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Gephyrin mediates the postsynaptic clustering of glycine
receptors (GlyRs) and GABA , receptors at inhibitory synapses
and molybdenum-dependent enzyme (molybdoenzyme) activ-
ity in non-neuronal tissues. Gephyrin knock-out mice show a
phenotype resembling both defective glycinergic transmission
and molybdenum cofactor (Moco) deficiency and die within 1
day of birth due to starvation and dyspnea resulting from defi-
cits in motor and respiratory networks, respectively. To address
whether gephyrin function is conserved among vertebrates and
whether gephyrin deficiency affects molybdoenzyme activity
and motor development, we cloned and characterized zebrafish
gephyrin genes. We report here that zebrafish have two gephy-
rin genes, gphna and gphnb. The former is expressed in all tis-
sues and has both C3 and C4 cassette exons, and the latter is
expressed predominantly in the brain and spinal cord and har-
bors only C4 cassette exons. We confirmed that all of the gphna
and gphnb splicing isoforms have Moco synthetic activity. Anti-
sense morpholino knockdown of either gphna or gphnb alone
did not disturb synaptic clusters of GlyRs in the spinal cord and
did not affect touch-evoked escape behaviors. However, on
knockdown of both gphna and gphnb, embryos showed impair-
ments in GlyR clustering in the spinal cord and, as a conse-
quence, demonstrated touch-evoked startle response behavior
by contracting antagonistic muscles simultaneously, instead of
displaying early coiling and late swimming behaviors, which are
executed by side-to-side muscle contractions. These data indi-
cate that duplicated gephyrin genes mediate Moco biosynthesis
and control postsynaptic clustering of GlyRs, thereby mediating
key escape behaviors in zebrafish.
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Chemical synaptic transmission requires presynaptic release
of neurotransmitters that trigger the opening of ligand-gated
ion channels at postsynaptic sites. The accumulation or clus-
tering of neurotransmitter receptors at postsynaptic specializa-
tions is critical for rapid and efficient synaptic transmission.
Gephyrin, a major postsynaptic protein at inhibitory synapses,
was initially identified as a tubulin-binding protein that co-pu-
rified with glycine receptors (GlyRs)? (1-3). Gephyrin was later
characterized as an essential scaffold protein, which forms
postsynaptic aggregations of GlyRs or GABA , receptors at gly-
cinergic or GABAergic synapses, respectively (4—7). Gephyrin
consists of three distinct domains, an N-terminal G domain and
a C-terminal E domain that are linked by a central C domain.
Gephyrin directly binds to the large M3-M4 intracellular loop
of the GlyR B subunit via the E domain (8-12), whereas the
association to the M3-M4 intracellular loop of the GABA,
receptor subunits is mediated by the boundary motif of the C
and E domains (13). The G domain mediates trimer formation
in vitro, whereas the E domain forms a dimer, thus potentially
enabling the accumulation of GlyRs and GABA , receptors at
postsynaptic sites (10, 14, 15). Gephyrin also interacts with Pin1
(peptidylprolyl isomerase) (16), Dlc1/2 (cargo-binding compo-
nents of cytoplasmic dynein and myosin Va complexes) (17,
18), and collybistin (a RhoGEF for Cdc42) (19) via the C
domain. In addition to their roles as aggregation frameworks,
the E and G domains of gephyrin are crucial components for the
biosynthesis of molybdenum cofactor (Moco) from molybdop-
terin (MPT) (5, 20). The G domain binds to MPT and catalyzes
an adenylyl transfer to MPT (68). Adenylylated MPT is subse-
quently transferred to the E domain, where adenylylated MPT
is hydrolyzed, thereby yielding Moco (21, 69). Because molyb-
denum-dependent enzymes (molybdoenzymes) such as nitrate
reductase and sulfite oxidase are required for basic metabolism,
it is not surprising that Moco biosynthesis is highly conserved
in animals as well as in plants and bacteria (22). In fact, Moco
deficiency in humans usually results in death in early childhood
due to toxic sulfite levels (22, 23).

3 The abbreviations used are: GlyR, glycine receptor; dpf, days post-fertiliza-
tion; gphn, gephyrin; hpf, hours post-fertilization; MO, morpholino-oligo-
nucleotide; Moco, molybdenum cofactor; MPT, molybdopterin.
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Antisense oligonucleotide-mediated knockdown of gephyrin
in cultured spinal neurons eliminated GlyR clustering (4). Sim-
ilarly, antisense oligonucleotides or shRNA-mediated deple-
tion of gephyrin in cultured neurons blocked postsynaptic
aggregation of GABA, receptors (6, 24). Neonatal gephyrin
knock-out mice appeared externally normal but exhibited
severe apnea (5). They did not suckle and thus their stomach
never turned the normal white color. Because of these respira-
tory and nutritional defects, gephyrin-deficient newborns died
in early neonatal stages. In addition, they displayed a progres-
sive startle reflex in response to tactile stimuli. These symptoms
were more severe than those reported for the phenotypes of
mice carrying mutations in the GlyR a1l or 8 subunit genes,
which display startle responses following sudden acoustic or
tactile stimuli (25-31).

