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Pikachurin, a dystroglycan ligand, is essential for
photoreceptor ribbon synapse formation

Shigeru Sato!~3, Yoshihiro Omori!, Kimiko Katoh!, Mineo Kondo*, Motoi Kanagawa®, Kentaro Miyata?,
Kazuo Funabiki, Toshiyuki Koyasu?, Naoko Kajimura’, Tomomitsu Miyoshi®, Hajime Sawai®,
Kazuhiro Kobayashi®, Akiko Tani!, Tatsushi Toda%, Jiro Usukura’, Yasuo Tano?, Takashi Fujikado?? &

Takahisa Furukawa!l

Exquisitely precise synapse formation is crucial for the mammalian CNS to function correctly. Retinal photoreceptors transfer
information to bipolar and horizontal cells at a specialized synapse, the ribbon synapse. We identified pikachurin, an extracellular
matrix-like retinal protein, and observed that it localized to the synaptic cleft in the photoreceptor ribbon synapse. Pikachurin
null-mutant mice showed improper apposition of the bipolar cell dendritic tips to the photoreceptor ribbon synapses, resulting

in alterations in synaptic signal transmission and visual function. Pikachurin colocalized with both dystrophin and dystroglycan
at the ribbon synapses. Furthermore, we observed direct biochemical interactions between pikachurin and dystroglycan.
Together, our results identify pikachurin as a dystroglycan-interacting protein and demonstrate that it has an essential role

in the precise interactions between the photoreceptor ribbon synapse and the bipolar dendrites. This may also advance our
understanding of the molecular mechanisms underlying the retinal electrophysiological abnormalities observed in muscular

dystrophy patients.

The establishment of precise synaptic connections between neurons in
the developing and mature CNS is crucial for normal nervous system
functions, including perception, memory and cognition. Thus, eluci-
dating the mechanisms by which synapses develop and are modified is a
central aim in neurobiology. Over the past few decades, a large number
of protein components have been identified that are required for
synapse morphogenesis and neurotransmitter release'2. However, the
molecules and mechanisms underlying specific synapse connections in
the vertebrate CNS are still poorly understood.

The neural retina is developmentally a part of the CNS and is where
the first stage of visual signal processing occurs. Visual information is
transmitted from photoreceptor cells to the ganglion cells via bipolar
interneurons. The photoreceptor axon terminal forms a specialized
structure, the ribbon synapse, which specifically connects photorecep-
tor synaptic terminals with bipolar and horizontal cell terminals in the
outer plexiform layer (OPL) of the retina. Although various presynaptic
factors that are required for synaptic ribbon structure, such as CtBp2/
RIBEYE, piccolo and bassoon, have been identified®%, the mechanism
of ribbon synapse apposition specific to bipolar and horizontal
terminals remains totally unknown.

Mutations in the dystrophin-glycoprotein complex (DGC) cause
various forms of muscular dystrophy”. Dystroglycan, a central compo-
nent of the DGC, functions as a cellular receptor that is expressed in a
variety of tissues, including the CNS®. Dystroglycan precursor protein
is cleaved into two subunits, o-dystroglycan and B-dystroglycan’.
a-dystroglycan is a heavily glycosylated extracellular protein and has
the potential to bind to several extracellular proteins containing the
laminin-G domain, including laminin-o1, laminin-o2, agrin, perlecan
and neurexins®~!1, The DGC components are also expressed in the
retina!2-15, Altered electroretinograms (ERGs) are frequently found in
individuals with Duchenne and Becker muscular dystrophy, indicating
that the DGC is necessary for normal retinal physiology6-18. However,
the functional role of DGC in the retina is elusive.

