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Abstract

Mammalian glutamate receptor (GluR) d2 is selectively expressed in cerebellar Purkinje cells and plays key roles in cerebellar

plasticity, motor learning, and neural wiring. Here, we isolated cDNA encoding the zebrafish ortholog of mammalian GluRd2.
We found that in adult zebrafish brain, glurd2 mRNA was expressed not only in cerebellar Purkinje cells, but also in the crest cells

of the medial octavolateral nucleus (MON) and the type I neurons of the optic tectum. Immunohistochemical analysis revealed that

zebrafish GluRd2 proteins were selectively localized in the apical dendrites of these neurons. Interestingly, the crest cells of the MON

and the type I neurons of the optic tectum receive large numbers of parallel fiber inputs at the apical dendrites and sensory inputs at

the proximal or basal dendrites. These results suggest that the expression of zebrafish GluRd2 is selective for cerebellum-like neural

wiring with large numbers of parallel fiber inputs.

� 2004 Elsevier Inc. All rights reserved.
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Glutamate receptor (GluR) channels play a key role in

fast excitatory synaptic transmission, synaptic plasticity,

higher brain function including learning and memory,

and synapse refinement during brain development.

Based on the pharmacological and electrophysiological

properties, GluR channels have been classified into three

major subtypes that are the a-amino-3-hydroxy-5-meth-

yl-4-isozaxole propionic acid (AMPA), kainate, and
N-methyl-DD-aspartate (NMDA) receptors [1]. Molecular

cloning studies revealed the presence of 18 GluR channel

subunit genes, which can be classified into seven subfam-

ilies based on the amino acid sequence identities [2,3]. Six

of them well correspond to the pharmacologically de-

fined subtypes. We found GluRd subtype as a novel

member of GluR channel family by molecular cloning
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[4]. With respect to the amino acid sequence identity,

GluRd subtype is positioned between the NMDA and

non-NMDA subtypes. GluRd2, the second member of

GluRd subfamily, is selectively expressed in Purkinje

cells of the cerebellum [5,6], and within cerebellar Pur-

kinje cells, GluRd2 proteins are localized at the postsyn-

aptic density (PSD) of the parallel fiber-Purkinje cell

synapses, but not at the climbing fiber-Purkinje cell syn-
apses [7,8]. GluRd2 mutant mice showed impairments in

long-term depression (LTD) at the parallel fiber-Purkinje

cell synapse [9], motor learning [10,11], stabilization of

the parallel fiber-Purkinje cell synapse [9,12], and refine-

ment of climbing fiber innervation to Purkinje cells

[9,13,14]. However, it remains a mystery how GluRd2
regulates cerebellar synaptic plasticity and parallel fiber

synapse formation. GluRd1 and GluRd2 expressed in
Xenopus oocytes or mammalian cells failed to form func-

tional channels. The carboxyl-terminal of GluRd2
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associates with PSD-95/Dlg/ZO-1 (PDZ)-domain con-

taining proteins including PTPMEG and Delphilin

[15,16]. Recently, we found a novel interaction of

GluRd2 with Shank proteins through an internal motif

[17]. Furthermore, GluRd2, Shank1, Shank2, Homer,

metabotropic glutamate receptor 1a (mGluR1a), and
glutamate receptor interacting protein (GRIP) 1 formed

a postsynaptic signaling complex, suggesting that

through Shank1 and Shank2, GluRd2 can interact with

the mGluR1, AMPA receptor, and inositol 1,4,5-tri-

phosphate receptor type 1 (IP3R1) that are essential for

cerebellar long-term depression.

