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Presynaptic Dystroglycan-Pikachurin Complex Regulates
the Proper Synaptic Connection between Retinal
Photoreceptor and Bipolar Cells
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Dystroglycan (DG) is akey component of the dystrophin- glycoprotein complex (DGC) at the neuromuscular junction postsynapse. In the
mouse retina, the DGC is localized at the presynapse of photoreceptor cells, however, the function of presynaptic DGC is poorly under-
stood. Here, we developed and analyzed retinal photoreceptor-specific DG conditional knock-out (DG CKO) mice. We found that the DG
CKO retina showed a reduced amplitude and a prolonged implicit time of the ERG b-wave. Electron microscopic analysis revealed that
bipolar dendrite invagination into the photoreceptor terminus is perturbed in the DG CKO retina. In the DG CKO retina, pikachurin, a DG
ligand in the retina, is markedly decreased at photoreceptor synapses. Interestingly, in the Pikachurin ~'~ retina, the DG signal at the
ribbon synaptic terminus was severely reduced, suggesting that pikachurin is required for the presynaptic accumulation of DG at the
photoreceptor synaptic terminus, and conversely DG is required for pikachurin accumulation. Furthermore, we found that overexpres-
sion of pikachurin induces formation and clustering of a DG-pikachurin complex on the cell surface. The Laminin G repeats of pikachu-
rin, which are critical for its oligomerization and interaction with DG, were essential for the clustering of the DG-pikachurin complex as
well. These results suggest that oligomerization of pikachurin and its interaction with DG causes DG assembly on the synapse surface of
the photoreceptor synaptic terminals. Our results reveal that the presynaptic interaction of pikachurin with DG at photoreceptor termi-

nals is essential for both the formation of proper photoreceptor ribbon synaptic structures and normal retinal electrophysiology.

Introduction

Dystrophin is an actin-binding cytoskeletal protein, and its mu-
tation in humans causes various types of muscular dystrophy
(MD) including Duchenne MD (DMD) and Becker MD (Hoffman
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and Kunkel, 1989). The dystrophin—glycoprotein complex
(DGC) connects the extracellular matrix with the actin cytoskel-
eton in the neuromuscular junction (NM]J) and in non-muscle
tissues including the brain and retina (Henry and Campbell,
1996). Dystroglycan (DG), a key component of the DGC, consists
of an extracellular a-DG subunit and a transmembrane B-DG
subunit. Several extracellular ligands for «-DG, including
laminin, agrin, perlecan, and Pikachurin, have been reported
(Ibraghimov-Beskrovnaya et al., 1992; Ervasti and Campbell,
1993; Gee et al., 1994; Peng et al., 1998; Sugita et al., 2001; Sato et
al., 2008). These DG ligands commonly contain Laminin G re-
peats, and these domains physically interact with DG. For ligand
binding of DG, glycosyltransferase-mediated glycosylation of DG
is critical. Mutations of putative glycosyltransferase genes, in-
cluding Large, Fukutin, FKRP, PoMGnTI, and POMTI and
POMT?2, have been identified in patients with congenital MD
(Kobayashi et al., 1998; Brockington et al., 2001; Yoshida et al,,
2001; Beltran-Valero de Bernabé et al., 2002; Longman et al.,
2003; van Reeuwijk et al., 2005).

Attenuation of ERGs is observed in both MD patients and
their corresponding animal models (Haenggi and Fritschy,
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2006). Reduction of the amplitude of the b-wave response is ob-
served in 80% of DMD patients (Cibis et al., 1993; Pillers et al.,
1993; Fitzgerald et al., 1994; D’Souza et al., 1995). Reduced am-
plitude and prolonged implicit time of the b-wave, a response of
positive polarity originating primarily from the ON-bipolar cells,
have been observed in ERGs from various types of MD model
mice (Pillers et al., 1995; Lee et al., 2005; Liu et al., 2006). In the
retina, DG is found in Miiller glial endfeet abutting the inner
limiting membrane (ILM) and perivascular glial endfeet as well as