We isolated and characterized mouse pikachurin, a dystroglycan
ligand in the retina. To the best of our knowledge, pikachurin is
the first dystroglycan ligand to interact with the presynaptic dystro-
glycan. Our results demonstrate that pikachurin is critically involved
in both the normal photoreceptor ribbon synapse formation
and physiological functions of visual perception. This may also
shed light on the molecular mechanisms underlying the retinal
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Figure 1 Molecular analysis and expression of Pikachurin. (a) Domain structure of mouse
pikachurin. The percent amino acid identity (1) and similarity (S) between mouse and human,
monkey, cow, chick or zebrafish in each of the amino-terminus portions and carboxyl-terminus
portions are indicated. EGF_CA, calcium-binding EGF-like domain; LG, laminin G domain; S-S,
signal sequence. (b) Schematic illustration of domain structures of mouse pikachurin, perlecan
and agrin. The carboxy! end of pikachurin has substantial homology with that of agrin and
perlecan. EGF Lam, laminin-type EGF-like domain; Ig V set, immunoglobulin V-set domain;
KAZAL_FS, Kazal-type serine protease inhibitors and follistatin-like domain; LamB, laminin

B domain; LDLa, low-density lipoprotein receptor domain class A; SEA, Domain found in sea
urchin sperm protein, enterokinase and agrin; SPARC, secreted protein, acidic, and rich in
cysteines domain. (c) Northern blot analysis of Pikachurin transcript in adult mouse tissues.
The size of the pikachurin transcript is approximately 4.7 kb. Lower, ethidium bromide staining
of RNA. Each lane contained approximately 10 pg of total RNA. (d—g) /n situ hybridization
analysis of mouse Pikachurin in the developing and adult retina. The Pikachurin signal was

detected in the apical side of NBL at E14.5 (d) and E17.5 (e). P6 (f) and adult (g) retina had the Pikachurin signal in the prospective photoreceptor layer and
the photoreceptor layer, respectively. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar represents 50 pm.

electrophysiological abnormalities observed in individuals with
Duchenne and Becker muscular dystrophy.

RESULTS

Isolation of pikachurin

Otx2 is an important transcription factor for the cell fate determination
and development of retinal photoreceptor cells'®®, We previously
reported that the cell fates of both rod and cone photoreceptors are
converted to that of amacrine-like cells in the Otx2 conditional
knockout (CKO) mouse line that was created by mating Otx2flox/flox
mice with Crx-Cre transgenic mice, which express cre recombinase in
developing photoreceptors. We hypothesized that transcripts from
various genes, which are important for photoreceptor development,
maintenance and function, are relatively downregulated in the Ox2
CKO retina compared with those of the wild-type retina. To identify
genes that regulate photoreceptor development, we carried out a
microarray analysis comparing the retinal gene expression profiles of
wild-type and Otx2 CKO mouse retinas (data not shown). In this
screen, we identified Pikachurin, a gene that encoded a previously
unknown extracellular matrix (ECM)-like protein containing laminin
G and EGF-like domains (Fig. 1a).

To confirm whether or not Pikachurin transcription is regulated by
Otx2, we carried out an RT-PCR analysis. Pikachurin expression was
absent in the Otx2 CKO mice retina (Supplementary Fig. 1 online),
indicating that Pikachurin is actually regulated by Otx2. We isolated a
full-length ¢cDNA and found that Pikachurin encodes a 1,017 amino
acid protein that contains an N-terminal signal sequence, two fibro-
nectin 3 (FN3), three laminin G and two EGF-like domains (Fig. 1a
and Supplementary Fig. 1). We found that pikachurin was highly
conserved in vertebrates, as indicated by the sequence similarity
between mouse and zebrafish in the N-terminal FN3-containing
domain (57%) and in the C-terminal laminin G repeats (84%)

(Fig. 1a and Supplementary Fig. 1). The C-terminal half of pikacfnurin
showed substantial similarity with agrin and perlecan (Fig. 1b).

Pikachurin is expressed in developing photoreceptors

To examine the tissue specificity of Pikachurin expression, we carried
out a northern blot analysis with adult mouse tissues. We observed a
single, strong 4.7-kb band in the mouse retina and faint bands in the
lung and ovary (Fig. 1c). Although the Pikachurin transcript was not
detected in the brain by northern blot analysis, we observed a faint
Pikachurin band by RT-PCR analysis (Supplementary Fig. 1). We also
detected Pikachurin expression in the pineal gland by RT-PCR but not
in the inner ear at adult stage (Supplementary Fig. 1).