Zebrafish (Danio rerio) is an excellent model organism

to investigate vertebrate brain development and function
because transparent embryos and mutagenesis tech-

niques facilitate phenotype-driven forward genetic analy-

ses [18]. Recently, we developed a reverse genetic

technique in zebrafish [19–21]. The neuron- and stage-

specific expression of both effector and reporter mole-

cules in combination with in vivo observation of a single

neuron in living zebrafish embryos will provide a useful

tool for the elucidation of molecular mechanisms under-
lying synapse formation and synapse dynamics. As an

initial step to investigate how GluRd2 regulates cerebel-

lar synaptic plasticity and parallel fiber synapse forma-

tion by molecular genetic approaches in zebrafish, we

here cloned the zebrafish ortholog of mammalian

GluRd2. Zebrafish and mammalian GluRd2 proteins

shared high amino acid sequence identity and showed

conservation of several characteristic domains common
to ionotropic GluRs. We found that in adult zebrafish

brain, glurd2was expressed not only in the cerebellar Pur-
kinje cells, but also in the crest cells of MON and the type

I neurons of the optic tectum. GluRd2 proteins in these

neurons were localized at the apical dendrites receiving

large numbers of parallel fibers. These findings suggest

the selective expression of zebrafish GluRd2 in specific

types of neurons with cerebellum-like neural wiring.
Materials and methods

Animals. The zebrafish AB strain was used. Zebrafish of the AB

strain were raised and kept under the standard conditions at �28�C
[19].

Cloning of zebrafish glurd2 cDNA. A glurd2 cDNA fragment was

amplified by a nested PCR on a cDNA library from adult zebrafish

using 5 0-TGCAGGAAGCATGCGAGTTG-3 0 and 5 0-TT(C/T)TTNG

GCCACCA(C/T)TT(A/G)TG-3 0 (N, four nucleotides) as primers for

the first PCR and 5 0-AGCCTTGGTCAGTTCTATCGG-3 0 and 5 0-

CCACCANGCNCCCATCATCA-3 0 as primers for the second PCR.

The 1.6-kb cDNA fragment was cloned into pCRII (Invitrogen,

Carlsbad, CA) to yield pCRII-zfGluRd2-mid. The entire coding

sequence of glurd2 was obtained using a SMART RACE cDNA

Amplification kit (Clontech, Palo Alto, CA) with primers 5 0-

TGTTTTCCAGCTTTCGATCG-3 0, 5 0-ACAGCACCGTGTCGTAT

ATG-3 0, and 5 0-CTCTGTTCATCAACTCGCATGC-3 0 for 5 0-RACE

and primers 5 0-TGGACTTCACCACCCGCTAC-30 and 5 0-CTCCA

TGTGGTTTGTCTACG-3 0 for 3 0-RACE. The 0.8-kb 5 0 and 1.6-kb 3 0
cDNA fragments were cloned into pCRII to yield pCRII-zfGluRd2-5
and pCRII-zfGluRd2-3, respectively.

The nucleotide sequences of cDNA clones were determined on both

strands using the ABI Prism BigDye Terminator Cycle sequencing

ready reaction kit (PE Applied Biosystems, Foster City, CA) and were

deposited in the DDBJ/EMBL/GenBank databases under Accession

No. AB154207. The deduced amino acid sequences of zebrafish,

mouse, and human GluRd2 were aligned using GENETYX-MAC

Ver.11.1 (Software Development, Tokyo, Japan) and ClustalW

(DDBJ, Mishima, Japan) multiple alignment computer programs.

Contig search was performed using BLAST algorithm at the Ensemble

Zebrafish Genome Server website featuring the zebrafish whole ge-

nome shotgun assembly sequence version 3 (Sanger Institute, http://

www.ensembl.org/Danio_rerio/).

3D structure modeling. A 3D structure of the GluRd2 leucine/iso-

leucine/valine-binding protein (LIVBP)-like domain was modeled by

homology to the structure of the unliganded form of LIVBP (Protein

Data Bank (PDB) coordinates, 2LIV) on the basis of the sequence

alignment among zebrafish GluRd2, LIVBP, and leucine-binding

protein (LEUBP: PDB coordinates, 2LBP). The 3D–1D alignment was

performed by LIBRA I (DDBJ: http://www.ddbj.nig.ac.jp/E-mail/

libra/LIBRA_I.html). The structural modeling was performed with the

SwissPDBViewer (Swiss Institute of Bioinfomatics, Geneva, Switzer-

land; http://www.expasy.org/spdbv) [22].