Mammals and birds are known to have a single gephyrin gene
(3, 32-35), but gephyrin has not yet been studied in fish. Using
the latest release of the zebrafish genome, we identified and
characterized two duplicated gephyrin genes (gphna and
gphnb) and examined alternative splicing, transcript distribu-
tion, and molybdoenzyme activity to determine whether these
genes have evolved distinct structural and functional proper-
ties. Taking advantage of the ease of performing gene knock-
down in zebrafish, we investigated whether one or both gephy-
rin proteins contribute to postsynaptic GlyR clustering, thereby
mediating escape behaviors. Our findings suggest that the
zebrafish gphna and gphnb have undergone functional parti-
tioning by evolving distinct gene expression, while retaining the
ability to synthesize Moco and to cluster GlyRs at synaptic sites.

EXPERIMENTAL PROCEDURES

Animals—Zebrafish (Danio rerio) were maintained on a 14-h
light and 10-h dark cycle at 28.5 °C and fed twice daily accord-
ing to the established procedures (36, 37). Embryos were
obtained by natural crossing. Fertilized eggs were raised in
system water at 28.5 °C and staged according to the standard
developmental method (38). All experiments were conducted
in accordance with the guidelines approved at National Insti-
tute of Genetics.

Database Searches—We searched the zebrafish genome
database Zv8 using full-length peptide sequence of the human
gephyrin P1 isoform (NP_001019389) as a query in BLAT/
BLAST searches. We also identified multiple distinct zebrafish
partial cDNAs using the same query in expression sequence tag
databases (www.ncbi.nlm.nih.gov). Data were aligned and ana-
lyzed by Genetyx software (Genetyx Corp.).

Molecular Cloning—Total RNA was extracted from whole
zebrafish embryos (48 h post-fertilization (hpf)) with TRIzol
reagent (Invitrogen). After DNase treatment, total RNA (500
ng) was reverse-transcribed to single strand ¢cDNA using
SuperScript III reverse transcriptase (Invitrogen) and
oligo(dT),, ;¢ primer (Invitrogen) according to the manufac-
turer’s instructions. To clone full-length gephyrin cDNAs,
two sets of primers were used for PCR as follows: gphna forward
primer, 5-ATGGCGTCGGACGGGATGATTTTAAC-3/,
and reverse primer, 5'-TCATAGCCGTCCTATGACCATG-
ACG-3'; gphnb forward primer, 5'-ATGGCGTCAGACGGG-
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ATGATTTTAACAAAC-3', and reverse primer, 5'-GTC-
ATAGACGCCCGATGACCATG-3'.

Physical Mapping—The LN54 radiation hybrid panel (39)
was used for physical mapping with the following primer sets:
gphna RH forward primer, 5'-GTTGAGATTGCTCTGGCCT-
GACTCCTCCCC-3', and reverse primer, 5'-GACAAACCA-
CAGCAGGCAGCAGCGACAACG-3'; gphnb RH forward
primer 1, 5'-CACACACGCTTGGGGAGGAG-3', and reverse
primer 1, 5'-CTCTCCCCCTCCAGAGTTCG-3'; gphnb RH
forward primer 2, 5'-CCCATTTCAGATCTGCAAAGAT-
GTGCCCTC-3’, and reverse primer 2, 5'-CATGCA-
CCGTGAACCACCCGTCCATCTCTG-3'.

RT-PCR—Total RNA was isolated from 1, 2, or 5 days post-
fertilization (dpf) zebrafish whole embryos or dissected heads
(2 dpf). To compare transcript levels of alternative splicing iso-
forms, RT-PCR was performed with the following primers:
gphna splicing forward primer, 5'-GGTGTGGCGTCCACCG-
AGGACAGCGGGTC-3', and reverse primer, 5'-ATGTCTA-
CAGCGCTGTGACTTGCTCTCAGG-3'; gphnb  splicing
forward primer, 5'-CACCGCCGCATCCATCGCTGCCAAG-
ATTCC-3', and reverse primer, 5'-CCTGAGCCAGAACTC-
GACCCATGCCGTCTC-3'. The PCR products were sepa-
rated in a 2% (w/v) agarose gel and imaged by Printgraph
(ATTO, AE-6933FXCF).

Determination of Moco Content in Escherichia coli mogA and
moeA Mutant Cells—Zebrafish gephyrin constructs pQE80-
gephyrin a (P1), -gephyrin a (C3), -gephyrin a (C4), -gephyrin a
(C3 and C4), -gephyrin b (P1) and -gephyrin b (C4) as well as
empty pQE8O0 vector were expressed in the E. coli mogA mutant
RK5206 (40) and the moeA mutant SE1581 (41), respectively.
Moco content was determined using the nit-1 reconstitution
assay (42). In brief, 50-ml cultures were inoculated to an initial
Agoo 0f 0.25, induced with 50 um isopropyl 1-thio-B-p-galacto-
pyranoside, grown overnight anaerobically at 25 °C, harvested,
washed with nit-1 buffer (50 mm sodium phosphate, 200 mm
NaCl, 5 mm EDTA), solubilized in 1 ml of nit-1 buffer, and
homogenized by sonication at 4 °C. The expression levels
of each sample were analyzed by Western blotting. Aliquots of
equally expressed proteins were used for the determination of
Moco activity by nit-1 reconstitution using 1-10 ul of crude
protein extract and 25 ul of Neurospora crassa nit-1 extract
supplemented with 2 mM reduced glutathione. After 2 h of
anaerobic reconstitution, nitrate reductase activity was deter-
mined as described previously (23). Expression levels of the
different gephyrin splice variants in E. coli cells and zebrafish
embryos were analyzed by Western blotting using either mouse
monoclonal anti-gephyrin antibodies mAb3B11 (1:20) (42) or
polyclonal rabbit anti-gephyrin antisera pAb-GepG (1:2000,
Puszta Serum) (43) as primary antibodies.