Furthermore, we carried out in situ hybridization using developing
and adult mouse eye sections (Fig. 1d-g). Pikachurin expression was
first detected at embryonic day 14.5 (E14.5) in the outer part of the
neuroblastic layer (NBL), corresponding to the prospective photo-
receptor layer (Fig. 1d). At this stage, cone genesis has reached its peak
period and rod generation has been initiated?!. At E17.5, a steady signal
was observed (Fig. le). During postnatal retinal development,
Pikachurin expression was observed in the photoreceptor layer
(Fig. 1f) at postnatal day 6 (P6). This decrease in pikachurin expression
in the later stages of photoreceptor development was confirmed by
northern blotting (Supplementary Fig. 1). The expression level of
pikachurin peaked at P6 and then decreased after this time point;
however, a detectable level of pikachurin expression was maintained in
the adult retina (Fig. 1g).

Pikachurin localizes in the vicinity of synaptic ribbon

To investigate the localization of pikachurin protein, we raised an
antibody to pikachurin. We immunostained sections of adult mouse
retina using this antibody. In the adult retina, pikachurin specifically
localized to the OPL (Fig. 2a) in a punctate pattern (Fig. 2b). In
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contrast, no pikachurin signal was detected in the inner plexiform layer
(IPL), where ribbon synapses are formed between bipolar cells and
either ganglion or amacrine cells (data not shown).

To investigate more precisely the localization of pikachurin in the
OPL, we carried out electron microscopic immunocytochemistry using
our antibody to pikachurin. As shown in Figure 2c, the terminus of rod
photoreceptors usually contains a single large ribbon that bends around
four deeply invaginating postsynaptic elements, the dendrites of
bipolar cells and processes of horizontal cells®. The pikachurin signals
were mainly observed in the synaptic cleft around the bipolar cell
dendritic tips in the rod spherule (Fig. 2c).

To examine whether pikachurin localizes to the cone pedicle,
we immunostained the retina using our antibody to pikachurin
and rhodamine-labeled peanut agglutinin (PNA), which specifically
binds to glycolipids on the surface of cone pedicles??. PNA signals
overlapped with those of pikachurin, indicating that pikachurin
localized to cone synaptic terminals as well as to rod synaptic terminals
(Fig. 2d-f).

Next, we analyzed the localization of pikachurin by staining with the
synaptic ribbon markers bassoon and CtBp2/RIBEYE. Bassoon is a
presynaptic cytomatrix protein that is essential for photoreceptor
ribbon synapse formation and localizes to the base of the photoreceptor
synaptic ribbon, a site of neurotransmitter release’>. CtBp2/RIBEYE
is a specific component of synaptic ribbons in the OPL and IPL
of the retina?®. We observed that pikachurin localized in the
ribbon synapses to the inner nuclearlayer side of horseshoe-like

ARTICLES

Figure 2 Pikachurin localizes to the synaptic cleft of photoreceptor ribbon
synapse in the OPL. (a,b) Immunostaining of 6-month-old wild-type retina
using antibody to pikachurin (red) with DAPI (blue) (a), which stains nuclei,
or without DAPI at a higher magnification (b). Pikachurin localized to the OPL
in the adult mouse retina in punctated pattern. Scale bars represent 20 pm
inaand 10 um in b. (c) Ultrastructural analysis of pikachurin localization in
the ribbon synapse by electron microscopic immunocytochemistry. The
pikachurin signals were localized to the synaptic cleft in the rod spherule
(arrow heads). B and H indicate synaptic terminals of bipolar and horizontal
cells, respectively. R indicates a synaptic ribbon. Scale bar represents

100 nm. (d—f) Confocal images of OPLs that were double-labeled with
antibody to pikachurin (green) and PNA (red), a marker for cone pedicles of
synaptic terminals, showing that pikachurin was colocalized with cone
synaptic terminus. (g-i) Pikachurin-positive (green) puncta were localized to
the INL side of horseshoe-like structures of synaptic ribbons that stained with
CtBp2 (red), indicating that pikachurin is juxtaposed to, but not overlapping
with, the synaptic ribbon structure. (j-1) Pikachurin (green) signal was
observed at the photoreceptor side of mGIuR6 staining (red), which is
restricted to the postsynaptic site of the ON bipolar cells in the ribbon
synapse of OPL. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer, OPL, outer plexiform layer. Scale bars represent 20 pm in d-l.

structures of synaptic ribbons stained with bassoon (data not
shown) and CtBp2/RIBEYE (Fig. 2g-i).