In situ hybridization. Adult zebrafish were anesthetized on ice.

Brains were fixed with the skull bone in Bouin (15ml Van Gieson

solution P (Wako, Osaka, Japan), 5ml of 37% formaldehyde, and

1ml acetic acid) at 4 �C overnight. The fixed zebrafish brains were

carefully removed from the skull and dehydrated in graded ethanol,

embedded in paraffin, and sectioned at 10lm. All sections were

mounted on glass slides precoated with MAS (Matsunami, Osaka,

Japan).

The 1.6-kb EcoRI fragment from pCRII-zfGluRd2-mid was sub-

cloned into the pSPT18 to yield pSPT18-zfGluRd2-mid. Digoxigenin

(DIG)-11-UTP-labeled sense and antisense RNA probes specific for

the zebrafish glurd2 gene were synthesized in vitro with T7 and SP6

RNA polymerases using HindIII- and PvuII-cleaved pSPT18-zfG-

luRd2-mid, respectively, using a DIG RNA Labeling Kit (Roche,

Mannheim, Germany). Paraffin sections were deparaffinized and re-

hydrated. They were treated with 0.2N HCl for 20min and partially

digested with 1lg/ml proteinase K in 100mM Tris–HCl (pH 8.0) and

50mM EDTA at 37�C for 10min. Sections were fixed with 4% para-

formaldehyde at room temperature for 20min, acetylated with 0.25%

acetic anhydride in 0.1M triethanolamine–HCl at room temperature

for 15min, and prehybridized at 60�C for 2h in a prehybridization

buffer containing 50% formamide, 0.02% Ficoll, 0.02% polyvinylpyr-

rolidone, 0.02% bovine serum albumin, 2· standard saline citrate

(SSC; 150mM NaCl and 15mM sodium citrate), 10mM EDTA,

100lg/ml tRNA (Sigma, St. Louis, MO), and 0.01% Tween 20. Hy-

bridization was performed at 60�C for 12h in the prehybridization

buffer supplemented with 5% dextran sulfate and 0.25–1lg/ml DIG-

labeled cRNA nucleotide probes. The slides were washed three times at

60�C for 30min in 2· SSC containing 50% formamide and 0.01%

Tween 20, treated with 10lg/ml RNase A at 37�C for 1h in 10mM

Tris–HCl (pH 8.0) containing 1mM EDTA and 0.5M NaCl, washed

in 2 · SSC and 0.01% Tween 20 at 55�C for 30min, and washed twice

in 0.1· SSC and 0.01% Tween 20 at 55�C for 30min. The hybridization

reaction was visualized with DIG Nucleic Acid Detection Kit, using

nitroblue tetrazolium as a purple chromogen (Roche).

Double labeling. The in situ hybridization for zebrafish glurd2
mRNA was visualized with HNPP (2-hydroxy-3-naphthoic acid-2 0-

phenylanilide phosphate) Fluorescent Detection Set, using HNPP/

FastRed TR (4-chloro-2-methylbenzenediazonium hemi-zinc chloride

salt) complex (Roche). After hybridization, sections were incubated

with mouse anti-frog muscle parvalbumin antibody (1:2000; Sigma) at

4 �C overnight. For immunofluorescence they were incubated at room

temperature with biotinylated anti-mouse IgG for 1h and then with

http://www.ensembl.org/Danio_rerio/
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avidin, Alexa Fluor 488 conjugate (Invitrogen) for 30min. Sections

were imaged by a confocal microscope (MRC-2100, Bio-Rad, Hercu-

les, CA) with argon and/or helium–neon lasers using a Planapo 20·
objective lens (Nicon, Tokyo, Japan).