Determination of Moco Content in Zebrafish Embryos—Con-
trol and gphna/gphnb and gphna/gphnb antisense morpholino-
oligonucleotide (MO)-injected zebrafish embryos were solubi-
lized in 250 pl of nit-1 buffer, homogenized with Potter S
homogenizer (Sartorius), sonicated, and centrifuged for 20 min
at 4 °C. For the determination of Moco content, 5-20 ul of
crude extract were incubated with 30 ul of nit-1 extract. After
2 h or overnight anaerobic reconstitution, nitrate reductase
activity was determined.
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PALRKMQGILDPRPTIIKARLSCDVKLDPRPEYHRCILTWHHQEPMPWAQSTGNQYSSRLMSMRSANGLLMLPPKTEQYV rgZdi]

Human  Gephyrin 601
Rat Gephyrin 601

Mouse Gephyrin 601 PALRKMQGILDPRPTIIKARLSCDVKLDPRPEYHRCILTWHHQEPEPWAQSTGNQUSSRLMSMRSANGLLMLPPKTEQYVrgdi]
Chicken Gephyrin 601 PALRKMQGILDPRPTIIKARLSCDVKLDPRPEYHRCILTWHHQEPEPWAQSTGNQUSSRLMSMRSANGLLMLPPKTEQYV gy
Frog Gephyrin 601 PALRKMQGILDPRPTIIKARLSCDVKLDPRPEYHRCILTWHHQEPEPWAQSTGNQUSSRLMSMRSANGLLMLPPKTEQYVrgdi]
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Zebrafish Gephyrinb 601

Human  Gephyrin 361 FETEGIADITIME 736
Rat Gephyrin 361 FAGIGAWIIIRGNR 736
Mouse  Gephyrin KT ME L HKGEVVDVMVIGRL &
Chicken Gephyrin 361 HUIGIANDIIIHGNY 736
Frog Gephyrin 361 HGIGqANDIIVAGNE 736
Zebrafish Gephyrina 360 HGISIRADVNALGR 735
Zebrafish Gephyrinb 361 GG 736

FIGURE 1. Sequence alignment of zebrafish gephyrin proteins with frog, avian, and mammalian counterparts. Sequence alignment of human
(GenBank™ accession number NP_001019389), rat (NP_074056), mouse (modified from NP_766540), chick (NP_001026720), and frog (modified from
NP_001090459) gephyrin protein (P1 isoform) with zebrafish gephyrin a (BAI68421) and gephyrin b (BAI68425). The G, C, and E domains are represented as
colored boxes (G domain, green; C domain, blue; E domain, orange). The positions of C3 and C4 cassettes are indicated by open triangles. The binding sites for
Pin1, DIc1/2, and Collybistin are highlighted by yellow boxes. The GABA ,R-binding site is highlighted by a magenta box. Residues essential for GlyR B interac-
tions and Moco biosynthesis are highlighted by red and blue circles below the residues, respectively.

In Situ Hybridization—Plasmids encoding zebrafish full-
length gephyrins were linearized by restriction enzyme diges-
tion, followed by in vitro transcription reactions with T3 RNA
polymerase (Stratagene) to synthesize digoxigenin-labeled
antisense RNA probes. Whole-mount in situ hybridization
using digoxigenin-labeled RNA probes was carried out as
reported previously (44). In brief, embryos were raised in sys-
tem water supplemented with 0.003% (5 mm) 2-phenylthiourea
(Sigma) to prevent pigmentation after 24 hpf. At 24 and 48 hpf,
embryos were fixed in 4% (w/v) paraformaldehyde at 28 °C for
8 h and treated with methanol. After proteinase K treatment,
embryos were refixed and hybridized with the appropriate RNA
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probes at 65 °C, followed by incubation with anti-digoxigenin
antibody conjugated with alkaline phosphatase and stained
with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl
phosphate substrates (Roche Applied Science) to produce
purple insoluble precipitates. For sectioning after color
development, 10-um sections were cut with a cryostat
(Leica, CM3050S).

Western Blotting—Whole-cell extracts were prepared from
zebrafish embryos (48 hpf). 50 ug of protein was separated by
10% (w/v) SDS-PAGE and blotted onto polyvinylidene difluo-
ride membrane (Bio-Rad). Anti-gephyrin (clone 45, mouse
IgG,, 1:1000, BD Transduction Laboratories) and anti-mouse
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IgG, HRP-linked antibody (1:1000, Cell Signaling Technology)
were used as primary and secondary antibodies, respectively.

Immunostaining—Zebrafish embryos were embedded in
OCT compound and gradually frozen in liquid nitrogen. Cryo-
sections (20 um) were fixed in 4% (w/v) paraformaldehyde at
room temperature for 10 min and subjected to immunostaining
with anti-GlyRa (mAb4a, mouse IgG;, 1:1000, Synaptic Sys-
tems (45)), anti-gephyrin, anti-Isletl (39.4D5, mouse IgG,,
1:200, Developmental Studies Hybridoma Bank), anti-GluR2/3
(EP929Y, rabbit monoclonal IgG, 1:1000, Epitomics), and anti-
synaptic vesicles (SV2, mouse IgG,, 1:200, Developmental
Studies Hybridoma Bank). Alexa 488-conjugated anti-mouse
IgG,;, Alexa 555-conjugated anti-mouse IgG,;, Alexa 555-con-
jugated anti-mouse IgG,, Alexa 568-conjugated anti-mouse
IgG, and Alexa 568-conjugated anti-rabbit IgG were used as
secondary antibodies (1:1000, Invitrogen). Double labeling with
anti-GlyR and anti-gephyrin was performed sequentially. Fluo-
rescent images were captured by a confocal microscopy (Olym-
pus, FV300).