The localization of metabotropic glutamate receptor subtype 6
(mGIuR6) is restricted to the postsynaptic site of ON bipolar cells in
the ribbon synapses of the OPL?°, We observed the pikachurin signal at
the photoreceptor side of mGluR6 staining with a small partial overlap
(Fig. 2j-1). These results suggest that pikachurin localizes to the
synaptic cleft of the ribbon synapse primarily around the postsynaptic

terminals of bipolar cells.

Pikachurin is required for apposition of bipolar dendrite

To investigate a possible role for Pikachurin in ribbon synapse forma-
tion and/or maintenance of the retina, we generated Pikachurin null
mice by targeted gene disruption. We deleted the first exon, which
contains a start codon, of the pikachurin open reading frame (Fig. 3a).
We confirmed the deletion in the genomic DNA of the Pikachurin null
mouse by Southern blot (Fig. 3b). Total RNAs from the adult retina
were analyzed by northern blots using 5" and 3 fragments of mouse
Pikachurin cDNA as probes. No substantial Pikachurin transcript or
protein was detected in Pikachurin null mouse retinas (Fig. 3c,d and
Supplementary Fig. 2 online).

Pikachurin—'~ mice were born in Mendelian ratios (data not shown).
Both Pikachurin*/~ and Pikachurin™/~ mice showed no gross
morphological abnormalities, and were viable and fertile under normal
conditions in the animal facility. Histological examination
revealed no obvious differences among wild-type, Pikachurin*/~ and
Pikachurin='= mouse retinas at 6 months (Fig. 3e-m and Supple-
mentary Fig. 3 online).

To examine ultrastructural differences between wild-type and
Pikachurin™'= mouse retinas, we carried out a conventional electron
microscopy analysis. Although we did not find any substantial differ-
ence in the photoreceptor outer segments and ribbon synapses in the
IPL (data not shown), we observed an absence of the tips of the bipolar
cell dendrites in the Pikachurin™~ rod ribbon synapses (Fig. 4a-d) as
well as those of cone photoreceptors (Supplementary Fig. 4 online). To
further examine this result, we analyzed the photoreceptor synaptic
terminals of the wild-type and Pikachurin™/~ retinas quantitatively
(Fig. 4e). We prepared ultrathin sections from adult (3 month old)
wild-type and Pikachurin™~ mouse retinas and randomly photo-
graphed them. For the quantitative analysis, we focused on rod
photoreceptors, as they comprise ~99% of the photoreceptors in the
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Figure 3 Generation of Pikachurin null mouse by targeted
gene disruption. (a) Strategy for the targeted deletion of
Pikachurin gene. Exon 1, which includes a start codon,
was replaced with the PGK-neo cassette. The probe used
for Southern blot analysis is shown (3’ outside probe).