Western blot analysis. Whole-brain homogenates were prepared

from adult zebrafish and wild-type and GluRd2 mutant mice as de-

scribed [23]. Proteins (40lg) were separated by SDS–PAGE and

electroblotted onto a nitrocellulose membrane (Schleicher & Schuell,

Dassel, Germany). After blocking with 5% skim milk in phosphate-

buffered saline with 0.1% Tween 20 (PBST), the blots were incubated

with rabbit anti-mouse GluRd2 antibody [5] for 1h at room temper-

ature. The membrane was washed with PBST and incubated with a

horseradish peroxidase-conjugated anti-rabbit IgG (1:1000; Amersham

Biosciences, Piscataway, NJ) in PBST for 1h at room temperature. The

horseradish peroxidase was visualized using ECL Western blotting

detection reagents (Amersham Biosciences). For a control, anti-

GluRd2 antibody was preabsorbed for 1h at 20�C with 100lg/ml

mouse GluRd2 peptide.

Immunohistochemistry. Paraffin sections were incubated with rabbit

anti-mouse GluRd2 or GluRd2-peptide-absorbed control antibody

(1:10000) at 4 �C overnight. They were incubated at room temperature

with biotinylated anti-rabbit IgG for 1h at room temperature, and

then with peroxidase-conjugated streptavidin for 30min at room

temperature, using a Histofine SAB-PO(R) kit (Nichirei, Tokyo,

Japan). Immunoreaction was visualized with 3,3 0-diaminobenzidine.
Results

Molecular characterization of zebrafish GluRd2

From a zebrafish cDNA library, we isolated a cDNA

fragment by PCR with degenerate primers based on the

sequences of mouse, rat, and human glurd2 cDNAs

[5,6,24]. The entire coding sequence of zebrafish glurd2
was obtained by 5 0- and 3 0-RACE. The deduced amino

acid sequence shared 82%, 81%, and 81% identity with
mouse, rat, and human GluRd2, respectively. The amino

acid sequence identity of zebrafish GluRd2 with mam-

malian GluRd1 was �54% and those with mammalian

AMPA-, kainate-, and NMDA-subtypes of GluR were

�26%, �27%, and �25%, respectively [2,3]. By BLAST

searches of zebrafish glurd2 cDNA sequences against

Sanger zebrafish genomic sequence project database,

we found that glurd2 sequence was scattered on nine con-
tigs. Using mouse GluRd2 sequence, we found two addi-

tional contigs (chunk2229 and chunk6235) with high

homology. Deduced amino acid sequences from these

contigs shared 73–74% and 48–54% identity with mouse

GluRd1 and GluRd2, respectively. Thus, we conclude

that the cloned cDNA encodes the GluRd2 ortholog of

zebrafish. The zebrafish glurd2 gene was mapped on

chromosome (Chr) 8 close to atonal homolog 1 (atoh1)
using the mapping panels of the Zebrafish Information

Network (ZFIN: http://zfin.org/). Similarly, mammalian

Glurd2 and Atoh1 genes resided at the neighboring posi-

tions on human Chr 4q22 [24,25] and mouse Chr 6

[25,26]. The zebrafish glurd2 gene consisted of 16 exons

and exon–intron boundaries were conserved between

zebrafish and mouse glurd2 genes.
Fig. 1A shows the alignment of zebrafish, mouse, and

human GluRd2 amino acid sequences. Zebrafish

GluRd2 protein had characteristic features common to

those of mammalian ionotropic GluRs such as the long

amino-terminal domain, four hydrophobic stretches

corresponding to channel-forming M2 and membrane-
spanning M1, M3, and M4 segments, and the carboxyl

terminus [2]. Notably, segment M2 (residues 587–605)

is completely conserved among zebrafish and mamma-

lian GluRd2 [5,6,24]. The complete conservation implies

the functional significance of M2 segment, possibly as

the ion channel-forming or oligomerization domain.

There is a high degree of conservation in segments M1

and M3 (95% identity). The segment 1 (S1) of lysine/ar-
ginine/ornithine-binding protein (LAOBP)-like domains

[27] is also well conserved among species (91% identity).

