absence of ROR« prevents the normal progression of these
early steps, we analyzed the differentiation of PCs from staggerer
(Rora*®"¢) and corresponding control Rora*’* cerebellar slices at
PO, when PCs are in the early fusiform stage. Similarly to what was
described above, we observed that most Rora*’* PCs in organo-
typic slices at PO were in stage II after 7 DIV (Fig. 5A) and in stage
IV after 14 DIV (Fig. 5B). In contrast, all PCs from Rora*¥* cer-
ebellum displayed the embryonic bipolar shape (stage I) after 7 d
in culture (Fig. 5D). After 14 d in culture, Rora*®*¢ PO PCs still
displayed a bipolar shape (Fig. 5E), with an increased complexity:
processes were longer and more branched compared with 7 DIV
Rora®®"¢ PCs. However, PCs from Rora®®*® cerebellum in stage II,
II1, or IV were never observed, whether cultured from E17 or P3
animals (data not shown). Although Rora®®¢ PCs did continue
their dendritic extension from stage I, they failed to regress and
remodel their shape as wild-type PCs did in organotypic culture.
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Figure 4.  hRORa1 overexpression does not influence late dendritic differentiation. PCs

stained by CaBP immunolabeling in organotypic cultures of P7 cerebellar slices kept 7 d in vitro.
Transduced PCs were identified by GFP expression for Lenti-GFP-infected slices (4) and by ROR«
nuclearimmunolabeling for Lenti-hRORa1-infected slices (B): these PCs display a similar iden-
tified dendritic tree. G, The mean == SD values of the percentage of PCs in each stage show that
both GFP-expressing and hRORa1-overexpressing PCs are almost all in stage IV (stages are
defined in Fig. 1). D, E, Quantitative evaluation of the morphological parameters of both GFP-
expressing and hRORce1-overexpressing PCs. The longest dendrite (D) and the total dendritic
tree area (E) were measured. The mean longest dendrite and the mean dendritic tree area are
similar in GFP-expressing PCs and in hRORax1-overexpressing PCs. Data represent mean == SD
of at least 50 transduced PCs investigated in three independent experiments (longest dendrite,
p = 0.08; dendritic area, p = 0.12; Student’s t test).

Dendritic spine-like structures began to appear after 14 DIV in
wild type (Fig. 5C), although they were absent on dendrites of
Rora®" PCs in culture after 14 DIV (Fig. 5F).

We conclude that, in organotypic cultures, the absence of
RORa impedes dendritic differentiation because RORa-
deficient PCs seem to be blocked in the early fusiform stage of PC
differentiation and never achieve the PC stellate cell stage.

RORa expression in staggerer Purkinje cells restores the
dendritic differentiation progression

As described above, loss of function of ROR« in Rora®*¢ PCs in
culture leads to an arrest of the differentiation process in stage I
(Fig. 5). To understand whether the Rora®®*® PC dendritic phe-
notype is a direct consequence of the absence of ROR«, we re-
stored ROR« expression in Rora*®* PCs by infecting them with
Lenti-hRORal.

In Rora*¥*¢slices, the occurrence of efficiently transduced PCs
is unambiguously revealed with the RORa immunolabeling (Fig.
6C). In addition, because no ROR« labeling was detected in non-
transduced explants taken from Rora®¥ cerebellum (data not
shown), we can confirm the specificity of the anti-ROR« anti-
body used in this study.

When cultured and infected at PO with the Lenti-GFP vector
and kept 7 DIV (PO plus 7 DIV), control GFP-expressing PCs in
organotypic cultures of Rora® cerebellum were in stage I (Fig.
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6A,B), like Rora®¥* nontransduced PCs (Fig. 5D), and control
GFP-expressing Rora™’* PCs were in stage II (Fig. 6 F,G), con-
firming the absence of effect of Lenti-GFP transduction on PC
differentiation. In contrast, when ROR« was expressed by Lenti-
hRORa!1 transduction in Rora®"¢ PCs, most PCs displayed peri-
somatic protrusions (stage III) or dendritic trees stemming from
one or more identified primary branches (stage IV) (Fig. 6C,D).
Interestingly, in PO plus 7 DIV hRORa1-overexpressing cultures
taken from wild-type or homozygous staggerer cerebella, all stage
IIT and IV PCs displayed dendritic spine-like structures (Fig.
6E,J). This feature is similar to that observed after 14 DIV in
wild-type cultures, which express endogenous Rora (Fig. 5C).
Therefore, hAROR«a1 overexpression in Rora*®*8 PCs is sufficient
to restore the regressive step and to induce a strong dendritic
differentiation and normal spinogenesis.