(b) Southern blot analysis of genomic structure of
Pikachurin locus to confirm the deletion of Pikachurin
exon 1. Hindlll-digested genomic DNA was hybridized
with 3" outside probe. The probe detected 15.6-kb
wild-type and 9.0-kb mutant bands. (c,d) Northern blot
analysis of total RNA extracted from the retina derived
from wild-type, Pikachurin*~ and Pikachurir’- mice
using 5" cDNA probe (c) and 3’ cDNA probe (d) to
confirm the lack of Pikachurin expression in the mutant
mouse retina. (e-m) Immunostaining of wild-type and
Pikachurin mutant retinal sections at 6 months of age.
Immunohistochemical analysis using antibodies to Chx10
(bipolar cell nuclei market, red, e-g), PKC (bipolar cell
cytoplasmic marker, red, h-j} and rhodopsin (red, k-m)
showed no obvious difference among wild-type,
Pikachurin*’~ and Pikachurin™ mice retinas. Nuclei were
stained with DAPI (blue). Scale bar represents 20 um.
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mouse retina?®. A normal rod synaptic terminus contains a single
ribbon synaptic site, where glutamate is released onto the postsynaptic
elements, horizontal cell processes and rod bipolar cell dendrites. The
postsynaptic elements invaginate into the rod terminal and form a
triadic or tetradic configuration adjacent to the ribbon site (Fig. 4a and
Supplementary Fig. 5 online)?>?, In the adult Pikachurin=/= retina,
we observed rod terminals containing invaginated bipolar terminals in
only 3% of the sections, whereas we detected bipolar terminals in 53%
of the wild-type retina (y? test; P < 0.001; Fig. 4e). We used ultrathin
sections; the vertical alignment of the sections was confirmed using
photoreceptor outer segments as markers (Fig. 4c,d). We also found
that the morphology of rod synaptic terminals varied widely even in the
wild-type retina. Therefore, to confirm the precise structure of abnor-
mal ribbon synapses in the adult Pikachurin—/~ retina, we carried
out electron tomography by ultrahigh-voltage electron microscopy
(Fig. 4f-k and Supplementary Movies 1-6). We collected images
from —60° to +60° at 2° intervals around a single axis from adult
(3 month old) wild-type and Pikachurin™/~ mouse retinas. The
electron tomography indicates that in the terminals of bipolar cells
do not appose to the synaptic terminals in the rod photoreceptor
ribbon synapses the adult Pikachurin~~ retina (Fig. 4j.k).

We observed that the bipolar dendritic tips did not enter
the invaginations in photoreceptor synaptic terminals in the
Pikachurin™'= mice, but where do they end up? To address this
question, we co-immunostained ribbon synapses using several synaptic
markers. In the Pikachurin™/~ mice, the bipolar cells, stained with

< 28S

< 188

EtBr

PKC Chx10

Rhaodopsin

protein kinase C (PKC; Fig. 4, m), developed dendrites to the outer
plexiform layer as well as they did in the wild type. mGluR6 accumu-
lated at the tip of bipolar cell dendrites in both the wild-type and
Pikachurin='= mouse retina (Fig. 41, m). CtBP2 was observed in the
vicinity of the tips of bipolar dendrites in both the wild-type and
Pikachurin™'— retina (Fig. 4n,0). A similar distribution of cone
synaptic marker, PNA, was also observed in cone photoreceptor
terminals (Fig. 4p,q). These data suggest that the bipolar dendritic
terminals remain in close vicinity to photoreceptor terminals and seem
to retain at least some integrity for the connection between photo-
receptors and bipolar cells, even in the Pikachurin™'~ retina.

Pikachurin is required for synaptic signal transmission

To evaluate the physiological function of Pikachurin in vivo, we
measured ERGs on 2-month-old wild-type and Pikachurin—/~ mice
(Fig. 5a—f). The scotopic ERGs elicited by different stimulus intensities
from a wild-type and a Pikachurin—/~ mice are shown in Figure 5a. In
the wild-type mouse, only a positive b-wave, which originates from
the rod bipolar cells?’, was seen at lower stimulus intensities (-5.0 to
—3.0log cd s m™2). At higher stimulus intensities (1.0 to 1.0log cd s m™),
the negative a-wave, which originates mainly from the activity of the
rod photoreceptors, appeared. The amplitude and implicit time of the
a-wave of the dark-adapted ERGs were nearly the same for both types
of mice, indicating that the rod photoreceptors are functioning
normally in Pikachurin™~ mice (Fig. 5a). In contrast, the ampli-
tude of the dark-adapted ERG b-wave in Pikachurin™/~ mice
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Figure 4 Pikachurin is required for proper apposition of bipolar dendritic tips to the photoreceptor synaptic terminus. (a-d) Ultrastructural analysis of ribbon
synapses (a,b) and outer segments (c,d) in wild-type (a,c) and Pikachurin™ (b,d) mouse retinas. Synaptic ribbon (R), horizontal cell processes (H) and bipolar
cell dendrites (B) are shown. Scale bars represent 200 nm in a and b and 5 um in ¢ and d. (e) Quantitative analysis of defective bipolar cell dendrites in the
wild-type (+/+) and Pikachurir~ mouse retina. (f-k) Electron tomography of rod photoreceptor synapse terminals using ultrahigh-voltage electron microscopy.
Representative images of retinal sections derived from wild-type (f,h,j) and Pikachurim- retinas (g,i k). Representative demarcation of bipolar dendritic tips
(magenta), horizontal processes (dark blue), ribbon (green) and rod plasma membrane (light blue) for tomography are shown for wild-type (h) and Pikachurim-
(i) retinas (see Supplementary Movies 1-6). Scale bar = 300 nm. (I-q) Bipolar cell dendrites ended in the vicinity of photoreceptor terminals in Pikachurir’-
retina. mGIuR6 (red) localized to the tip of bipolar cell dendrites stained with antibody to PKC (green) both in wild-type (1) and Pikachurim’- retinas (m). The