Antisense Morpholino Injection—MO synthesized by Gene
Tools were resuspended in sterile water at a concentration of
0.8 mM and delivered into zebrafish embryos at the 1-4-cell
stage by microinjection (46). The injection apparatus consisted
of a heat-pulled glass capillary (GD1.5, Narishige) positioned by
a micromanipulator (UM-3C, Narishige), through which the
MO was pressure-injected using a nitrogen air supply con-
trolled by a microinjector (Picospritzer III, Parker). The MOs
were designed against 15 bases of the 5'-UTR and 10 bases of
the coding sequence on gphna and gphnb mRNAs. The CAT
sequence in boldface corresponds to the start codon (ATG).
The sequences of MO were as follows: gphna MO, 5'-CCG-
ACGCCATGTTTAGCAGCGCTCT-3'; gphnb MO, 5'-CTG-
ACGCCATATTCAGCACCGCTGT-3'; and control MO,
5'-CCTCTTACCTCAGTTACAATTTATA-3".Wild-typeem-
bryos were injected with 5-10 ng of MO. At these doses, control
MOs produced no discernible phenotypes.

Video Recording of Zebrafish Touch Responses—Embryonic
behaviors were observed and video recorded at 24 and 48 hpf
using a dissection microscope (M165FC, Leica) and a high
speed CCD camera (Fastcam-Ultima 1024, Photron). Mech-
anosensory stimulation was delivered to the tail with a forceps.

RESULTS

Identification of Two Gephyrin Genes in Zebrafish—We
searched the zebrafish genome database using full-length
peptide sequence of the human gephyrin P1 isoform (NP_
001019389), which is known to be the standard isoform among
many splicing products, and we found at least two genomic
fragments each covering a gephyrin gene. We also identified
multiple distinct zebrafish partial cDNAs using the same query
in expression sequence tag databases. These in silico searches
resulted in the identification of two distinct gephyrin genes
located in Scaffold2082/Chromosomel7 (designated gphna)
and in Scaffold2347/Chromosome20 (designated gphnb). How-
ever, a match to C-terminal gphnb exons was found in Scaf-
fold1318/Chromosomell. Given the current ambiguity of
some gene locations in Zv8 due to incorrect contig assemblies,
we physically mapped the chromosomal locations of gphna and
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FIGURE 2. Moco synthetic activity of zebrafish gephyrin. A, nitrate reduc-
tase activity in E. colimogA RK5206 mutants carrying pQE80-gephyrina (P1),
-gephyrin a (C3), -gephyrin a (C4), -gephyrin a (C3,C4), -gephyrin b (P1), or
-gephyrin b (C4) expression vector or control vector (pQE80). Error bars rep-
resent S.D. of three measurements. B, nitrate reductase activity in E. colimoeA
SE1581 mutants expressing zebrafish gephyrin isoforms. Error bars represent
S.D. of five measurements. Note that gephyrin a (C3 and C4) shows reduced
but significant Moco synthetic activity. C, nitrate reductase activity in
zebrafish embryos injected with a control MO or a mixture of gphna and
gphnb MOs. Nit activity was significantly reduced in gephyrin morphants
compared with controls, consistent with a large reduction in Moco biosyn-
thesis. Although we were not able to completely abolish Moco biosynthesis,
this is likely due to persistent maternal gephyrin or Moco. Error bars represent
S.D. of four measurements.

gphnb using the LN54 radiation hybrid panel (39). This con-
firmed that gphna was located on chromosome 17 (logarithm of
odds score, 17.6) as predicted by the genome database. By con-
trast, both the N and C termini of gphnb were physically
mapped to chromosome 20 (logarithm of odds score, 11.2). No
PCR matches were observed to chromosome 11. Thus,
zebrafish appear to have two distinct gephyrin genes that are
likely to have been generated by the ancestral genomic duplica-
tion during teleost evolution. We then amplified full-length
c¢DNAs from zebrafish total RNA by RT-PCR using forward
and reverse primers matching gphna and gphnb N and C ter-
mini. For gphna, we amplified four distinct gephyrin cDNAs,
which were generated by alternative splicing. The shortest
gephyrin a isoform was designated as gphna (P1) (GenBank™
accession number AB546096), which corresponds to the P1
construct in mammals (Fig. 1) (3, 35). The others were named
gphna (C3) (AB546097), gphna (C4) (AB546098), and gphna
(C3,C4) (AB546099), according to the inclusion of C3 and/or
C4 cassette exons (see below). By contrast, fewer isoforms were
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identified for gphnb. We designated the shortest isoform as
gphnb (P1) (AB546100), which corresponds to the P1 in mam-
mals (3, 35), and the longer as gphnb (C4) (AB546101) due to
the presence of C4 cassette exons. The P1 isoforms of gephyrin
a and b were 735 and 736 amino acids long, respectively, and
showed 95.9% sequence identity. Residues in the E domain
required for binding to the GlyR B subunit (11) or in the G and
E domains required for Moco biosynthesis (14, 47) were com-
pletely conserved in both zebrafish gephyrins. The boundary
region of the C and E domains, which is responsible for GABA ,
receptor binding (13), was also conserved. Furthermore, in the
C domain, the collybistin- and Dlc1/2-binding sites (17-19)
were highly conserved, although the Pinl-binding site (16) is
divergent in gephyrin b. These findings suggest that both
zebrafish gephyrins are predicted to have equivalent functional
properties to mammalian gephyrin in terms of Moco biosyn-
thesis and GlyR clustering.

