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We developed an organotypic coculture preparation allowing fast and efficient identification of molecules that regulate developmental
synapse elimination in the mammalian brain. This coculture consists of a cerebellar slice obtained from rat or mouse at postnatal day 9
(P9) or P10 and a medullary explant containing the inferior olive dissected from rat at embryonic day 15. We verified that climbing fibers
(CFs), the axons of inferior olivary neurons, formed functional synapses onto Purkinje cells (PCs) in the cerebellum of cocultures. PCs
were initially reinnervated by multiple CFs with similar strengths. Surplus CFs were eliminated subsequently, and the remaining CFs
became stronger. These changes are similar to those occurring in developing cerebellum in vivo. Importantly, the changes in CF inner-
vations in cocultures involved the same molecules required for CF synapse elimination in vivo, including NMDA receptor, type 1
metabotropic glutamate receptor and glutamate receptor 562 (GluR52). We demonstrate that gain- and loss-of-function analyses can be
efficiently performed by lentiviral-mediated overexpression and RNAi-induced knockdown of GluR&2. Using this approach, we identi-
fied neuroligin-2 as a novel molecule that promotes CF synapse elimination in postsynaptic PCs. Thus, our coculture preparation will

greatly facilitate the elucidation of molecular mechanisms of synapse elimination.

Introduction

In developing brain, neuronal connections are initially redun-
dant, but they are refined and become functionally mature
through activity-dependent competition among surplus synaptic
inputs to each postsynaptic cell. Understanding how necessary
synapses are selectively strengthened and stabilized while redun-
dant connections are weakened and eventually eliminated is one
of the most important challenges in neuroscience. Addressing
this issue requires selection of proper model systems in the brain
that allow quantitative assessment of the strength and number of
synaptic inputs. The climbing fiber (CF)-to-Purkinje cell (PC)
synapse in the cerebellum has been a representative model to
study postnatal refinement of neural circuits in the CNS. In neo-
natal rodents, PCs are innervated by multiple CFs on the soma
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with similar synaptic strengths. Subsequently, a single CF is se-
lectively strengthened in each PC, and then surplus weaker CFs
are eliminated, and most PCs become innervated by single CFs by
the end of the third postnatal week (Crepel, 1982; Lohof et al.,
1996; Hashimoto and Kano, 2003, 2005; Bosman et al., 2008;
Kano and Hashimoto, 2009). Previous studies have identified
several key molecules that are involved in CF synapse elimination
by using gene knock-out (KO) mice and pharmacological manip-
ulations (Kano and Hashimoto, 2009; Watanabe and Kano,
2011). However, generating knock-out mice is time consuming,
and it is difficult to delete multiple genes in the same mouse.
Pharmacological manipulation of molecules in the brain in vivo
accompanies the problem of drug specificity and the difficulty in
persistent, local, and stable application of drugs to the brain.
Moreover, these in vivo studies are not suitable for a large-scale
screening of candidate molecules that may be involved in CF
synapse elimination. For accelerating the study of CF synapse
elimination, one requires an experimental system that enables
high throughput screening of candidate molecules.

Here we report an organotypic coculture consisting of a slice
of the cerebellum and an explant of the medulla oblongata in-
cluding the inferior olive, the origin of CFs. Importantly, CFs
originating from the medullary explant formed functional syn-
apses onto PCs with morphological and electrophysiological
properties similar to those seen in vivo. We demonstrate that
selective strengthening of a single CF and elimination of surplus
CFs occurs in each PC of cocultures in essentially the same man-
ners as in vivo. We also verified that pharmacological blockade,
overexpression or RNAi-mediated knockdown of key molecules
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for CF synapse elimination in vivo pro-
moted or impaired CF synapse elimina-
tion in cocultures. These results clearly
demonstrate that gain-of-function and
loss-of-function analyses can be easily and
efficiently performed in cocultures. Inter-
estingly, using this approach, we show a P\
strong evidence that neuroligin-2 in post-

synaptic PCs is required for CF synapse

elimination. Thus, the coculture devel- |
oped here is useful for high throughput
screening of candidate molecules that are

involved in synapse elimination in devel- B
oping brain.

Materials and Methods

Animals. Sprague Dawley rats and C57BL/6
mice were used (CLEA Japan and Japan SLC).
The day on which the vaginal plug was detected
in the morning was designated as embryonic
day 0 (EO). The first 24 h after birth was re-
ferred to as postnatal day 0 (P0). All experi-
ments were performed according to the
guidelines laid down by the animal welfare
committees of the University of Tokyo and the
Japan Neuroscience Society. Glutamate recep-
tor 82 (GluR&2) knock-out mice were obtained
from the Grid2-Cre mutant mouse whose
GluR&2 gene (Grid2) has been replaced with
the Cre recombinase gene by homologous re-
combination (Yamasaki et al., 2011). Heterozygous mutant pairs
(Grid2“"*) were mated to obtain the homozygous mutant mice
(Grid27*/“") that were used as GluR82 knock-out mice.

Organotypic slice culture. The methods for coculture of the cerebellum
and the medulla oblongata were similar to those described previously for
thalamocortical cocultures and hippocampal cultures (Yamamoto et al.,
1989; Stoppini et al., 1991). We tested various parameters, including the
age of the animal, method for preparing slices, membrane filter for plac-
ing slices and medullary explants, material for coating the membrane,
composition of the culture medium, and volume and frequency of cul-
ture medium change. We achieved the best result when cerebellar slices
and medullary explants were prepared in the following condition (Fig. 1).
E15 rat embryos were obtained by cesarean delivery from pregnant fe-
males anesthetized with isoflurane or pentobarbital. The whole brain was
dissected after decapitation from each fetal rat and kept in cold HBSS.
Then, the ventral medial portion of the medulla containing inferior oli-
vary neurons was dissected. The cerebellum was dissected out from rats
or mice at P9 or P10 that were deeply anesthetized with isoflurane under
a dissecting microscope. Cerebellar slices with 300 um (for rats) or 250
pm (for mice) thickness were cut from the vermis using a slicer
(LinearSlicer Pro 7; Dosaka). A block of the medulla was plated at the
ventricular side of the cerebellar slice on a membrane filter (Millicell-CM
PICMORGH50; Millipore), which was coated with rat-tail collagen. The
culture medium consisted of 50% MEM, 25% horse serum (Invitrogen
or STEMCELL Technologies), 25% HBSS, 3 mm GlutaMAX (Invitro-
gen), 10 uM Mifepristone (Ru486; Tocris Bioscience), and 5 mg/ml glu-
cose. For cocultures of the mouse cerebellum with the rat medulla
oblongata, the culture medium contained 2.5% HBSS and 22.5% dis-
tilled water with 2% B27 supplements instead of 25% HBSS. These cul-
tures were maintained at 37°C in an environment of humidified 95% air
and 5% CO,. One-half of the culture medium was exchanged with fresh
medium every other day. The level of the medium was adjusted slightly
below the surface of the explants so that they could receive a sufficient
supply of the culture medium and the mixed gas. This procedure was
crucial for the survival of cerebellar and medullary cells in the explants.