tips of bipolar cell dendrites stained with antibody to mGIuR6 (red) localized in the vicinity of photoreceptor synaptic ribbons (green) both in the wild-type (n)
and Pikachurir- retinas (o). Clustered cone synaptic terminals (broken lines) stained with PNA (green) colocalized with the tips of bipolar cell dendrites (red)

in the wild-type (p) and the Pikachurin™ (q) retinas.

was reduced at lower stimulus intensities of —5.0 to -3.0 log cd s m™
but approached the normal range at higher stimulus intensities of
-1.0 to 1.0 log cd s m™ (Fig. 5b).

The most notable finding in this mutant mouse was the delay in the
scotopic ERG b-wave (Fig. 5¢). The implicit times of the scotopic ERG
b-wave were severely delayed at all stimulus intensities, and the delay
was more than 100 ms at the highest intensities. These results suggest
that the signal transmission from the rod photoreceptors to the rod
bipolar cells is less sensitive and is delayed in this mutant mouse.

To determine whether the abnormality in the signal transmission
from the photoreceptors to the bipolar cells exists in the cone pathway,
we recorded photopic ERGs from both types of mice (Fig. 5d). The
amplitude of the a-wave of the photopic ERGs in Pikachurin—/~ mouse
was relatively larger than that of wild-type mouse, which was a result of
the delay and reduction of the positive b-wave (Fig. 5d). The amplitude
of the b-wave of the photopic ERGs was reduced and the implicit times
were delayed at all stimulus intensities (Fig. 5e,f). These results indicate
that the signal transmission from cone photoreceptors to the cone
bipolar cells was also impaired in the Pikachurin™'~ mouse.

We also recorded the collicular visual-evoked potentials (VEPs) in
the Pikachurin—'~ mouse. We did not observe any differences in the
VEPs of wild-type and Pikachurin™/~ mice in both scotopic and
photopic conditions (Fig. 5gh). This result suggests that VEPs may
not be sensitive enough to reflect the ERG b-wave delay that we
observed in the mutant retina and that the visual transmission pathway
in the brain is not affected in Pikachurin~'~ mice. We then investigated

the optokinetic responses (OKRs) of 3-month-old wild-type and
Pikachurin—/~ mice induced by rotation of a screen with various spatial
frequencies of black and white stripes (Fig. 5i-k). The Pikachurin™/~
mouse showed similar OKRs by rotation of screens with 15- and
1.92-deg frequencies (gain was close to 1.0; Fig. 5j,k); however, its OKR
at the 1.25-deg screen was significantly weaker than that of wild-type
mice (unpaired ¢ test, P < 0.01; Fig. 5j,k). Rotation of the 0.91-deg
screen did not show significant OKR difference in either line (P = 0.20;
Fig. 5j,k). Thus, Pikachurin=~ mice did not show noticeable impair-
ment with relatively large angle stripes, but their sensitivity to small
angle stripes was significantly impaired.