Moreover, we observed that hRORal overexpression in a
given PC does not influence neighboring PCs. Indeed, hARORa1-
overexpression in PCs did not lead to an accelerated dendrito-
genesis of adjacent nontransduced PCs (Fig. 6 H,I), indicating
that the effect of RORa in the early dendritic differentiation does
not require secreted factors.

In conclusion, our results show that hRORa1 overexpression
in both wild-type and Rora’*®”¢ PCs leads to a cell-autonomous
acceleration of the transition from bipolar form (stage I) to stel-
late cell stage (stage II), which then ensures an appropriate pro-
gression of the subsequent dendritic development.

Discussion

Using cerebellar organotypic cultures, we have shown that PCs
recapitulate all of the dendritic differentiation steps observed in
vivo (Armengol and Sotelo, 1991), in accordance with previous
studies (Hendelman and Aggerwal, 1980). PC dendrites differen-
tiate from a fusiform shape to a regressive form before undergo-
ing their final phase of dendritic differentiation.

In this study, we demonstrate that PO hRORal-
overexpressing PCs cultured 7 DIV (PO plus 7 DIV) undergo their
dendritogenic program more rapidly than control cells. In con-
trast, P7 hRORal-overexpressing PCs after 7 DIV exhibit neither
significant qualitative nor quantitative differences in the studied
morphological parameters when compared with GFP-expressing
PCs. Moreover, we establish that, in organotypic cultures, ROR«
is required for the dendritic differentiation process from bipolar
fusiform PCs (stage I) to stellate stage PCs (stage II). This is in
agreement with what has been shown previously by Shirley and
Messer (2004) in dissociated PC cultures from Rora*?*¢ cerebella.
The arrest of the normal differentiation process is unlikely to be
attributable to the poor health of Rora®® PCs because, in orga-
notypic cultures, Rora® PCs survive better than in vivo (our
unpublished results) and continue to elongate their processes
(Fig. 5D, F). Although Rora®*¢ PCs are blocked in stage I, ROR«
replacement enabled them to regress their processes to differen-
tiate into stage II and to pursue the formation of their ultimate
dendritic trees. Together, these results position ROR« as an im-
portant transcription factor in the control of dendritic remodel-
ing during the first steps of dendritic differentiation.

PCs in organotypic cultures are well known to be resistant to
classical transfection methods, and nonviral vectors such as the
gene gun are not efficient enough to allow the transfection of a
high proportion of PCs in slices (Lo et al., 1994; Wellmann et al.,
1999; Murphy and Messer, 2001; Ghoumari et al., 2002). In con-
trast, lentiviral vectors are capable of transducing cells that are
dividing, growth arrested, or postmitotic (Poeschla et al., 1998)
and have been shown previously to efficiently transduce Purkinje
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cells in vivo (Alisky et al., 2000). In organo-
typic cultures, we demonstrate that HIV-
derived lentiviral vectors transduce PCs
with a very high efficiency and that the len-
tiviral infection itself does not affect PC
survival or differentiation. Our results
suggest that the use of recombinant lenti-
viral vectors is a powerful approach to per-
form gene transfer into PCs to study ge-
netic regulation.

When homozygous, the murine stag-
gerer mutation in the Rora gene leads to
cerebellar atrophy attributable to the de-
generation of most of the PCs (Sidman et
al., 1962; Sotelo and Changeux, 1974; Her-
rup, 1983; Vogel et al., 2000; Doulazmi et
al., 2001). Furthermore, several histologi-
cal studies of the Rora***¢ cerebellum show
that the remaining PCs are immature and
display atrophic dendrites, devoid of
spines (Bradley and Berry, 1978; Sotelo,
1978, 1990), which suggests that ROR« is
involved in the PC differentiation process. ‘
However, in which steps of differentiation ‘

RORa acts remained unknown.