Histology. For immunohistochemistry, cerebellar slices were fixed in
4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, for 30 min at
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Schematic diagram of the method for preparing cocultures of the cerebellum and the medulla. A, The cerebellum was
dissected out from rats or mice at P9 or P10 under deep anesthesia. Cerebellar slices with 300 m (for rats) or 250 rm (for mice)
thickness were dissected from the vermis. Scissors represent the sites of sectioning. B, The whole brain was dissected after
decapitation from each fetal rat at E15, and the medulla containing inferior olivary neurons was dissected. , A block of the medulla
was plated at the ventricular side of a cerebellar slice on a membrane filter that was coated with rat-tail collagen.

room temperature. After washing in PBS, the slices were incubated for2h
in PBS containing 0.5% Triton X-100 and 10% donkey serum. For im-
munocytochemistry, HEK293T cells were fixed one day after the trans-
fection with 4% paraformaldehyde in 0.1 M phosphate buffer for 10 min
followed by permeabilization with 0.05% Triton X-100 for 30 min. Then
the mouse monoclonal antibody (Ab) against calbindin D-28K (1:3000;
Sigma) to visualize PCs, the Ab against guinea pig vesicular glutamate
transporter 1 (VGIuT1; 1:1000; Millipore Bioscience Research Reagents)
to label PF terminals, the Ab against guinea pig VGIuT2; 1:1000; Milli-
pore Bioscience Research Reagents) to label CF terminals, the Ab against
rabbit GluR&2 (1:200; Frontier Institute), the Ab against rabbit
neuroligin-2 (1:500; Synaptic Systems), the Ab against guinea pig
glutamate-aspartate transporter (GLAST) (1:200; Frontier Institute) to
label Bergmann glia, the Ab against rabbit parvalbumin (1:200; Frontier
Institute) to label inhibitory neurons, or the Ab against green fluorescent
protein (GFP; 1:1000; Nacalai Tesque) were applied overnight at 4°C.
After 4 h incubation at room temperature with secondary antibodies
against donkey anti-mouse Alexa Fluor 488 (1:400; Invitrogen), donkey
anti-guinea pig CY3 (1:300; Jackson ImmunoResearch), donkey anti-
rabbit Alexa Fluor 488 (1:400; Invitrogen), donkey anti-rabbit CY3, or don-
key anti-rat Alexa Fluor 488 (1:400; Invitrogen), the slices were washed
several times in PBS. The immunolabeled sections and dishes were examined
with a confocal laser scanning microscope (Zeiss LSM 510).

Laminar configuration in cocultures was determined by Nissl staining.
Cocultures were fixed by immersion in 4% paraformaldehyde in 0.1 m
phosphate buffer and kept in 30% sucrose in PBS. They were embedded
on an agar block (4% agar in PBS), cut into 20 wm frozen sections, and
stained with cresyl violet or hematoxylin and eosin.

Electrophysiology. For stable recording of synaptic responses, most part
of the medullary explant was cut from the coculture with a knife, and CFs
in the remaining portion of the explants were isolated from the somata of
neurons in the inferior olive. This procedure reduced synaptic responses
in PCs elicited by spontaneous firing of inferior olivary neurons. The
cocultures were recovered for at least 30 min at room temperature in a
reservoir chamber bathed with a solution containing the following (in
mwm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgSO,, 1.25 NaH,PO,, 26 NaHCO,,
and 21 glucose bubbled with 95% O, and 5% CO,. Cocultures were
transferred to a recording chamber on the stage of an Olympus BX51WI
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mm; B, 1mm; C, 50 wm; D (for D, E), 20 pm.

microscope (Olympus Optical). The recording chamber was continu-
ously perfused with oxygenated bath solution supplemented with bicu-
culline (10 uMm) or picrotoxin (100 um) to block inhibitory synaptic
transmission. 3-(( R)-2-carboxypiperazine-4-yl)-propyl-1-phosphonic
acid (R-CPP; 5 uMm) was also added to suppress polysynaptic responses
and inhibit spontaneous EPSC when the number of CF-EPSC steps was
examined. Whole-cell recordings were made from visually identified or
GFP-positive PCs using an upright and a fluorescence microscope at
room temperature (24°C; for Figs. 5, 6, 7, and 9) or 32°C (for all other
figures). For stable recording of CF-EPSCs under voltage-clamp mode
(see Figs. 5A,C, 6,7, 9-14), we used the following intracellular solution
(solution 1), which was designed to minimize the fluctuation of mem-
brane voltage of PCs at holding potential of —10 or —20 mV (Kano etal.,
1995, 1997; Hashimoto and Kano, 2003; Hashimoto et al., 2009a). The
composition of solution 1 was as follows (in mm): 60 CsCl, 10 Cs
D-gluconate, 20 tetraethylammonium-Cl, 20 BAPTA, 4 MgCl,, 4 ATP,
0.4 GTP, and 30 HEPES, pH?7.3, adjusted with CsOH for EPSC. For
recording CF- or PF-mediated EPSPs under current-clamp mode (Fig.
5B, D), an intracellular solution (solution 2) with the following compo-
sition (in mm) was used: 130 K p-gluconate, 6 KCI, 10 NaCl, 10 HEPES,
0.16 CaCl,, 2 MgCl,, 0.5 EGTA, 4 Na-ATP, and 0.4 Na-GTP, pH 7.3,
adjusted with KOH. The resistance of patch pipettes was 2—4 M() when
filled with either of the two solutions. The pipette access resistance was
compensated by 70%. Signals were low-pass filtered at 0.05-2 kHz and
sampled at 0.1-10 kHz using a voltage-clamp amplifier (EPC 10; HEKA).
Online data acquisition and off-line data analysis were performed using

Cytoarchitecture in cocultures. A, Dark-field micrograph of a coculture at 3 weeks in vitro. B, Fluorescentimmunohis-
tochemistry using an antibody against the PC marker calbindin D-28K at 1 week in vitro. €, Niss|-stained section of the cultured
cerebellar slice at 1week in vitro. Horizontal arrows show the boundaries between the PClayer and the molecular layer (top arrow)
or the granule cell layer (bottom arrow). D, E, Bergmann glia and inhibitory interneurons in cocultures. After 10 DIV, cocultures
were double immunostained for calbindin (green) and GLAST, a marker of Bergmann glia (D; red), or for calbindin (green) and
parvalbumin, a marker of inhibitory neurons (E; red). Note that GLAST signals are closely associated with calbindin signals and that
calbindin-negative/parvalbumin-positive inhibitory neurons are present in the molecular layer and the PClayer. Scale bars: 4, 0.5

J. Neurosci., August 22, 2012 - 32(34):11657-11670 = 11659

PULSE software (HEKA). The holding poten-
tial was corrected for liquid junction potential.
To activate CFs, four tungsten electrodes (3.5—
4.5 MQ); catalog #UEWMGCSEKNNM; FHC)
were placed in the remaining portions of med-
ullary explants. Electrical pulses (duration, 0.1
or 0.5 ms; amplitude, 0-90 V) were applied
between all the possible combination of two
electrodes, and the number of discrete CF-
EPSCs elicited in each PC was examined.

Chronic drug treatments. To block glutamate
receptors, culture media containing the following
drugs were applied from 7 d in vitro (DIV) to the
day of recording: R-CPP (10 um) and (S)-(+)-a-
amino-4-carboxy-2-methylbenzeneacetic ~ acid
(LY367385; 100 um; Tocris Bioscience).