Alanine at position 638 is also conserved, the site of

lurcher mutation that transforms GluRd2 to a constitu-

tively active channel [26]. The juxtamembrane segment

(residues 838–865) important for plasma membrane tar-

geting [28] and the S segment (residues 892–921) essen-

tial for the interaction with Shank proteins [17] are
highly conserved (89% and 90% identity, respectively).

Complete conservation is found for the carboxyl-termi-

nal 10 amino acid residues (residues 984–993) involved

in the PDZ domain recognition.

In addition, BLOSUM62 [29] scoring revealed the

conservation in N1 (residues 53–73) and N2 (residues

312–351) segments of the amino-terminal leucine/isoleu-

cine/valine-binding protein (LIVBP)-like domain [30]
and in a proline-rich segment (residues 950–977) of the

carboxyl-terminal region (Figs. 1A and B). We con-

structed a 3D structure model of the LIVBP-like domain

of zebrafish GluRd2 based on the homology to the un-

liganded form of bacterial LIVBP [31]. The modeled

structure consisted of two globular lobes, each lobe be-

ing made of alternation of b strands and a helices, inter-

connected by a hinge made of three short linkers
delineating a deep central cleft (Fig. 1C). The N1 and

N2 segments are located on the surface of a globular do-

main corresponding to the N-domain of bacterial LIV-

BP that has the LL-leucine-binding site.

Distribution of glurd2 mRNA in the adult brain

We examined the expression patterns of zebrafish
glurd2 mRNA in the adult brain by in situ hybridization

using sagittal sections. The cerebellum showed strong

hybridization signals (Figs. 2A and D). In addition, we

found clear hybridization signals in the medial octavo-

lateral nucleus (MON) (Figs. 2A and J) and the optic

tectum (Figs. 2A and M). By 4 days postfertilization,

glurd2 hybridization signals were detectable in the larval

cerebellum.
In the cerebellum, the glurd2 hybridization signals

were localized in the Purkinje cell layer of the lateral

http://zfin.org/


Fig. 1. Structural characterization of zebrafish GluRd2. J, juxtamembrane segment; M1–M4, hydrophobic segments; N1, N2, conserved amino-

terminal segments; and S, S segment. (A) Alignment of the deduced amino acid sequence of zebrafish (z) GluRd2 with the mouse (m) and human (h)

orthologs. The single amino acid code is used. Amino acid residues are numbered beginning with the amino-terminal residue of the proposed mature

protein ([3], indicated by an arrow).Numbers of the amino acid residues are given at the right-handed ends of the individual lines. Sets of identical amino

acid residues are shown in open boxes. Arrowheads indicate the junctions of exons, which are conserved among species. An asteriskmarks the conserved

alanine residue, the site of lurchermutation. (B) Homology between zebrafish andmouseGluRd2 proteins. The vertical axis gives the total BLOSUM62

score for residues in a 21-residue sliding window. (C) A 3D model of the LIVBP-like domain of GluRd2 produced by homology modeling using the

sequence alignment and the Protein Data Bank coordinates of LIVBP (2LIV). The well-conserved N1 and N2 segments are shown in white.
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division of valvula cerebelli (Val), the medial division

of valvula cerebelli (Vam), and the corpus cerebelli

(CCe) (Figs. 2A and D). We double-labeled sagittal

paraffin sections for glurd2 mRNA and parvalbumin

protein, a good marker for Purkinje cells in the teleost
cerebellum (Figs. 2F–H) [32]. The anti-parvalbumin an-

tibody labeled dendrites, cell bodies, and axon termi-

nals of Purkinje cells in the valvula cerebelli (Va) and

in rostral and caudal parts of CCe (Fig. 2G), while

little signals were detectable in the dorsal region. All
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immunoreactive signals for parvalbumin protein in

Purkinje cell bodies (green, Fig. 2G) were well merged

with hybridization signals for glurd2 mRNA (red,
Fig. 2F) in the Va and CCe (Fig. 2H). In the cerebel-

lum, zebrafish glurd2 mRNA was thus selectively ex-

pressed in Purkinje cells.