According to our results, RORa does
not appear to play a major role in the last
phase of PC dendritic differentiation, be-
cause we did not detect an increase in the
size of the dendritic tree of PCs in organo-
typic cultures when hRORal is overex-
pressed in PCs that have already developed
dendritic protrusions (stage III PCs).
However, when RORa is overexpressed as
soon as PO, the late dendritic differentia-
tion seems to be also accelerated. These
data suggest that RORa more likely plays a
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Rora**
P0-7DIV

Roras9's9 Roras9'ss

PO-7DIV P0-14DIV

’

Figure 5. RORa-deficient staggerer PCs fail to regress from their bipolar morphology. PCs in organotypic cultures from wild-
type (A-C) or staggerer Rora*”*? (D~F) PO mice, revealed by CaBP immunolabeling after 7 DIV (4, D) or 14 DIV (B, C, E, F).
Wild-type PCs undergo normal differentiation: they are in stage Il (PCs with regressive-atrophic dendrites) after 7 DIV and in stage

critical role in the earliest transitional stage |y (pcswithidentified dendritic tree) after 14DIV, with the emergence of dendrite spine-like structures (arrowsin €). Rora*? PCs
from immature b1P01aI‘ form to the stellate  remainin the embryonic fusiform shape (stage I) after 7 DIV (D) and 14 DIV (E) and display smooth dendrites devoid of spines (F).
cell stage, and that this transition seems to  Scale bars: 4, B, D, E, 20 um (magnification, 20<); €, F, 5 wm (magnification, 100}).

be crucial for the progression of late den-
dritic development.

The vast majority of the studies on PC dendritic differentia-
tion in organotypic cultures have focused on its last step, i.e., the
dendritic growth occurring after the regression of the immature
shape. Once PCs display a dendritic tree and have reached stage
IV, it has been shown that dendritic growth is controlled by ex-
ogenous factors, such as electrical activity (Schilling et al., 1991)
and trophic factors (Mount et al., 1995; Hirai and Launey, 2000;
Swinny et al., 2004), or by PKC activity (Metzger and Kaptham-
mer, 2000). Hormones, such as estrogens (Shikimi et al., 2004),
CRF (Swinny et al., 2004), or thyroid hormones (Heuer and Ma-
son, 2003), also control dendritic growth. The development of
mature dendrites and the dendritic monoplanar disposition de-
pends therefore mainly on exogenous factors, partly provided by
the granule cells. That granule cell synaptic inputs are essential for
the PC dendritic differentiation has also been demonstrated by
analyzing PCs in agranular cerebellum, such as in weaver and
reeler mice and in X-irradiated rat cerebellum (Mariani et al.,
1977; Sotelo, 1978; Crepel et al., 1980b; Mariani and Changeux,
1980). In these cerebella, PCs display dendritic abnormalities,
although dendrites are nevertheless studded with numerous
spines.

In contrast, in this study, we identify ROR« as a crucial factor
controlling the regressive and remodeling step of dendritogen-
esis, a step that should not necessarily require cell-cell interac-
tions. Previous studies (Sotelo, 1978; Baptista et al., 1994) have
suggested that the first two stages of PC development are not
dependent on cell-cell interactions. These authors thus proposed
that the formation of early primitive dendritic processes, their
withdrawal, and subsequent extension of perisomatic processes
occur autonomously. Interestingly, unlike other nuclear recep-
tors whose activity depends on binding of an exogenous ligand,
RORw is activated by abundant intracellular cholesterol (Kallen
etal., 2002) and does not seem to need any exogenous factor to be
activated (Atkins et al., 1999). Importantly, we also show that
lentiviral-mediated hRORa1 expression in Rora®®¢ PCs enables
them to pass through the PC stellate cell stage and thus restores a
normal differentiation progression.

Our results obtained from organotypic cultures suggest that,
invivo, Rora®®"¥ PCs are unable to reach the stellate cell stage; they
are arrested at the stage I but develop many processes that could
form the immature and atrophic dendritic tree observed in the
adult Rora®"* cerebellum. In no case did Rora®*¢ PCs develop
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Lenti-GFP

Roras9/s

Rora**

Figure 6.