Pikachurin is a physiological ligand of a-dystroglycan

Many individuals with Duchenne muscular dystrophy (DMD) and
Becker muscular dystrophy (BMD) have been known to show an
abnormal dark-adapted ERG b-wave!72%2%, In mice, previous reports
showed that certain dystrophin-disrupted alleles (mdx®? and mdx“"4,
alleles of Dmd) caused prolongation of the implicit time of the
b-wave!®. Functional defects of o-dystroglycan in Large-deficient
mice (Large™ and Large") also produce a similar ERG phenotype
to Pikachurin null mice®, In addition, agrin, perlecan and several
laminin o-isoforms can all interact with a-dystroglycan by a laminin
G domain—dependent mechanism’. These observations suggest that
there is a possible functional interaction between dystroglycan and
pikachurin. To investigate this issue, we first examined the localization
of pikachurin, dystroglycan and dystrophin by co-immunostaining in
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the retina (Fig. 6a—f). At 6 months, pikachurin stained in a grainy
pattern in the OPL of the retina (Fig. 6a,d). Notably, both
B-dystroglycan and dystrophin were expressed in a similar grainy
pattern, overlapping with pikachurin signals (Fig. 6b,c,e,f).

As shown above (Fig. lab), structural anticipation suggests
that pikachurin LG domains have similarity with LG domains of
agrin and perlecan. Because both proteins are known to bind to

a Scotopic ERGs b Scotopic ERG c
b-wave amplitude
Wild type Pikachurin KO 1,000 250
—o— Wild type
B i —— —— Pikachurin KO ,}
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a-dystroglycan via their LG domains'®*!, we investigated whether

pikachurin LG domains bind to o-dystroglycan. To test this
binding, we prepared recombinant pikachurin LG domains (residues
391-1,017) as a His-tag protein (pikachurin-LG-His) and recombinant
o-dystroglycan as an Fc-fusion protein (DG-Fc). Pikachurin-LG-His
was recovered in the NP-40-solubilized cell lysate. DG-Fc and its
control Fc proteins were secreted into the cell culture media when
expressed in NIH 3T3 cells. We confirmed that
DG-Fc was recognized by a monoclonal anti-
body (ITH6) against glycosylated forms of a-
dystroglycan (data not shown). We prepared
DG-Fc-protein A beads, which were then
: mixed with the cell lysate that contained
pa pikachurin-LG-His. The binding reaction
was carried out in the presence of Ca’* and
Mg?* or EDTA, as binding between a-dystro-
glycan and agrin or perlecan requires divalent
cations!' %3233, Western blotting analysis of the
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Figure 5 Electrophysiological and OKR analyses
of wild-type and Pikachurin null mice. (a-f) ERG
analysis of Pikachurin™'~ mice. Scotopic (a) and
wr wr M photopic (d) ERGs were elicited by four different
stimulus intensities from both wild-type and
Pikachurin='= (KO) mice (n = 4). Amplitude
(b) and implicit time (c) of scotopic ERG b-waves
Ko RO g as a function of the stimulus intensity are shown.
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Figure 6 Interaction and colocalization of
pikachurin with dystroglycan. (a-f) Confocal
images of OPLs that were double labeled with
antibodies to pikachurin (red, a,d) and
B-dystroglycan (green, b) or dystrophin (green, e),
showing that pikachurin colocalized with DGC
molecules (c,f). Scale bars represent 2 um.

(g) Molecular interaction between pikachurin and
o-dystroglycan. DG-Fc (lanes 1 and 2) or Fc (lanes
3 and 4) proteins were coupled with protein A
beads and incubated with cell lysates containing
pikachurin-LG-His in the presence of Ca2* and
Mg2* (lanes 1 and 3) or EDTA (lanes 2 and 4).
Bound materials were analyzed by western blotting
with antibody to His tag (upper). A comparable
amount of DG-Fc or Fc proteins on protein A beads
were confirmed by staining with an antibody

to Fc (lower). (h) Inhibitory effect of [IH6 on the
interaction between pikachurin and a-dystroglycan.