Moco Synthetic Activity of Gephyrin Isoforms—To demon-
strate Moco synthetic activity, gephyrin isoforms were analyzed
in Escherichia coli by reconstituting Moco synthesis in mutants
of mogA and moeA, which have biosynthetic activity corre-
sponding to the gephyrin G and E domains, respectively. Six
recombinant gephyrin isoforms were expressed in both E. coli
mutants, and Moco contents of crude extracts were determined
by nit-1 reconstitution. All gephyrin a and b isoforms were able
to restore Moco synthesis in m0gA and moeA mutants (Fig. 2, A
and B), confirming that Moco synthetic activity is maintained
in gephyrin a and b regardless of inclusion of C3 and/or C4
cassette exons.

To further examine whether zebrafish gephyrin products
have Moco synthetic activity in zebrafish embryos, we used
antisense morpholino-oligonucleotides (MO) to block gephy-
rin protein synthesis. We injected a control MO or a mixture of
gphna and gphnb MOs into wild-type zebrafish embryos at the
1-4-cell stage. Moco contents of whole zebrafish embryos at 72
hpf were determined by nit-1 reconstitution. Moco synthetic
activity was significantly reduced in gphna/gphnb MO-injected
embryos compared with control MO-injected embryos (Fig.
2C). These successful complementation and knockdown exper-
iments indicate that zebrafish gephyrin a and gephyrin b iso-
forms have Moco synthetic activity in vitro and in vivo.

Alternative Splicing of Zebrafish Gephyrin mRNAs and Tem-
poral Expression—In mammals, the gephyrin gene consists of
up to 30 exons (35, 48). Ten of these are so-called cassette
exons, which are alternatively spliced into gephyrin mRNAs,
giving rise to numerous gephyrin isoforms. These cassettes
were originally named C1-C7 (3, 48). However, gephyrin iso-
forms appear to be expressed in a tissue-specific manner with
species-specific differences (33, 35, 49 —51). Different cassettes
have been discovered by multiple groups and named indepen-

Zebrafish Gephyrin Genes

dently; thus, the nomenclature of gephyrin isoforms is confus-
ing. In this paper, we employed the cassette definition proposed
by a recent comprehensive review on gephyrin (52). In
zebrafish, gphna includes 26 exons, whereas gphnb has 25 exons
(Fig. 3A). The C2 and C6 cassettes, which are constitutively
spliced into the majority of mammalian and avian gephyrin
isoforms, are now considered to be the common exons rather
than cassette exons (52). In accordance with this notion, the
corresponding exons (2 and 17) were present in all of the gphna
and gphnb isoforms. By contrast, the C3 cassette, which is con-
stitutively spliced into gephyrin transcripts in peripheral tissues
and glial cells (35, 42, 49, 51, 53), was found in zebrafish gphna
but not in gphnb, suggesting that gphna but not gphnb can gen-
erate non-neuronal gephyrin isoforms. In humans, four C4 cas-
sette exons (C4a, C4b C4c, and C4d) have been characterized
(Fig. 3B) (35, 52). In zebrafish, C4c and C4d as well as a
zebrafish-specific C4 exon (designated C4z) located between
exons C4c and C4d were found in both gphna and gphnb. No
other cassettes were found in either gphna or gphnb genes.

To examine temporal expression of alternative splicing iso-
forms of gphna and gphnb, we used semi-quantitative RT-PCR
with total RNA extracted from whole embryos or dissected
heads. Primers were designed in exons 7-14, which amplify
c¢DNAs containing both C3 and C4 cassettes, for both gphna
and gphnb. For gphna, we found that the C3 isoform was the
major transcript detected in whole embryos, whereas P1, C3,
C4, and C3/C4 isoforms could be detected in dissected heads
(Fig. 3C). By contrast, for gphnb, both P1 and C4 were the major
transcripts in whole embryos and in dissected heads (Fig. 3D).
Note that no predicted C3 isoforms were detected for gphnb.

Spatial Expression Pattern of Gephyrin mRNA—In mam-
mals, the C3 cassette is excluded from neuronal gephyrins by a
splicing factor called Nova (53). Thus, whereas C3 is constitu-
tively spliced into gephyrin transcripts in peripheral tissues and
glial cells, it is excluded in neurons (35, 42). If this assumption is
correct, gphna, which includes the C3 cassette, should be
expressed in many tissues, whereas gphnb, which does not har-
bor a C3 cassette exon, might only be expressed in neurons.
Expression of gphna and gphnb was examined by whole-mount
in situ hybridization using full-length cDNA probes. As pre-
dicted, gphna mRNA was detected in the whole embryo at 24
and 48 hpf (Fig. 4, A and B). In the hindbrain, gphna was pre-
dominantly expressed in repeating bilateral clusters of cells,
which appeared to be reticulospinal neurons (Fig. 4, E, F, I, and
J) (54). In the trunk region, gphna was expressed in both the
spinal cord and muscle (Fig. 4, M, N, Q, and R). Cross-sections
clearly demonstrated that gpina mRNA was predominantly
found in the lateral spinal cord (Fig. 4, U and V). By contrast,
gphnb expression was restricted to neurons at 24 and 48 hpf
(Fig. 4, C and D). In the hindbrain, gphnb was expressed in