Preparation of viral vector constructs. Vesicular
stomatitis virus G (VSV-G) pseudotyped lentivi-
ral vectors provided by St. Jude Children’s Re-
search Hospital (pCL20c) (Hanawa et al., 2002)
were used in this study. The vectors were de-
signed to express GFP, GluR&2, and/or mi-
croRNA (miR) directed against GluR82 or
neuroligin-2 under the control of a truncated L7
promoter (pCL20c-trL7) (Sawada et al., 2010).
The GluR&2 and microRNA constructs were pro-
duced by PCR followed by subcloning into the
pCL20c-trL7 vector. Full-length cDNA of mouse
GluR&2 was cloned by PCR with primers (5'-GA
TCGGGAATTCATGGAAGTTTTCCCCTTGC
TC-3' and 5'-ATACGGCGCGGCCGCTCATA
TGGACGTGCCTCGGTCGGG-3'). The plas-
mid with mouse neuroligin-2 construct was from
Addgene (plasmid 15246) (Chih et al., 2006). An
RNAi-resistant mutation of neuroligin-2 cDNA
(neuroligin-2 RES) was introduced using the
QuikChange Site-Directed Mutagenesis Kit (Agi-
lent Technologies; primer, GTGGTAGCGGGC
AGGCTGCACGTCTTGATCGACCAGTTCCC
GGGAAGACTTCCGG). mOrange2 (Clontech)
and neuroligin-2 RES were linked in-frame, in-
terposed by picornavirus “self-cleaving” P2A
peptide sequence to enable efficient bicistronic
expression, and then subcloned into pCL20c-
trL7. We validated these constructs in HEK293T cells and cerebellar slices by
immunocytochemistry and immunohistochemistry (Fig. 14). For vector-
based RNAi analysis of GluR82 and neuroligin-2, we used the BLOCK-iT Pol
II miR RNAi Expression Vector Kit (Invitrogen). Engineered microRNAs
(5"-TGCTGTATGCATGGCATCTGCCAAAGGTTTTGGCCACTGACTG
ACCTTTGGCATGCCATGCATA-3" and 5'-CCTGTATGCATGGCATGC
CAAAGGTCAGTCAGTGGCCAAAACCTTTGGCAGATGCCATGCATA
C-3' for GluR&2-microRNA; 5'-TGCTGTGTACATCCTGGTCCACTAG
CGTTTTGGCCACTGACTGACGCTAGTGGCAGGATGTACA-3" and
5'- CCTGTGTACATCCTGCCACTAGCGTCAGTCAGTGGCCAAAAC
GCTAGTGGACCAGGATGTACAC-3" for neuroligin-2-microRNA)
were designed against the mouse GluR&2- or neuroligin-2-coding sequence
following the BLOCK-iT Pol II miR RNAi Expression Vector Kit guidelines
(Invitrogen). These oligonucleotides were subcloned into a pCL20c-trL7
vector.

Virus preparation and infection. The virus vector was produced by cotrans-
fection of HEK293T cells (2—6 X 10° per dish) with a mixture of two pack-
aging plasmids [8 ug of pCMV AR8.74 and 3 ug of pMD.2G (generous gifts
from Karl Deisseroth, Howard Hughes Medical Institute, Stanford
University, Stanford, CA) or 7 ug of psPAX2 (Addgene; plasmid
15246) and 3 ug of pPCAG-VSV-G (a generous gift from Arthur Nien-
huis, St. Jude Children’s Research Hospital, Memphis, TN) (Niwa et al.,
1991)] and one lentivirus vector (10 ug of vector plasmid pCL20c-
trL7GluR&2-trL7GFP, pCL20c-trL7-GluR82miR-GFP, pCL20c-trL7-
neuroligin-2miR-GFP, or pCL20c-trL7-neuroligin-2-P2A-mOrange2)
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using a calcium phosphate precipitation method
as reported previously (Torashima et al., 2006).
Briefly, cells were cultured in DMEM (Invitro-
gen) supplemented with 10% fetal bovine serum
(Hyclone), 100 U/ml penicillin G, and 0.1 mg/ml
streptomycin, pH 7.35, at 37°C in a 5% CO, at-
mosphere. Sixteen hours after transfection, the
culture medium was exchanged with fresh me-
dium. The medium containing vector particles
was harvested at 40 h after transfection. The me-
dium samples were filtered through 0.22 um
membranes and centrifuged at 27,000 rpm for 90
min. The virus samples were finally suspended in
30 wl of culture medium, pH 7.4, and stored at
4°C. PCs were infected by adding directly on the
slices the volume of viral stock corresponding to
0.2-1 X 10° TU (0.5 ul) per coculture with a
microsyringe with a 33-gauge needle (Ito).

Gene delivery into medullary cells. The coding
region of egfp was cloned into a pCAGGS vector
(Niwaetal., 1991). Electroporation with glass mi-
croelectrodes was performed after 1 d in cocul-
ture to introduce the vector into medullary cells
(Uesaka et al., 2007, 2008). In brief, the plasmid
solution of pCAGGS-egfp (1-2 ug/ul) was pres-
sure ejected onto the surface of the medullary ex-
plants from a glass micropipette, and electrical
pulses (10 trains of 200 square pulses of 1 ms du-
ration, 200 Hz, 500 wA) were applied through the
other glass microelectrode.

Statistical analysis. A total of 170 cocultures
were used for the morphological and electro-
physiological experiments. All statistical values
are presented as the mean = SEM. A Mann—
Whitney U test was used when two indepen-
dent data sets were compared. For multiple
comparison, data were analyzed by using the
nonparametric Steel-Dwass test.

Results

Cytoarchitecture and synaptic
organization of the cerebellum

in cocultures

Our organotypic coculture consists of a
parasagittal cerebellar slice with an ex-
plant of the medulla oblongata containing
the inferior olive (Fig. 1). First, we tested
various ages of animals to find out the op-
timal conditions for olivocerebellar cocul-
tures. We obtained the best results when
parasagittal cerebellar slices were cut from
rats or mice at P9 or P10 using a vibro-
slicer (Fig. 1A) and a block of the medulla was dissected from rat
embryos at E15 (Fig. 1B) (see Discussion). Cerebellar slices were
cultured on MilliCell membrane either alone (cerebellar mon-
oculture) (Fig. 1C) or with a medullary explant attached to the
ventricular side (olivocerebellar coculture) (Fig. 1C). We found
that gross anatomy, foliation, and layer structure of the cerebel-
lum in our cocultures were similar to those of the cerebellum in
vivo (Fig. 2 A, B) (Altman and Bayer, 1997). Nissl staining showed
that the molecular layer, the PC layer, and the granule cell layer
were well preserved in cocultures (Fig. 2C) (Altman and Bayer,
1997). Many PCs appeared viable and were arranged in a row
(Fig. 2B, C) and dendrites of PCs well extended in the molecular
layer toward the pial surface (Fig. 2 D, E). Double staining with a
PC marker, calbindin, and a Bergmann glial marker, GLAST,

Figure3.
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Cerebellum

Synapse formation by axons from medullary explants to PCsin cocultures. A, B, EGFP-labeled medullary cells and their
axons in cocultures after 10 DIV. Fibers from the medullary cells projected toward the cerebellar slice (4) and formed terminal
arbors in the PClayer (B). The location of cell bodies in the medulla is delineated by an oval with broken line in A. The thick arrow
inAshows the direction of the cerebellar slice. Thin arrows in B represent the borders of the PClayer. (~E, Double immunostaining
of cocultures for calbindin (green) and a CF marker, VGIuT2 (red), at 0 (C), 4 (D) and 7 DIV (). F, Double immunostaining of
cerebellar monocultures at 7 DIV. Note that VGIuT2 signals are present in PCs at 7 DIV in cocultures (E) but absent in cerebellar
monocultures at 7 DIV (F). Scale bars: A, 100 um; B, € (for C~E), F, 20 um.

demonstrated that Bergmann glia had close contacts with PC
somata and dendrites at 1 week in vitro (Fig. 2 D). Furthermore,
parvalbumin-positive and calbindin-negative inhibitory in-
terneurons were abundant in the molecular layer and PC layer at
1 week in vitro (Fig. 2E). These results clearly indicate that the
cytoarchitecture and layer structure of the cerebellum were well
preserved in cocultures.