Fig. 3. Immunohistochemistry of GluRd2 proteins in the adult zebrafish brain. (A) Western blot analysis of GluRd2 proteins. Immunoblots of

whole-brain homogenates from wild-type mice (lanes 1 and 4), mutant mice lacking GluRd2 (lanes 2 and 5), and zebrafish (lanes 3 and 6) with anti-

mouse GluRd2 antibody (lanes 1–3) and GluRd2-peptide-absorbed control antibody (lanes 4–6). The sizes of marker proteins are indicated to the left

(kDa). A faint band (�75kDa) is non-specific due to the second antibody. (B,C) Immunostaining of sagittal brain sections with anti-GluRd2 (B) and

GluRd2-peptide-absorbed control (C) antibodies. GluRd2 immunoreactivity was observed in the molecular layer of the cerebellum, the crista

cerebellaris, and the stratum marginale of the optic tectum. CC, crista cerebellaris; CCe, corpus cerebelli; OB, olfactory bulb; Tel, telencephalon;

TeO, optic tectum; and Va, valvula cerebelli. Scale bar, 500lm. (D,E) Immunostaining of sagittal cerebellar sections with anti-GluRd2 (D) and

GluRd2-peptide-absorbed control (E) antibodies. GluRd2 immunoreactivity was observed in the molecular layer. ML, molecular layer; PL, Purkinje

cell layer; and GL, granule cell layer. Scale bar, 50lm. (F,G) Immunostaining of sagittal sections through the crista cerebellaris with anti-GluRd2 (F)
and GluRd2-peptide-absorbed control (G) antibodies. GluRd2 immunoreactivity was observed in the crista cerebellaris. CC, crista cerebellaris;

MON, medial octavolateral nucleus. Scale bar, 50lm. (H,I) Immunostaining of sagittal sections through the optic tectum with anti-GluRd2 (H) and

GluRd2-peptide-absorbed control (I) antibodies. GluRd2 immunoreactivity was observed in the stratum marginale layer. SM, stratum marginale;

SO, stratum opticum; SFGS, stratum fibrosum et griseum superficiale; SGC, stratum griseum centrale; SAC, stratum album centrale; SPV, stratum

periventriculare; and TL, torus longitudinalis. Scale bar, 50lm.
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Strong hybridization signals for glurd2 mRNA were
present in the MON, but not in the crista cerebellaris

(CC) (Figs. 2I–K). In the optic tectum, hybridization

signals for glurd2 mRNA were found in the stratum fi-

brosum et griseum superficiale (SFGS) layer, but not

in other five layers: the stratum marginale (SM), stratum

opticum (SO), stratum griseum centrale (SGC), stratum
Fig. 2. In situ hybridization analysis of the glurd2 mRNA in adult zebrafish br

corpus cerebelli; and GL, granule cell layer. ML, molecular layer; MON, me

SAC, stratum album centrale; SFGS, stratum fibrosum et griseum superficial

opticum; SPV, stratum periventriculare; Tel, telencephalon; TeO, optic tectu

brain sections were labeled with antisense (A) and sense (B) riboprobes specifi

cerebellum, the medial octavolateral nucleus, and the optic tectum. Higher ma

(C–E) Sagittal sections of the cerebellum. Sections were Nissl-stained (C), lab

glurd2. Hybridization signals were observed in the Purkinje cell layer. Scale

protein in the cerebellum. The glurd2 mRNA stained with HNPP/FastRed TR

with avidin-Alexa Fluor 488 conjugate was imaged with an Ar laser (G). The

of the medial octavolateral nucleus and crista cerebellaris (I–K) and optic t

(J,M) and sense (K,N) riboprobes specific for zebrafish glurd2, respectively. H
(J) and the stratum fibrosum et griseum superficiale of the optic tectum (M)

b

album centrale (SAC), and stratum periventriculare
(SPV) layers (Figs. 2L–N).