FIGURE 3. Alternative splicing of zebrafish gephyrin mRNAs. A, schematic diagram showing genomic structure of zebrafish gphna and gphnb. Exons are
shown as boxes and introns as lines. Shaded exons 2, 8, 10-12, and 17 represent splicing cassettes C2, C3, C4, and C6, respectively. Positions of PCR primers to
amplify gephyrin cDNAs isoforms are shown by arrows. B, amino acid sequence alignment of human, mouse, and zebrafish gephyrin isoforms containing C3
and/or C4 cassettes. C, temporal expression of gphnaisoforms. Lanes 1-4, cloned gphna cDNAs were used as templates to represent the sizes of corresponding
PCR products. Lanes 5-7, total RNA was extracted from 1, 2, or 5 dpf whole embryos and subjected to RT-PCR. Lanes 8-10, total RNA extracted from dissected
heads of 1, 2, or 5 dpf embryos was subjected to RT-PCR. D, temporal expression of gphnb isoforms. Lanes 1 and 2, cloned gphnb cDNAs were used as templates.
Lanes 3-5, RT-PCR using total RNA extracted from 1, 2, or 5 dpf whole zebrafish embryos. Lanes 68, RT-PCR using total RNA extracted from 1, 2, or 5 dpf

zebrafish heads.
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gphna

24 hpf

Whole-
mount

Hindbrain
Lateral view

Hindbrain
Dorsal view

Trunk
Lateral view

Trunk
Dorsal view

Trunk
Cross section

views (E-H) and dorsal views (/-L) of hindbrains show gphna and gphnb expression in bilaterally located reticulospinal neurons of rhombomere segments
(r2-r7). Lateral views (M—P) and dorsal views (Q-T) of trunks show gphna expression in muscles (M) and spinal cords (SC) and gphnb expression in spinal cord
at 24 and 48 hpf. Cross-sections of trunks (U-X) reveal that both gphna and gphnb are expressed in lateral spinal neurons.
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FIGURE 5. Gephyrin co-localizes with GlyRs in the spinal cord. A, protein extracts from whole zebrafish
embryos (48 hpf) were separated by SDS-PAGE and probed with an anti-gephyrin antibody, resulting in the
detection of a major ~93-kDa protein. B—F, immunostaining of zebrafish spinal cord sections (48 hpf). Cross-
sections were co-labeled with anti-gephyrin and anti-Islet1 (B), with anti-GlyRa and anti-Islet1 (C), with anti-
GlyRa and anti-gephyrin (D), with anti-GluR and anti-gephyrin (E), or with anti-synaptic vesicles and anti-
gephyrin (F). Islet1-positive cells are motor neurons (ventral side) and mechanosensory Rohon-Beard neurons
(dorsal side). Note that gephyrin is co-localized with GlyRs but not with GluRs.

reticulospinal neurons (Fig. 4, G, H, K, and L). In the trunk,
expression of gphnb was observed in the spinal cord at 24 and 48
hpf (Fig. 4, O, P, S, and T). Cross-sections of the trunk revealed
that gphnb was exclusively expressed in the lateral spinal cord
(Fig. 4, W and X). These spatial patterns indicate that expres-
sion of gphna is ubiquitous (CNS and peripheral tissues),
whereas gphnb encodes a neuronal gephyrin. However, the
expression patterns of both genes overlap in the CNS, suggest-
ing that both gphna and gphnb are important for the function of
hindbrain reticulospinal neurons and lateral spinal neurons.
GIlyR Clustering in Spinal Neurons—In mammals, mono-
clonal antibodies mAb7a (45) (Synaptic Systems) have been
successfully used to demonstrate synaptic localization of
gephyrin in vivo. However, in our hands, this antibody did not
function in immunostaining experiments in zebrafish, perhaps
due to subtle differences in zebrafish and mammalian gephyrin
sequences. Instead, we found that another anti-gephyrin
monoclonal antibody, clone 45 (BD Biosciences), reacts with
zebrafish gephyrin proteins. Western blotting of whole embryo
extracts with this antibody yielded a major band at ~93 kDa,
which is identical to the molecular weight of mammalian
gephyrin (Fig. 54). Immunolabeling of the spinal cord sections
with this antibody revealed gephyrin puncta in the lateral area
of the spinal cord, where both gphna and gphnb mRNA are
expressed (Fig. 5B). Double labeling with anti-Islet] (a marker
for motor neuron nuclei and primary sensory Rohon-Beard
neuron nuclei) revealed that gephyrin proteins are likely to be
expressed in motor neurons and some inter-neurons. GlyR
aggregates labeled using the anti-GlyRa (mAb4a) were also
present in lateral spinal neurons, including motor neurons (Fig.
5C). In fact, co-labeling of GlyR and gephyrin demonstrated
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that GlyR and gephyrin were co-lo-
calized in lateral spinal neurons
(Fig. 5D). By contrast, gephyrin did
not co-localize with excitatory glu-
tamate receptors (Fig. 5E), corrobo-
rating the notion that gephyrin
functions as a scaffolding protein at
inhibitory but not excitatory syn-
apses. We also confirmed co-label-
ing of gephyrin and synaptic vesi-
cles, indicating that, as expected,
gephyrin is located at synapses.
Along with the conservation of GIyR
« and B proteins in vertebrates (44,
55, 56), these results strongly sug-
gest that zebrafish gephyrins medi-
ate GIyR clustering.