We then examined synaptic organization of PCs in cocultures.
Many axons in the medulla labeled with EGFP crossed the mid-
line and extended toward the cerebellar slice (Fig. 3A). These
axons entered into the cerebellar slice, reached the PC layer,
branched off, and formed terminal arbors (Fig. 3B). This charac-
teristic morphology was similar to that of CFs in the rat cerebel-
lum at P4-P7 in vivo (Sugihara, 2005). We then examined CF
synapses onto PCs by immunohistochemistry using an antibody
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Figure4.  PFsynapseson PCsin cocultures. A—C, Cocultures were double immunostained for calbindin (green) and a PF marker, VGIuT1
(red), after 0 (), 4 (B), and 7 DIV (€). Note that VGIuT1 signals are present in PCs throughout coculture period. Scale bar: 20 um.

Figure5.  Electrophysiological properties of CF—PCand PF—PCsynapses in cocultures. A, A representative trace of EPSC elicited
by stimulation in the medulla under voltage-clamp mode at a holding potential of —30 mV. A single trace recorded around
threshold stimulus intensities is shown. B, A representative trace of complex spike elicited by stimulation in the medulla under
current-clamp mode. G, Representative traces of EPSCs elicited by stimulation in the molecular layer under voltage-clamp mode at
a holding potential of —80 mV. Traces recorded while increasing the stimulus intensity were superimposed. D, A representative
trace of EPSP and spikes elicited by stimulation in the molecular layer 50—100 m away from the PC soma under current-clamp
mode.
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3D), indicating degeneration of intrinsic
CFs that had been present in cerebellar
slices. Then, VGIuT2 signals reappeared
on PCs after 1 week in coculture (Fig. 3E).
These VGIuT2 signals are thought to orig-
inate from newly formed synapses be-
tween PCs and axons from the medullary
explant because VGIuT2 signals were ab-
sent in cerebellar monocultures without
medullary explants (Fig. 3F). In contrast,
VGIuT1 signals were present in PC den-
drites throughout culture period (Fig.
4A-C).

To test whether synapses in cocultures
are functional, we made whole-cell record-
ings from PCs. In acute cerebellar slices, re-
sponses of PCs to stimulation of PFs and
CFs are known to display paired-pulse facil-
itation (PPF) and depression (PPD), respec-
tively (Konnerth et al., 1990). It has also
been shown that PCs exhibit two forms of
action potentials, called simple and complex
spikes. Simple spikes are generated depend-
ing on PCs’ intrinsic membrane properties
and also by phasic PF inputs, whereas com-
plex spikes are generated exclusively by CF
inputs. Under voltage-clamp mode, stimu-
lation of the medullary explants elicited
large EPSCs that displayed PPD (Fig. 5A). In
contrast, stimulation in the molecular layer
elicited EPSCs that displayed PPF and
whose amplitudes were graded to stimulus
strength (Fig. 5C). Under current-clamp
mode, stimulation of the medullary ex-
plants elicited typical complex spikes (Fig.
5B), whereas stimulation in the molecular
layer elicited simple spikes in PCs (Fig. 5D).

To obtain further evidence about the or-
igins of excitatory inputs to PCs in cocul-
tures, we examined the pharmacological
properties of EPSCs. PCs are known to ex-
press type 1 metabotropic glutamate recep-
tor (mGluR1), whose activation by its
agonist, (S)-3,5-dihydroxyphenylglycine
(DHPG), causes a reversible suppression of
both CF-PC and PF-PC synaptic transmis-
sion through endocannabinoid-mediated
retrograde signaling (Maejima et al., 2001,
2005). PF terminals possess type 4 metabo-
tropic glutamate receptor and are sensitive
to a group III mGluR agonist, L-(+)-2-
amino-4-phosphonobutyric acid (L-AP4)
(Pekhletski et al., 1996), whereas CF
terminals posses group II mGluRs and
are sensitive to their agonist, (2S,2'R,3'R)-
2-(2',3"-dicarboxycyclopropyl)glycine
(DCG-1V) (Maejima et al., 2001). In cocul-
tures, EPSCs elicited by medullary stimula-

against VGIuT2, a specific marker for CF synaptic terminals.  tion, which displayed PPD, were reversibly suppressed by DHPG
Consistent with the previous report for the cerebellum in vivo  (n = 8;66.4 = 3.6%), and DCG-IV (n = 10; 35.8 = 5.3%), but not
(Hashimoto et al., 2009a), VGIuT2 signals were observed mainly ~ by1-AP4 (n = 5;97.2 = 4.2%) (Fig. 6 A, B), when these agonists were
on the soma of PCs at P10 when cerebellar slices were prepared  bath applied. In contrast, EPSCs elicited by molecular layer stimula-
(Fig. 3C). The VGIuT2 signals disappeared within 4 DIV (Fig.  tion, which showed PPF, were reversibly suppressed by DHPG
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(n=11;48.1 £ 3.7%) and L-AP4 (n = 11;
41.3 £ 7.2%), but not by DCG-1V (n = 7;
94.1 * 3.9%) (Fig. 6D,E). Notably, these
forms of agonist-induced suppression ac-
companied clear changes in paired-pulse ratio
(Fig. 6C,F), indicating that the suppression
was of presynaptic origin. These results collec-
tively indicate that the stimulation in the med-
ullary explant activated CFs that had grown
into the cerebellum and innervated PCs, and
the stimulation in the molecular layer acti-
vated PFs that had grown presumably from
granule cells in the cerebellum. These results
are consistent with the previous studies of
cerebellar monocultures and olivocer-
ebellar slice cultures (Knopfel et al., 1990;
Mariani et al., 1991; Tanaka et al., 1994).

Development of CF—PC synapses
Then, we followed developmental course
of CF-PC synapses in cocultures. Consis-
tent with the immunohistochemical data
for VGluT2 (Fig. 3), CF-mediated EPSCs
were not detected at 4 DIV, and they ap-
peared at ~7 DIV (Fig. 7). We noticed
that multiple CE-EPSCs could be elicited
in a given PC when the intensity of stim-
ulation in the medullary explant was in-
creased gradually, indicating that most
PCs were innervated by multiple CFs at 7
DIV. As shown previously in acute cere-
bellar slices (Kano et al.,, 1995, 1997;
Hashimoto and Kano, 2003; Hashimoto
etal.,2009a), the number of CFs innervat-
ing a given PC can be estimated by count-
ing the number of discrete CF-EPSC steps
elicited in that cell. We found that ~70%
of PCs had more than four CF-EPSC steps
at7-9 DIV (Fig. 7A,E). At 11-13 DIV, the
percentage of PCs with more than four
CFs decreased significantly, and the frac-
tions of PCs innervated by one to three
CFs increased (Fig. 7B, F) (n = 54 for 7-9
DIV; n = 42 for 11-13 DIV; p < 0.001,
Mann-Whitney U test). At 14-16 DIV,
the percentage of PCs with more than four
CFs decreased further and ~40% of PCs
were innervated by single CFs (Fig. 7C,G)
(n = 42 for 11-13 DIV; n = 98 for 14-16
DIV; p < 0.01, Mann—Whitney U test).
However, elimination of CFs did not pro-
ceed further at 18-25 DIV (Fig. 7D,H)
(n =98 for 14—16 DIV; n = 43 for 18-25
DIV; p > 0.1, Mann—Whitney U test). Ap-
proximately two CFs on average inner-
vated PCs after 3 weeks in culture (Fig.
8 A). These results indicate that elimina-
tion of surplus CFs occurs in cocultures as
in the cerebellum in vivo, although mono
CF innervation cannot be attained in
~60% of PCs.