Lenti-hROR1

hROR«1 replacement in staggerer PCs restores a normal dendritic differentiation. Organotypic cultures from Ro-
1a°*9 (A—E) or wild-type (F—J) PO mice after 7 DIV, infected either with Lenti-GFP (4, B, F, G) or with Lenti-hRORct1 (C—E, H-J). ling
PCs are visualized with CaBP immunolabeling inred (B, D, G, I), whereas Lenti-GFP-transduced PCs are revealed by the green GFP
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Modifications in the dendritic architec-
ture occur during CNS development but
also in the mature nervous system to refine
the function of neural circuits (Bottjer and
Arnold, 1997; Cameron and Nunez-
Abades, 2000; Cline, 2001). Interestingly,
during aging, ROR« seems to control the
maintenance of the elaborated dendritic
tree because PC dendrites become atro-
phic in the cerebellum of aging heterozy-
gous staggerer mice (Hadj-Sahraoui et al.,
2001). RORa thus appears to be a critical
factor implicated in dendrite remodeling
in PCs both during development and in
the adult.

In conclusion, our study provides new
insights into the genetic mechanisms that
govern the control of the dendritic regres-
sion and identifies the transcription factor
RORa as a crucial nuclear factor control-
dendritic  remodeling  during
development.

expression (4, F), and hRORa:1-overexpressing PCs are identified by the high intensity of the RORc immunolabeling in green

(arrows in C, H) compared with the low intensity in nontransduced PCs with the endogenous ROR« expression level (double-
crossed arrow in H). Control Rora*”’*? PCs remain fusiform (A, B), whereas hRORc1-overexpressing PCs present elaborate den-
dritic trees (C, D). Similar to Figure 3, control PCs with endogenous ROR«x expression present a stellate form (F, G, and double-
crossed arrow in H, I), whereas hRORcc1-overexpressing wild-type PCs have identified dendritic trees (arrow in H, I). Both
and Rora®?’*? PCs develop spine-like structures (arrowheads in E, J). Scale bars: A-D, F~I, 20

hRORc1-overexpressing Rora ™™

um (magpnification, 20<); E, J, 5 um (magnification, 100<).

tertiary dendritic spines. This is in agreement with what has been
shown previously in vivo (Bradley and Berry, 1978; Sotelo, 1978,
1990).

Thus, RORa seems to participate mainly in dendrite regres-
sion and remodeling (when PCs shorten their embryonic process
to allow the emergence of an elaborated dendritic tree, with den-
dritic spines) rather than in dendritic growth. Regressive events
that refine exuberant or inaccurate dendritic connections are
critical in neuronal development and have been studied in in-
sects. In insects, dendritic remodeling seems to be regulated by
the steroid hormone 20-hydroxyecdysone (referred as ecdysone)
in Manduca sexta or in Drosophila melanogaster (Weeks, 2003).
Interestingly, ecdysone induces expression of the Caenorhabditis
elegans CHR3 (Kostrouch et al., 1995), Drosophila DHR3 (Koelle
etal., 1992), and Manduca sexta MHR3 (Palli et al., 1992) genes,
which are homologs of the mammalian Rora gene. ROR« plays a
role in the regressive and remodeling events of the normal den-
dritic differentiation of PCs, events that are comparable with
those induced by the ecdysone pathway in insects. Ecdysone
could thus control dendritic remodeling through the activation
of the RORa homologs in insects. Thyroid hormone [L-3,3',5-
trilodothyronine hormone (TH)] is considered to be a functional
equivalent of ecdysone in vertebrates. TH is important during
embryonic and neonatal development of the CNS, including PC
differentiation, and has been shown to regulate microtubule as-
sembly and neuronal differentiation (for review, see Nunez et al.,
1991; Oppenheimer and Schwartz, 1997), by controlling accu-
mulation of microtubule-associated protein (MAP) such as
MAP2 (Silva and Rudas, 1990; Haas et al., 2004). Evidence for
cross-talk between RORa and thyroid receptor pathways have
been provided (Hamilton et al., 1996; Koibuchi and Chin, 1998;
Kuno-Murata et al., 2000), suggesting that RORa and TH could
act on the PC differentiation by similar pathways.
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