Gephyrin Is Necessary for GIlyR
Clustering and Escape Behavior—
To assess whether gephyrin is
essential for postsynaptic accumu-
lation of GlyRs in zebrafish, we used
MO to block gephyrin protein syn-
thesis. We injected control MO,
gphna MO, gphnb MO, or a mixture
of both MOs into wild-type
embryos at the 1-4-cell stage.
Cross-sections of morphants were labeled with anti-gephyrin
or anti-GlyRa antibodies at 48 hpf. Following gphna or gphnb
MO injection, punctate gephyrin immunostaining was similar
to that seen following the control MO injection (Fig. 6, A—C and
E-G@G), whereas gephyrin puncta were not observed when a mix-
ture of both MOs was injected (Fig. 6, D and H). These immu-
nolabelings confirm that the anti-gephyrin antibody recognizes
both gephyrin a and b proteins in zebrafish and that gephyrin
immunoreactivity is eliminated only when translation of both
mRNA species is blocked. Labeling with an anti-GlyRa anti-
body revealed GlyR clusters in the lateral spinal cord in the
control and gphna and gphnb morphants (Fig. 6, I-K and
M-0). However, in the double morphants, sparse diffuse sig-
nals rather than puncta were seen in the lateral spinal neurons
(Fig. 6, L and P). These results strongly suggest that gephyrin is
necessary for the synaptic clustering of GlyRs in developing
zebrafish embryos.

Gephyrin knock-out mice assume a rigid, hyperextended
posture in response to tactile stimuli (5). To address whether
gephyrin morphants in zebrafish also exhibit abnormalities in
motility and touch-elicited escape behaviors, gphna and gphnb
morphants as well as double gphna/gphnb morphants were
examined at 24 and 48 hpf using high speed video recording. At
24 hpf, control, gphna and gphnb morphants responded to
touch with normal side-to-side alternating contractions of the
trunk muscles that resulted in typical coiling behaviors (supple-
mental Movies 1-3). However, double morphants demon-
strated apparent simultaneous bilateral contractions of trunk
muscles and showed dorsal flexure and shortening of the body
(supplemental Movie 4). Likewise at 48 hpf, control and gphna
and gphnb morphants swam away following touch (supplemen-

10 um

JOURNAL OF BIOLOGICAL CHEMISTRY 813


http://www.jbc.org/cgi/content/full/M110.125500/DC1
http://www.jbc.org/cgi/content/full/M110.125500/DC1
http://www.jbc.org/cgi/content/full/M110.125500/DC1

Zebrafish Gephyrin Genes

Control MO gphna MO gphnb MO gphna/gphnb MO
A B C D

Gephyrin

FIGURE 6. Inhibition of zebrafish gephyrin translation. Control, gphna, or gphnb MO or a mixture of gphna/gphnb MOs were injected into wild-type embryos.
Cross-sections of these morphants (48 hpf) were immunolabeled with anti-gephyrin (A-H) or anti-GlyR (/-P). Expression of gephyrin in the lateral spinal cord
was observed in control, gphna, and gphnb morphants (A-C) but not in gphna/gphnb double morphants (D). High magnification images of the lateral spinal
cord revealed that gephyrinimmunoreactivities are puncta in control, gphna, and gphnb morphants (E-G). Gephyrin protein was eliminated by knocking down
both gphna and gphnb (H). GlyR clusters were observed in control, gphna, and gphnb morphants (I-K) but not in gphna/gphnb double morphants (L). High
magnification images (M-P) confirm that unlike control or gphna and gphnb morphants (M-0), GlyR immunoreactivity in gphna/gphnb double morphants is
weak and diffuse, presumably representing GlyRs trapped in intracellular compartments (P).

tal Movies 5-7), whereas double knockdown embryos dis-
played a startle response by contracting antagonistic muscles
simultaneously (supplemental Movie 8). These abnormal be-
haviors of gphna/gphnb double morphants are highly reminis-
cent of zebrafish bandoneon mutants that carry mutations in
glrbb, encoding one of two duplicated GlyR 8 subunits (44).
These results, along with the GlyR clustering defects in double
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knockdown embryos, indicate that both zebrafish gephyrins are
critical for GlyR clustering in vivo and as a consequence for
proper touch-evoked escape behavior.

DISCUSSION

In this study, we identified gphna and gphnb, encoding two
zebrafish orthologs of vertebrate gephyrin. Both genes were
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expressed in the CNS, including reticulospinal neurons and
motor neurons. However, only gphna was expressed in non-
neural tissues in addition to the CNS and carried the C3 cassette
that is the exon constitutively spliced into peripheral and glial
gephyrin isoforms in mammals. Antisense-mediated single
knockdown of either gphna or gphnb did not cause any appar-
ent defects. However, double knockdown embryos showed
impairments in synaptic GlyR clustering and, as a consequence,
exhibited simultaneous contraction of bilateral muscles, result-
ing in abnormal startle reflexes in response to touch. Therefore,
it appears that these duplicated gephyrin genes redundantly
regulate synaptic GlyR aggregation and, thus, escape behavior.