It has been shown that the EPSC am-
plitudes of single CFs progressively be-
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Figure 6.  Pharmacological properties of CF-PCand PF-PC synapses in cocultures. A, Presynaptic inhibition of CF-EPSCs caused
by mGluR agonists. Traces recorded before (control), during, and after (recovery) the agonist application were superimposed. The
response was suppressed by 50 wm DHPG (top) and 0.3 um DCG-IV (middle), but not by 10 m L-AP4 (bottom). The holding
potential was —30 mV. B, Summary bar graph showing the magnitude of suppression of the peak EPSC amplitudes by mGIuR
agonists. €, Summary of changes in paired-pulse ratio of CF-EPSCs recorded before (control) and during bath application (agonist)
of DHPG, DCG-1V, and L-AP4. D, Presynapticinhibition of PF-EPSCs caused by mGluR agonistsisillustrated as in A. The response was
suppressed by DHPG (top) and L-AP4 (bottom), but not by DCG-IV (middle). The holding potential was —80 mV. E, F, Summary
graphs showing the magnitude of suppression of the peak EPSCamplitudes by mGluR agonists (E) and the changes in paired-pulse
ratio (F) for PF-EPSCs, illustrated asin Band C; respectively. In Band E, the numbers of tested PCs are indicated in parentheses. Each
data point corresponds to the mean = SEM.
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two representative PCs are shown for each culture period. Two to three traces are superimposed at each threshold intensity. CFs were stimulated in the medullary explant. The holding potential was
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Figure 8.  Changes in parameters for CF—PC synapses during coculture. A, Decrease in the

number of CFs per PC. B, Increase in the EPSC amplitude of the strongest CF synaptic response.
C, Change in the disparity among the amplitudes of multiple CF-EPSCs in individual PCs (dispar-
ity ratio). The disparity ratio was calculated as described previously (Hashimoto and Kano,
2003): disparity ratio = (A,/Ay + AJAy + -+ Ay _ /AN — 1); N> 1. A;is the EPSC
amplitude for the CF; and N is the number of CFs for a given PC. Each data point corresponds to
the mean value from 1255 PCs. D, Changes in the fractions of the largest (blue), second (red),
third (green), and fourth (violet) EPSCamplitudes relative to the total CF-EPSCamplitude in PCs.
CF-EPSCs were recorded at the same holding potential. Each data point corresponds to the
mean == SEM. Asterisks indicate significant differences between PCs analyzed at 7— 8 DIV and
those at each culture period (*p << 0.05; **p << 0.01; ***p << 0.001; Steel-Dwass test).

come larger relative to those of other CFs in individual PCs
during postnatal development (Hashimoto and Kano, 2003;
Hashimoto et al.,, 2011). To check whether such selective
strengthening of a single CF among multiple CFs occurs in cocul-
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Figure 9.  Effects of pharmacological manipulations on the CF synapse elimination in cocultures.
A, €, Representative traces of CF-EPSCs recorded from PCs in control cocultures (top) or in cocultures
(bottom) treated with 10 rumR-CPP (4) or 100 rum LY367385 (€). Two to four traces are superimposed
at each threshold stimulus intensity. The holding potential was —30 mV. B, D, Histograms showing
the number of discrete steps of CF-EPSCs for R-CPP (B; 98 PCs from 26 slices for control; 71 PCs from 20
slices for R-CPP; p << 0.001, Mann—Whitney U test) or for LY367385 (D; 98 PCs from 26 slices for
control; 33 PCs from 9 slices for LY367385; p < 0.001, Mann—Whitney U test).

tures, we calculated the disparity ratio for each multiply inner-
vated PCs, which has been used for estimating relative strengths
of CF inputs (Hashimoto and Kano, 2003; Hashimoto et al.,
2011). We found that the disparity ratio decreased gradually dur-
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ing the elimination of CFs as the EPSC
amplitude of the strongest CF progres-
sively increased (Fig. 8 B,C). Moreover,
when the fractions of individual CF-EPSC
amplitudes relative to the total CF-EPSC
amplitude in each PC were calculated, the
fraction of the largest CF-EPSC increased
from 11 to 12 DIV, but those of the second
to fourth largest CF-EPSCs remained un-
changed or gradually decreased (Fig. 8 D).
These data indicate that multiple CFs ini-
tially have relatively similar strengths, and
then single CFs become progressively
stronger in individual PCs.

Pharmacological manipulations of CF
synapse elimination

We addressed whether the mechanisms
underlying refinement of CF—PC synaptic
connections in cocultures are identical to
those in the cerebellum in vivo. Previous
studies have demonstrated that chronic
application of NMDA receptor antago-
nists into developing cerebellum in vivo
blocks CF synapse elimination (Rabacchi
et al., 1992; Kakizawa et al., 2000). To ex-
amine whether NMDARs are required for
the CF synapse elimination in cocultures,
we added an NMDA receptor antagonist,
R-CPP (10 uMm), in the culture medium
from 7 DIV to the days of recording (after
14 to 16 DIV). We found that the NMDA
antagonist induced a clear rightward shift
toward higher number of CF-EPSC steps
in the frequency distribution histogram of
PCs (Fig. 9A,B) (n = 98 for control; n =
71 for R-CPP; p < 0.001, Mann—Whitney
U test).

It is known that mGluRl and the
downstream signaling involving Gaq,
phospholipase Cf4, and protein kinase
Cy in PCs are essential for CF synapse
elimination (Kano etal., 1995, 1997, 1998;
Offermanns et al.,, 1997; Ichise et al.,
2000). We therefore tested the effect of the
mGluR1-selective antagonist LY367385
(100 uM) on CF synapse elimination in
cocultures. As shown in Figure 9, Cand D,
LY367385 applied from 7 DIV to the days
of recording (after 14 to 16 DIV) caused a
significant rightward shift in the fre-
quency distribution of PCs against CF-
EPSC steps compared to the vehicle-
treated control cocultures (n = 98 for
control; n = 33 for LY367385; p < 0.001,
Mann—Whitney U test). These results in-
dicate that mGluR1 is required for CF
synapse elimination in cocultures. The
two lines of evidence from the pharmaco-
logical blockade of NMDARs and mGluR1
indicate that CF synapse elimination in co-
cultures shares similar molecular mecha-
nisms to those in vivo. In addition, the
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GluR&2-rescue; Steel-Dwass test). E, Double immunostaining for GFP (green) and GIuR 52 (red) in a coculture of GluR 52 KO cerebellar slices
transferred with the Grid2 transgene. Scale bar: 20 m.
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results clearly demonstrate that pharmacological manipulations can
be reliably applied in cocultures.

Genetic manipulations of CF synapse elimination

Although pharmacological manipulations are useful, drugs
added to the culture medium affect both the cerebellum and the
medullary explant. To examine how the defect of a certain mol-
ecule in the cerebellum affects CF synapse elimination, we devel-
oped a chimera coculture system that was composed of the
cerebellar slices from mutant mice defective in a certain molecule
and the medullary explants from normal rats. First, we estab-
lished a coculture system composed of a cerebellar slice from
wild-type mouse and a medullary explant from rat. In this
mouse-rat chimera coculture, the majority of PCs were inner-
vated by four or more CFsat 9—11 DIV (Fig. 10 A, B). The number
of CFs innervating each PC decreased significantly at 15-18 DIV
(Fig. 10A,B) (n = 41 for 9-11 DIV; n = 67 for 15-18 DIV; p <
0.001; Mann—Whitney U test). These data indicate that massive
elimination of CFs occurs also in mouse-rat chimera cocultures.