Localization of GluRd2 proteins in neurons

Western blot analysis using anti-mouse GluRd2 anti-

body showed a major immunoreactive band of about
ain with antisense and sense RNA probes. CC, crista cerebellaris; CCe,

dial octavolateral nucleus; OB, olfactory bulb; PL, Purkinje cell layer;

e; SGC, stratum griseum centrale; SM, stratum marginale; SO, stratum

m; TL, torus longitudinalis; and Va, valvula cerebelli. (A,B) Sagittal

c for zebrafish glurd2. Hybridization signals (purple) were present in the

gnification images of these regions are shown as insets. Scale bar, 1mm.

eled with antisense (D), and sense (E) riboprobes specific for zebrafish

bar, 50lm. (F–H) Double labeling of glurd2 mRNA and parvalbumin

complex was imaged with a HeNe laser (F) and parvalbumin stained

se images were merged on (H). Scale bar, 50lm. (I–N) Sagittal sections

ectum (L–N). Sections were Nissl-stained (I,L), labeled with antisense

ybridization signals were observed in the medial octavolateral nucleus

. Scale bar, 50lm.
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120kDa in whole-brain homogenates from zebrafish as

well as from wild-type mice, but not from mutant mice

lacking GluRd2 (Fig. 3A). The anti-mouse GluRd2 an-

tibody was raised against the carboxyl-terminal segment

of mouse GluRd2 (amino acid residues 836–915; [5])

that is well conserved in zebrafish GluRd2 (see above).
Preabsorption of the anti-GluRd2 antibody with mouse

GluRd2 peptide (residues 836–915) completely abol-

ished the immunoreactivity of the 120kDa band. We

thus employed the rabbit anti-mouse GluRd2 polyclonal

antibodies for immunohistochemical analysis of zebra-

fish GluRd2 and the preabsorbed antibodies as a nega-

tive control.

Immunohistochemical staining of sagittal sections of
adult zebrafish brains showed GluRd2 immunoreactivi-

ty in the cerebellar molecular layer, the CC, and the sur-

face layer of the optic tectum (Figs. 3B and C). In the Va

and CCe of the cerebellum, numerous immunoreaction

products occupied the entire molecular layers (Figs.

3D and E). No staining signals were present in the Pur-

kinje cell layer of the Va and CCe. These results suggest

that GluRd2 proteins are localized in the dendrites of
Purkinje cells in the cerebellum.

The MON where glurd2 mRNA hybridization signals

were localized showed no GluRd2 immunoreactivity

(Figs. 3F and G). Instead, strong immunostaining sig-

nals were found in the CC. Among three types of cells

(crest cell, granule-like cell, and lateral interneuron) in

the MON, the crest cell is the sole neuron that extends

dendrites in the CC [33]. These results suggest that
glurd2 mRNA expression in the MON can be assigned

to crest cells and GluRd2 proteins are localized in the

dendrites of crest cells in the CC.

In the tectum, strong immunoreactive signals were lo-

calized in the stratum marginale (SM) layer (Figs. 3H

and I), but not in the SFGS layer where glurd2 mRNA

hybridization signals were localized. The SFGS layer

contained the type I and type VI neurons [34]. Bipolar
type I neurons in the SFGS layer extend the apical den-

dritic tree in the SM layer and basal dendritic trees in the

SFGS and SGC layers. On the other hand, bipolar type

VI neurons in the SFGS layer extend dendrites in the SO

and SFGS layers and in the inner plexiform layer of

SGC, but not in the SM layer [34]. Thus, we conclude

that glurd2 mRNA expression in the SFGS layer of

the tectum can be assigned to the type I neurons and
GluRd2 proteins are localized in the dendrites of the

type I neurons in the SM layer.
Fig. 4. Schematic diagram of wiring patterns of the cerebellar Purkinje

cell (top), the crest cell of MON (middle), and the type I neuron of the

optic tectum (bottom). These neurons have similar wiring patterns,

receiving large numbers of parallel fiber inputs at the apical dendrites

and climbing fiber or sensory inputs at the proximal or basal dendrites.