Mammals, birds, and amphibians each have a single gephyrin
gene, whereas zebrafish have two gephyrin orthologs. The
existence of two distinct counterparts of a mammalian gene is
not uncommon in zebrafish due to suspected duplication of the
whole genome during fish evolution (57, 58). Zebrafish gphna
and gphnb were located on chromosome 17 and 20, respec-
tively, whereas human gephyrin gene is located on chromo-
some 14 (32). In agreement with the suspected genome dupli-
cation, comparative genomic studies have suggested that
zebrafish chromosome 17 and 20 and human chromosome 14
are derived from the same ancestral chromosome (59, 60).

The interesting question raised by such duplicated orthologs
is as follows. How are the functions of the genes divided in the
case of duplicated genes? In some cases, one ortholog plays a
dominant role and the other plays a minor role (61). In the other
cases, the two orthologs serve as backups for each other,
thereby working redundantly (62). But if the two orthologs alter
their spatial or temporal expression patterns, each of the genes
can acquire separate essential functions (63). In zebrafish,
gphna was expressed ubiquitously as shown previously for
mammalian gephyrin (3, 35, 48, 51, 53), whereas gphnb was
expressed only in the CNS. Because the gphna/gphnb double
morphants but neither of the single morphants showed abnor-
mal neuronal functions, it appears that gp/hna and gphnb redun-
dantly operate GlyR clustering in the CNS.

Because the C3 cassette is excluded in mouse neurons by the
splicing factor Nova (53), C3 has been thought of as an impor-
tant exon in non-neuronal functions such as Moco biosynthe-
sis. Similarly in zebrafish, none of the isoforms of gphnb, which
is expressed exclusively in neurons, contained C3, corroborat-
ing the notion that the C3 cassette is repressed in neurons. In
addition, gphna without C3 was enriched in the head, whereas
most of the gphna mRNA in whole zebrafish embryos consisted
of the C3 isoform. Taken together along with previous results
showing a glial and peripheral expression of gephyrin C3 (35,
42), our results suggest that C3 is somehow linked to non-neu-
ronal roles of gephyrin. However, regardless of the presence of
C3, all of the zebrafish gephyrin a and gephyrin b isoforms
showed Moco synthetic activity as in the case of rat gephyrin
isoforms (42).

C4 cassettes are generated by four distinct exons (C4a, C4b,
C4c, and C4d) in humans (35), three exons (C4a, C4c, and C4d)
in mice (48), and three exons (C4c, C4z, and C4d) in zebrafish.
Thus, it appears that the number and types of C4 exons are
variable between species. In this study, we found novel C4z
exons between C4c and C4d that are spliced into both gphna
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and gphnb mRNAs. Although we could not find the corre-
sponding potential exon sequence between C4c and C4d in the
human and mouse gephyrin genes, additional gephyrin iso-
forms may remain to be uncovered in other species. Gephyrin
containing both the C4 and the G2 cassette (formerly C5 or C5’
cassette) blocks postsynaptic aggregation of gephyrin. How-
ever, this inhibitory effect is attributable to the insertion of the
G2 cassette into the N-terminal G domain, which interferes
with gephyrin trimerization and consequently higher order olig-
omerization (12, 64, 65). Likewise, Moco synthetic activity is
affected by inclusion of G2 but not of C4 cassettes (42). We
confirmed that Moco synthetic activity of zebrafish gephyrin is
not affected by the presence or absence of the C4 cassette.
Interestingly, however, we noted that inclusion of both C3 and
C4 cassettes reduces the activity compared with the P1, C3, or
C4 isoforms. Thus, function of the C4 cassettes remain elusive
but must serve some important function, because they are con-
served in mammals and zebrafish.

Future experiments with gene or splice cassette-specific
morpholinos in zebrafish have the potential to reveal additional
specialized roles of gphna and gphnb. These experiments will
require antibodies that recognize gephyrin a and b to confirm
selective knockdown, because both gephyrin proteins exhibit
Moco synthetic activity in recombinant expression systems
(Fig. 2). Even then, it may not be possible to completely elimi-
nate Moco activity, because zebrafish embryos have a yolk,
which contains maternally supplied mRNA and proteins.

Gephyrin is also clearly linked to clustering of selected
GABA ,Rs containing a2 or a3 subunits in mammals (13, 66).
However, although the GlyR gene family has been well charac-
terized (55), little is known about the GABA 4R gene family in
zebrafish. In particular, @2 and «3 subunit homologs have not
yet been identified. We have as yet been unable to find a func-
tioning antibody for GABA,R immunolabeling in zebrafish,
probably because many commercially available GABA ,R sub-
unit-specific antibodies utilize N- or C-terminal sequence as
antigens that are poorly conserved between species. Identifying
zebrafish GABA R genes and development of zebrafish-spe-
cific reagents therefore remains a key challenge for the future.
Although GABAergic synaptic currents have been recorded in
hindbrain Mauthner neurons (67), they are barely detectable in
motor neurons at 48 hpf (55). This is likely to explain why we
observed a glycinergic phenotype similar to the GlyR Sb mutant
bandoneon in gphna/gphnb double morphants, consistent with
a key role of the two zebrafish gephyrin genes in clustering
GlyRs, rather than GABA ,Rs, at this early time point.
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