We also tried to culture a cerebellar slice from mice at ~P9
with a medullary explant dissected from mouse embryos at E12—
E15. However, it was difficult to handle small pieces of the me-
dulla oblongata taken from mouse embryos, and the success rate
of establishing CF reinnervation onto PCs in the mouse—mouse
cocultures was significantly low. Therefore, in the following ex-
periments of using cerebellar slices from mutant mice, we ad-
opted the mouse-rat chimera coculture system.

We made cocultures using cerebellar slices from GluR82 knock-out
mice. GluR&2 is expressed specifically in PCs and molecular layer in-
terneurons (Yamasaki et al., 2011), and phenotypes of GluR62 knock-
out mice have been well studied (Kashiwabuchi et al., 1995; Kurihara et
al., 1997; Hashimoto et al., 2001; Lalouette et al., 2001). They exhibit
severe defects in PF synapse formation and CF synapse elimination. In
chimera cocultures composed of a cerebellar slice from GluR82 knock-
out mouse and a medullary explant from normal rat, the majority of
PCs were innervated by four or more CFs, whereas nearly 50% of PCs
were monoinnervated in cocultures of wild-type mouse cerebellum and
normal rat medulla (control) (Fig. 10C,D) (n = 36 for control; n = 49
for GluR&2 KO; p < 0.001; Steel-Dwass test). This result clearly indi-
cates that CF synapse elimination in chimera cocultures is impaired
when GluR82 is absent in the cerebellum.

We further asked whether the defect in CF synapse elimina-
tion could be restored by introducing the Grid2 transgene into
PCs of the GluR&2 knock-out cerebellum in chimera cocultures.
We produced a recombinant nonreplicative lentiviral vector en-
coding GluR&2 plus GFP that could be expressed under the con-
trol of a PC specific promoter, L7 (pCL20c-trL7GluRé&2-
trL7GFP). The lentiviral vector was infected into the cultured
cerebellar slices from GluR62 knock-out mice at 1 DIV.

Notably, GluR&2 signals were clearly observed in GEFP-
positive PCs transduced with pCL20c-trL7GluR&2-trL7GFP in
GluRé&2 knock-out slices (Fig. 10E). When examined at 15-18
DIV in GluR&2 knock-out slices, the frequency distribution of
PCs against the number of CF-EPSC steps showed a significant
leftward shift for GluR82-rescued PCs compared with that for
nontransduced GluR&2 knock-out PCs (Fig. 10C,D) (n = 49 for
GluR&2 KO; n = 28 for GluR82 rescue; p < 0.001; Steel-Dwass
test). These results clearly indicate that GluR&2 functions in PCs
to influence CF synapse elimination, which is consistent with a
previous report (Hirai et al., 2005). The results indicate that the
phenotypes of GluR82 knock-out cerebellum that was cocultured
with rat medulla are essentially the same as those found in the
cerebellum of GluR82 knock-out mice in vivo and in acute slices.
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Figure 11.  PF-PCsynapses in chimera cocultures using GIluR82 knock-out mice. Represen-

tative traces of PF-EPSCs with increasing stimulus intensities (top) and averaged input— output
relations of PF-EPSCs (bottom) in control (13 PCs from 5 slices), GluR62 KO (12 PCs from 5slices),
and the GIuRS2 rescue (11 PCs from 4 slices) cocultures. The holding potential was —80 mV.
Asterisks in GluR&2 KO and GIuR&2 rescue indicate significant differences when compared with
control and GIuRS2 KO, respectively (*p << 0.05; **p << 0.01; Steel-Dwass test).

Thus, the mouse—rat chimera coculture system developed here
would be a useful preparation for studying roles of candidate
molecules in the cerebellum in CF synapse elimination.

GluR&2 is known to be crucial for the maintenance of PF-PC
synapses (Kurihara et al., 1997). It was shown previously that
GluRé&2 on PC spines binds to Cblnl (Matsuda et al., 2010) that
interacts with neurexin on PF terminals (Uemura et al., 2010). In
mouse-rat chimera cocultures, we compared the input—output re-
lationship of PF-EPSCs among control, GluR&2-knock-out, and
GluR&2-rescued PCs. We found that the amplitude of PF-EPSC in
GluR&2-knock-out PCs was approximately one-third of that in con-
trol PCs, whereas the amplitude in GluR82-rescued PCs was nearly
comparable to that in control PCs (Fig. 11). These data suggest that
GluR&2 exerts its effects on the maintenance of PF-PC synapses in
chimera cocultures as well as in the cerebellum in vivo.

Gain- and loss-of-function analyses of CF synapse
elimination in cocultures

We then tested whether overexpression or knockdown of certain
molecules in cocultures can be applicable to the study of CF synapse
elimination. We performed both gain-of-function and loss-of-
function analyses of GluR82. We used pCL20c-trL7GluRé2-
trL7GFP to cause overexpression of GluR82 in wild-type PCs. To
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Gain- and loss-of-function analyses of GluR&2 gene in cocultures. A, Double immunostaining for GFP (green) and GIuRS2 (red) in a coculture transferred with GFP and microRNA for

GluR&2. Scale bar: 20 m. B, Representative traces (top) and averaged input— output relationship (bottom) of PF-EPSCs from control (open circles; 4slices, 12 PCs) and GluR82-overexpressing (blue
circles; 4slices, 14 PCs) cocultures. €, Representative traces (top) and averaged input— output relationship (bottom) of PF-EPSCs from control (open circles; 4 slices, 16 PCs) and GluR&2 knockdown
(red circles; 4 slices, 16 PC) cocultures. The holding potential was —80 mV. Asterisks indicate significant differences when compared with control (*p << 0.05; **p << 0.01; ***p << 0.005;

Mann—Whitney U test).

knock down GluR&2, we produced a lentiviral vector encoding miR
designed against GluR82 and GFP under the control of trL7 pro-
moter (pCL20c-trL7-GluR82miR-GFP). Both lentiviral vectors
were infected to mouse cerebellar slices cocultured with rat medul-
lary explants at 1 DIV, and GluR&2 expression was examined after
8 d in cocultures by immunohistochemistry. GluR&2 labeling was
dramatically reduced in PCs transduced with pCL20c-trL7-
GluR&2miR-GFP, but not in untransduced PCs (Fig. 12 A).

We tested whether the GluR&2 overexpression and knockdown
affected maintenance of PF—PC synapses by measuring the input—
output relationship of PF-EPSC amplitudes. We found that PF-
EPSCs of PCs with GluR82 overexpression (GFP-positive PCs) were
larger than those of control untransduced PCs (GFP-negative PCs)
taken in the same cocultures (Fig. 12B). In contrast, PF-EPSCs of
PCs with GluR&2 knockdown (GFP-positive PCs) were significantly
smaller than those of control untransduced PCs (GFP-negative PCs)
taken in the same cocultures (Fig. 12C).

We then examined whether overexpression and knockdown of
GluR®2 affect CF synapse elimination in cocultures. At 15-18 DIV,
frequency distribution of PCs against the number of CF-EPSC steps
showed a significant leftward shift for PCs with GluR52 overexpres-
sion compared with control nontransduced PCs taken from the
same cocultures (Fig. 13 A, B) (n = 57 for control; #n = 43 for GluR62
overexpression; p < 0.05; Mann—Whitney U test). Conversely, the
distribution exhibited a significant rightward shift for PCs with
GluR&2 knockdown compared with control nontransduced PCs
from the same cocultures (Fig. 13C,D) (n = 52 for control; n = 30
for GluR&2 knockdown; p < 0.05; Mann—Whitney U test). These
results indicate that overexpression and knockdown of GluR&2 pro-
moted and suppressed, respectively, the CF synapse elimination in
cocultures. Together, the present results suggest that the functions of
GluR&2 in cocultures are similar to those found in vivo. Thus, the

coculture is useful for both gain- and loss-of-function analyses for
CF synapse elimination.