\g@ c}::g@:’ His The binding reaction was carried out with (lane 1)
100 100 — (Pikachurin-LG) or without (lane 2) the monoclonal antibody to
75 | APikachurin-LG 75 —i <«Pikachurin-LG ® O (v <% a-dystroglycan I1H6. 1IH6 selectively recognized
Orﬁ P &P glycosylated forms of a-dystroglycan. (i) Pikachurin
250 - f —_— 250 — i ‘ «DGIP + - + - interaction with eye'oc—dystroglyc‘ar?. Native
150 - - 150 — DG-Fc o-dystroglycan was immunoprecipitated from
100 - 100 — 75 — « Pikachurin-LG mouse eye extracts with antibody to o-DG core
75 - 75— protein (lanes 1 and 3). For negative controls,
antibody to a-DG core protein was omitted
50 -4 50 —| 150 — (lanes 2 and 4). The eye o-DG—protein G beads
/ were tested for pikachurin binding in the
- =L 100 = %DG presence of Ca?* and Mg2* (lanes 1 and 2) or
«Fc o EDTA (lanes 3 and 4). The samples were analyzed
25 = 25— I it ) by western blotting with antibodies to His tag
1 2 3 4 and a-DG core.
1.2 3 4 1.2 Antibody to
Antibody to Fc Antibody to Fc 0-DG core

laminin and perlecan require a-dystroglycan glycosylation, which is
recognized by IIHS6, for binding to o-dystroglycan®®. These data
provide evidence of a direct interaction between pikachurin and a-
dystroglycan.

To confirm the physiological interaction between pikachurin and
a-dystroglycan in the retina, we carried out a pull-down assay using
dystroglycan purified from murine retina. a-dystroglycan was
immunoprecipitated from an eye extract using a specific antibody
and assayed for an interaction with pikachurin. Consistent with our
results using the recombinant o-dystroglycan, o-dystroglycan purified
from murine eye interacts with pikachurin in a divalent cation-
dependent manner (Fig. 6i). Furthermore, immunofluorescence ana-
lysis showed colocalization of pikachurin with both dystroglycan and
dystrophin in the OPL (Fig. 6a—f), suggesting that pikachurin is a
physiological ligand of o-dystroglycan in the retina.

DISCUSSION

Functional roles of Pikachurin in ribbon synapse formation
Structurally, synapses are specialized sites of cell-cell contact. Cell
adhesion molecules and ECM proteins have been suspected, and in
some cases have been demonstrated, to be important in synapse
development and plasticity. In Drosophila, N-cadherins on both photo-
receptor cells and their target neurons in the optic neuropil are required
for proper target selection®. In vertebrates, however, cadherins do not
seem to function in target recognition®’, Agrin, an ECM molecule, has
been extensively studied and proven to be required for postsynaptic
differentiation, especially clustering of acetylcholine receptors, of the
neuromuscular junction (NMJ)8. However, the effect and function of
these cell adhesion and ECM molecules in synapse formation in the

vertebrate CNS remain poorly understood. In the current study, our
results demonstrate that a previously unknown ECM-like protein,
pikachurin, is essential for proper bipolar dendritic tip apposition to
the photoreceptor ribbon synapse. Notably, in the Pikachurin null
retina, the tips of the bipolar cell dendrites are absent in photoreceptor
ribbon synapse, but the horizontal cell terminus is not substantially
affected. Immunostaining with antibody to mGluR6 or PKC in
Pikachurin null retina did not show substantial differences in bipolar
morphology (Fig. 4l,m), suggesting that bipolar cell differentiation is
not perturbed. ERG studies showed that synaptic signal trans-
mission from photoreceptors to bipolars was substantially prolonged
but not lost. This suggests that the tips of the bipolar cell dendrites
do not enter the invagination of photoreceptor terminals but still
exist some distance apart from the ribbon synapse. This phenotype
may be due to supporting molecules involved in photoreceptor-
bipolar interaction, although pikachurin has a major role. Does the
absence of the bipolar cell dendrite tips in the photoreceptor
synapse occur because of a developmental defect or a maintenance
abnormality after a normal synapse develops? Dynamic Pikachurin
expression in developing photoreceptors (Fig. 1d-g and Supple-
mentary Fig. 1) suggests that this phenotype is the result of develop-
mental defects.

In this study, we focused our analysis on rod photoreceptor synapses
(Fig. 4a-k), as the very small number of cones makes analysis with
enough numbers of samples extremely difficult. However, several
micrographs of cone synaptic terminals (Supplementary Fig. 4) and
ERG results (Fig. 5d-f) suggest that similar synaptic abnormality
probably occurs in cone photoreceptor synapses as was observed in
rods. Typical ribbon synapses also exist in bipolar cell terminals in
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