Black circles on the apical dendrites of these neurons represent parallel

fiber synapses. EG, eminentia granularis; GL, granule cell layer; IO,

inferior olive; L, lateral line organ; R, retina; and TL, torus

longitudinalis.
Discussion

In the present investigation, we found that in the

adult zebrafish brain, GluRd2 is selectively expressed
in the cerebellar Purkinje cells, the crest cells in the

MON, and the type I neurons in the SFGS layer of
the optic tectum. This expression profile of the zebra-

fish GluRd2 appears to be in contrast with the very

specific expression of mammalian GluRd2 solely in

the cerebellar Purkinje cells [5,6]. In the teleost as well

as mammals, cerebellar Purkinje cells receive two excit-

atory inputs: very large numbers of weak inputs from
parallel fibers and a single but strong input from climb-

ing fiber [35–37]. Interestingly, the crest cells of the

MON in the teleost octavolateralis system also receive

two distinct excitatory inputs: large numbers of parallel

fiber inputs from eminentia granularis (EG) on the api-

cal dendrites in the CC and sensory inputs from the

lateral line and eighth nerve end organ on the basal

dendrites in the MON [36,38,39]. We have shown that
GluRd2 proteins are localized in the apical dendrites of
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the crest cells in the CC, but not in the MON. Thus,

GluRd2 proteins are selectively localized in the apical

dendrites of crest cells that receive large numbers of

parallel fiber inputs from the EG. This selective locali-

zation pattern of GluRd2 proteins in the crest cells is

reminiscent of selective localization of mammalian
GluRd2 proteins at parallel fiber synapses in cerebellar

Purkinje cells [7,8]. In the teleost optic tectum, the type

I neurons also receive two distinct excitatory inputs:

large numbers of parallel fiber inputs from the torus

longitudinalis (TL) on the apical dendrites in the SM

layer and sensory inputs from the retina onto the basal

and proximal dendrites in the SFGS layer [36,39]. We

have shown that GluRd2 proteins are localized in the
apical dendrites of the type I neurons in the SM layer,

but not in the proximal and basal dendrites in the

SFGS and SGC layers. Thus, GluRd2 proteins are se-

lectively localized again at the apical dendrites of the

type I neurons that receive large numbers of parallel

fiber inputs. These cerebellum-like structures are de-

rived embryologically from the somatosensory portion

of the alar plate and thus have common developmental
origins [39]. Our findings show that in these specific

types of neurons with similar characteristic wiring pat-

terns, zebrafish GluRd2 proteins are selectively local-

ized at their apical dendrites that receive large

numbers of parallel fiber inputs (Fig. 4).

Using GluRd2 mutant mice, we have shown that

GluRd2 plays a key role in LTD of synaptic transmission

at parallel fiber-Purkinje cell synapses [9]. Furthermore,
decrease in the number of parallel fiber-Purkinje cell syn-

apses and appearance of naked spines with no synaptic

contacts in GluRd2 mutant mice indicate that GluRd2
is required for the stabilization of parallel fiber-Purkinje

cell synapses [9,12]. In GluRd2 mutant mice with de-

creased parallel fiber synapses, climbing fiber territory

expanded distally along and beyond the target, resulting

in persistent multiple climbing fiber innervation [9,14].
Thus, GluRd2 was essential to restrict climbing fiber in-

nervation to the proximal dendritic segment of the target

Purkinje cell. These results suggest that GluRd2 is essen-

tial for securing of the connection and territory of large

numbers of weak parallel fiber inputs against a few but

strong climbing fiber inputs. Thus, our findings that zeb-

rafish GluRd2 proteins are selectively localized at the

apical dendrites of the crest cells in the MON and of
the type I neurons in the optic tectum suggest that

GluRd2 may play a key role in cerebellum-like neural

wiring with large numbers of parallel fiber inputs.
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