Identification of a new molecule involved in CF synapse
elimination by using the coculture preparation

Finally, we performed functional assay of new candidate molecules
required for CF synapse elimination by using the coculture prepara-
tion. Neuroligins are expressed on the surface of postsynaptic mem-
branes at both excitatory and inhibitory synapses and play key roles
in the formation, maturation and functions of synapses (Scheiffele et
al., 2000; Varoqueaux et al., 2006; Chubykin et al., 2007). Impor-
tantly, the expression level of neuroligins increases with a twofold to
threefold enhancement during the period when CF-PC synapse
elimination occurs (Varoqueaux et al., 2006). However, the role of
neuroligins in synapse elimination has not yet been reported. We
focused on neuroligin-2 that are highly expressed in PCs (Allen
Brain Atlas; http://mouse.brain-map.org) and generated PC-
specific lentiviral knockdown vectors of neuroligin-2. We first tested
the effectiveness of our neuroligin-2 knockdown vector by assessing
its potency to suppress the heterologous expression of neuroligin-2
in HEK293T cells. When compared to HEK293T cells cotransduced
with a GFP expression control vector and a neuroligin-2 expression
vector, the expression level of neuroligin-2 was markedly reduced in
HEK293T cells cotransduced with the neuroligin-2 knockdown vec-
tor and the neuroligin-2 expression vector (Fig. 14A,B) (n = 8 for
GFP control; n = 9 for neuroligin-2 knockdown; p < 0.001; Steel—
Dwass test). Then, the knockdown vector was transduced into PCs
of the olivocerebellar coculture, the target molecule was knocked
down in a PC-specific manner, and CF synapse elimination was
examined. We found that knockdown of neuroligin-2 in PCs signif-
icantly impaired CF synapse elimination (Fig. 14C,D) (n = 76 for
control; n = 45 for neuroligin-2 knockdown; p < 0.05; Steel-Dwass
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Figure 13.  CF synapse elimination in gain- and loss-of-function analyses of GIluRS2 gene in co-
cultures. 4, B, Representative traces of CF-EPSCs (4) and frequency distribution histograms showing
the number of discrete steps of CF-EPSCs (B) for control (open columns; 57 PCs from 18 slices) and
GluR&2-overexpressing (blue columns; 43 PCs from the same slices in which control PCs were sam-
pled) cocultures (p << 0.05; Mann—Whitney U test). Two to four traces are superimposed at each
threshold stimulus intensity. The holding potential was —30 mV. C, D, Representative traces of CF-
EPSCs (€) and frequency distribution histograms (D) for control (open columns; 52 PCs from 10 slices)
and GluR&2 knockdown (red columns; 30 PCs from the same slices in which control PCs were sampled)
cocultures (p < 0.05; Mann—Whitney U test). Two to four traces are superimposed at each threshold
stimulus intensity. The holding potential was —30mV.

test). In contrast, the neuroligin-2 knockdown did not change the
total amplitude and disparity of CF-EPSCs in individual PCs (Table
1). The effect of neuroligin-2 knockdown was largely rescued by an
RNAi-resistant neuroligin-2 cDNA (neuroligin-2 RES), in which
seven nucleotides were mutated without changing the amino acid
sequence in the RNAI targeted site. When neuroligin-2 RES was
cotransfected with the neuroligin-2 knockdown vector in HEK293T
cells, the expression of neuroligin-2 was restored to the control level
(Fig. 14A, B) (n = 8 for GFP control; n = 9 for neuroligin-2 knock-
down; n = 9 for neuroligin-2 RES; p < 0.001; Steel-Dwass test). The
transduction of the neuroligin-2 RES with neuroligin-2 knockdown
in cocultures caused a significant leftward shift in the frequency dis-
tribution of PCs against CF-EPSC steps compared with neuroligin-2
knockdown (Fig. 14C,D) (n = 45 for neuroligin-2 knockdown; n =
39 for neuroligin-2 RES; p < 0.005; Steel-Dwass test). These results
strongly suggest that neuroligin-2 in postsynaptic PCs is required for
CF synapse elimination. Thus, the olivocerebellar coculture prepa-
ration is useful for screening new candidate molecules that are in-
volved in CF synapse elimination.

Discussion

Cultures have several advantages over in vivo preparations, such
as the accessibility and flexibility of various experimental manip-
ulations, which enable us to perform pharmacological and
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genetic manipulations in temporally and spatially controlled
manners. Cultures of dissociated neurons have been used for an
unbiased screening of molecules such as those involved in syn-
apse formation (Umemori et al., 2004; Paradis et al., 2007). How-
ever, it is difficult to examine the development of specific circuits
because neurons in dissociated cultures do not retain cytoarchi-
tecture and neural circuits of the brain tissues in vivo. Organo-
typic culture preparations have also been used for the study of
synapse development and plasticity (Yamamoto et al., 1989;
Stoppini et al., 1991; Gahwiler et al., 1997). The preparations
preserve the well-defined cellular architecture of the in vivo neu-
ral circuit, which allows the identification and manipulation of
defined neurons and synapses. Since the organotypic cultures
have essentially the same advantages over in vivo preparations as
dissociated cultures, the preparations should be suitable for a
large-scale screening of molecules involved in synapse formation,
maturation, and elimination.

The organotypic olivocerebellar coculture preparation described
here provides a fast, efficient, and flexible experimental system to
study the mechanisms of synapse elimination in the mammalian
CNS. The coculture has clear advantages over experimental systems
in vivo. First, the viral vectors with relatively low biological titers
(lower than 10® TU/ml) are sufficient for the analyses in cocultures.
Second, pharmacological and genetic manipulations including
overexpression and knockdown could be easily and efficiently ap-
plied in a temporally and spatially controlled manner. An experi-
enced investigator can prepare >10 lentiviral vectors for
overexpression and knockdown in a week and can examine the func-
tions of genes of interest in a few weeks. Such a fast and efficient
analysis is impossible by using transgenic and knock-out animals in
vivo. Third, manipulation of multiple molecules in the same cells can
be applicable in cocultures. The genetic manipulation combined
with application of bioactive proteins will be useful for evaluating the
functional coupling and concerted actions of different proteins.

Previous studies of olivocerebellar slice cultures have shown
that CF-PC synapses can be formed in vitro (Knopfel et al., 1990;
Mariani et a., 1991). In addition to synapse formation, we dem-
onstrate that CF synapse elimination occurs in our olivocerebel-
lar cocultures, which involves the same molecules that are known
to be required for CF synapse elimination in vivo. Although the
developmental changes in CF-PC synapses in cocultures are
largely similar to those found in vivo, there exist some clear dif-
ferences. While only ~20% of PCs are innervated by multiple
CFs in the cerebellum of mice older than P21 (Kano et al., 1997,
1998; Offermanns et al., 1997), ~60% of PCs are innervated by
multiple CFs in cocultures (Fig. 7C,D). In addition, while selec-
tive strengthening of single CFs in individual PCs precede elimi-
nation of redundant CFs in vivo (Hashimoto and Kano, 2003;
Hashimoto et al., 2009b; Kano and Hashimoto, 2009; Watanabe
and Kano, 2011), these two events proceed in parallel in cocul-
tures (Fig. 8A,C). These differences may be attributable to the
technical limitations related to the preparation of cocultures. We
found that CFs could hardly grow from the medulla into the
cerebellum when the medullary explants taken from rat embryos
older than E15-E16 were used. In the previous study of culturing
medullary explants with cerebellar cells, Hirano (1990) also used
medullary explants taken from E16 rats and demonstrated that
stimulation of the medullary explants elicited all-or-none re-
sponses in PCs that resembled climbing fiber responses. On the
other hand, the layer structure of the cerebellum and morphology
of PCs were disturbed significantly when we used cerebellar slices
from rats or mice at ages other than around P9. Therefore, there
is a mismatch between the developmental stage of the inferior
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Impaired CF synapse elimination in cocultures with neuroligin-2 knockdown. 4, Efficacy of neuroligin-2 knockdown by a microRNA vector. Double immunostaining for neuroligin-2

(red) and GFP (green) in HEK293T cells transfected simultaneously with a neuroligin-2 expression vector and a GFP expression vector (left; control), with the neuroligin-2 expression vector and the
microRNA vector for neuroligin-2 (middle; neuroligin-2 knockdown) or with an RNAi-resistant neuroligin-2 expression vector and the microRNA vector for neuroligin-2 (right; neuroligin-2 RES).
Scale bar: 30 m. B, Fluorescent intensity of neuroligin-2 relative to that of GFP for control (open column), neuroligin-2 knockdown (red column), and neuroligin-2 RES (blue column; ***p < 0.001,
Steel-Dwass test). Numbers of tested PCs are indicated in parentheses. C, D, Representative traces of CF-EPSCs (€) and frequency distribution histogram showing the number of discrete CF-EPSC
steps (D) for control PCs (open columns; 37 PCs from 10 slices), neuroligin-2 knockdown PCs (red columns; 37 PCs from10 slices), and PCs with neuroligin-2 knockdown and the RNAi-resistant
neuroligin-2 cDNA (blue columns; 39 PCs from 8 slices; *p << 0.05, **p << 0.005, Steel-Dwass test). Two to four traces are superimposed at each threshold stimulus intensity. The holding potential

was —20mV.

Table 1. Total amplitudes and disparity ratio of CF-EPSCs in individual PCs (holding
potential of —20 mV) were not different in PCs with neuroligin-2 knockdown (NL2
KD) and PCs with neuroligin-2 knockdown and neuroligin-2 RES (NL2 RES)

Type Total amplitude (nA) Disparity ratio

Control 1.59 £0.16 (n = 55) 0.41 = 0.03 (n = 47)
NL2KD 1.63 £0.22(n=42) 0.51 = 0.04(n=32)
NL2 RES 1.53 = 0.28 (n =32) 035 *=0.03(n=123)

Data are presented as mean = SEM.

olive and that of the cerebellum in our coculture preparation.
This mismatch appears to be a major reason for the differences in
the developmental changes in CF—PC synapses between the co-
cultures and the cerebellum in vivo. However, it should be noted
that the development of CF—PC synapses in cocultures involved
the same molecules that are known to be required for CF synapse
elimination in vivo. We therefore conclude that the olivocerebel-
lar coculture is useful for a high-throughput screening of candi-
date molecules that are involved in CF synapse elimination.

In the present study, by using the olivocerebellar coculture
preparation, we could identify neuroligin-2 as a novel molecule
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required for CF synapse elimination. How neuroligin-2 influ-
ences CF synapse elimination remains unknown. However, since
neuroigin-2 has been shown to be involved in formation of in-
hibitory synapses (Prange et al., 2004; Chih et al., 2005; Chubykin
et al., 2007), a likely possibility would be that neuroligin-2 con-
tributes to the maturation of GABAergic inhibitory synapses
onto PCs, and thereby influences the elimination of redundant
CF synapses. This scenario is consistent with our recent report
that GABAergic inhibition onto PC somata facilitates the elimi-
nation of weak CF synapses (Nakayama et al., 2012).

So far, only a few culture preparations for synapse refinement
have been reported (Ohno and Sakurai, 2005; Letellier et al.,
2009). A culture preparation of hindbrain explants containing
the cerebellar plate and brainstem taken from E14 mouse has
been reported for the study of CF synapse elimination (Letellier et
al., 2009). In this hindbrain explant culture, PCs were initially
innervated by multiple CFs, and then supernumerary CFs were
eliminated as in vivo. Using a coculture experimental paradigm in
which the cerebellum and brainstem were in different maturation
stages, Letellier et al. (2009) showed that CF synapse elimination
occurred only once during developmental maturation of PCs.
Although the hindbrain explant culture is certainly useful, there
are some disadvantages compared with the coculture preparation
developed in the present study. For example, layer structure of
the cerebellum is rather disturbed, and the development of the
PC dendritic tree is far less extensive than in the cocultures even at
22 DIV (which corresponds to P16 in vivo). It is unknown
whether the molecular mechanisms for CF synapse elimination
in the hindbrain explant culture are similar to those in vivo. It is
also unclear whether pharmacological and genetic manipulations
can be easily applied to the hindbrain explants. Moreover, pre-
paring chimeric olivocerebellar cocultures with cerebellar slices
from various transgenic and knock-out mice would be much
easier in our system than in the hindbrain explant culture system.

Lentiviral vectors used here for overexpression and knock-
down in PCs are also available for various cell types because len-
tiviruses have a wide cellular tropism, and the RNA polymerase
I1-based systems allow the use of various tissue- and cell-specific
promoters. Moreover, this approach might be applied to the elu-
cidation of the mechanisms of climbing fiber synapse formation
by overexpression of genes of interest and by treatment of pro-
teins and drugs during the first week in culture, when climbing
fiber synapses are actively formed. These findings imply that roles
of certain molecules in synapse formation and elimination can be
investigated for various neural circuits in the CNS by using this
approach. In addition, since our vectors are also applicable to the
brain in vivo (Torashima et al., 2006), the functions of candidate
molecules in intact brain can be investigated efficiently.

In our coculture preparation, olivary neurons were spontane-
ously active. The result that pharmacological blockade of NMDA
receptors impaired CF synapse elimination in cocultures implies
that spontaneous activity at mossy fiber to granule cell synapse might
be important as expected from our previous study (Kakizawa et al.,
2000). Since these are no sensory or motor inputs from brain regions
other than the medulla and the cerebellum in cocultures, spontane-
ous neural activity should play a crucial role in CF synapse elimina-
tion. Previous studies have demonstrated that spontaneous neural
activity is crucial for the developmental refinement of neural circuits
including the retinogeniculate and thalamocortical projection sys-
tems (Zhang and Poo, 2001; Huberman, 2007). However, the mech-
anisms by which spontaneous neural activity influences the
refinement of neural circuit remain largely unknown.
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The organotypic coculture preparations are useful tools for
studying the mechanisms of activity-dependent neural circuit re-
finement (Ohno and Sakurai, 2005; Uesaka et al., 2007; Yamada et
al., 2010). Applications of Brainbow transgenes (Livet et al., 2007),
genetically encoded calcium reporter (Miyawaki et al., 1997; Mank et
al., 2008), and optogenetic technologies such as channelrhodopsin-2
(Boyden et al., 2005) into specific cell types enable us to observe the
development of neural circuits by time-lapse imaging and to control
neural activity in a temporally and spatially controlled manner.

The accessibility and flexibility of various experimental manipu-
lations in cocultures provide opportunities to overcome several ma-
jor limitations in the study of neural circuit development. One of the
important issues is how to narrow down key molecules out of thou-
sands of candidates in fast and reliable ways. The olivocerebellar
organotypic coculture preparation enables high throughput screen-
ing of candidate molecules that may be involved in CF synapse elim-
ination and will greatly facilitate the research on neural circuit
formation during postnatal development.
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