Dystrophin, DG, and Pikachurin are localized at photoreceptor synaptic terminals in the OPL of the developing mouse
retina. Retinal sectionsisolated from P4 (4, D, G), P8 (B, E, H), and P12 (C, F, I) wild-type mice were stained with antibodies against
DG (red in A-C), Pikachurin (red in D—F), dystrophin (green in G-I), and (tBP2 (a synaptic ribbon marker, green in A-F).
Higher-magpnification views of photoreceptor synapses were shown in the insets. Nuclei were stained with DAPI (blue). DG,
Pikachurin, and dystrophin signals were observed in the OPL where photoreceptors form synapses with horizontal and bipolar cells.
Retinal sections of adult mice were stained with antibodies against DG (green in J=J”, L-L"), dystrophin (green in K-K", M—M"),
mGluR6 (redinJ-K"), or TRPM1 (red in L—M"). Asterisks indicate TRPM1-positive bipolar cellsin the INL (L, M ). DG and dystrophin
signals at photoreceptor synapses were colocalized with mGluR6- and TRPM1-positive bipolar dendritic terminals in the OPL. DG,
Pikachurin, and dystrophin signal puncta at photoreceptor ribbon synapses become visible in the OPL after P8. Scale bars: 4,J,L,10  €nce
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photoreceptor synapses in the retinal OPL
(Schmitz and Drenckhahn, 1997b; Ueda
et al., 2000; Blank et al., 2002). Photore-
ceptor axonal terminals form ribbon
synapses in the OPL, which connect
photoreceptor presynapses with the
dendritic terminal of both bipolar cells
and horizontal cells (tom Dieck and
Brandstitter, 2006). We previously re-
ported that an extracellular matrix pro-
tein, Pikachurin, is essential for the proper
formation of ribbon synaptic structures
(Sato et al., 2008). Pikachurin ™'~ mice
showed a reduced amplitude and pro-
longed implicit time of the b-wave similar
to other mutant mice with perturbed
DGC formation. Pikachurin physically in-
teracts with DG, and proper glycosylation of
DG is required for its interaction with Pika-
churin (Sato et al,, 2008; Kanagawa et al.,
2010). It was reported that the loss of DG in
Miiller glial cells causes ERG abnormality
(Satz et al., 2009). However, the functional
role of presynaptic DG in photoreceptor
cells remains unclear.

Here, we report the retinal phenotypes
of photoreceptor-specific DG conditional
knock-out (DG CKO) mice. Our results
show that presynaptic DG-Pikachurin
complex is essential for the proper forma-
tion of the photoreceptor ribbon synapse
and normal retinal electrophysiology.

Materials and Methods
Generation of the DG CKO mouse. We mated a
DG™* (Moore etal., 2002) mouse line with a Crx-
Cre transgenic mouse line, which expresses Cre
recombinase under the control of the 2 kb Crx
promoter (Furukawa et al., 2002). We confirmed
Cre-mediated recombination of a LacZ reporter
transgene of the CAG-CAT-Z Cre monitor mice
in the developing and mature photoreceptor
layer, and also confirmed the cell fate change of
photoreceptor precursors by mating with the
Otx2"* mice as previously reported (Nishida et
al., 2003). All procedures conformed to the
ARVO (Association for Research in Vision and
Ophthalmology) Statement for the Use of Ani-
mals in Ophthalmic and Vision Research, and
were approved by the Institutional Safety Com-
mittee on Recombinant DNA Experiments and
the Animal Research Committee of Osaka Biosci-
Institute. Mice were housed in a
temperature-controlled room with a 12 h light/
dark cycle. Fresh water and rodent diet were
available at all times.

Immunohistochemistry. Mouse eyes of either sex were fixed in 4% para-
formaldehyde in PBS for 30 s or 5 min, embedded in TissueTek OCT
compound 4583 (Sakura Finetek), frozen, and sectioned. Frozen 20 wm
sections on slides were dried for 30 min at room temperature, rehydrated
in PBS for 5 min, incubated with blocking solution (5% normal goat
serum and 0.5% Triton X-100 in PBS) for 1 h, and then with primary
antibodies for 4 h at room temperature. Slides were washed with PBS
three times for 10 min each time and incubated with secondary antibod-
ies for 2 h at room temperature. The specimens were observed under a
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laser confocal microscope (LSM510, Carl

Control
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DG CKO

Zeiss). We used the following primary anti-
bodies: mouse monoclonal antibodies specific
to CtBP2 (C-terminal binding protein 2) (1:
1000, BD Biosciences), dystrophin (1:300,
Millipore Bioscience Research Reagents
MAB1692), and PKC (1:1000, Sigma P5704);
rabbit polyclonal antibodies to B-dystroglycan
H-242 (1:300, Santa Cruz Biotechnology),
TRPM1(1:500) (Koike et al., 2010) and Pika-
churin (1:500, Wako Chemicals 011-22631)
(Sato et al., 2008); and a guinea pig polyclonal
antibody against mGluR6 (1:3000) (Koike et
al., 2010). We used Cy3-conjugated secondary
antibodies (1:400, Jackson ImmunoResearch
Laboratories) and Alexa Fluor 488-conjugated
secondary antibodies (1:400, Sigma).

ERG recordings. Electroretinographic re-
cordings were performed as described previ-
ously (Chen et al, 2004). In brief, 2- to
6-month-old mice of either sex were dark-

Control

DG CKO

adapted overnight, and then anesthetized with
an intramuscular injection of 70 mg/kg ket-

Cone Rod Cone

Rod
amine and 14 mg/kg xylazine. ERGs were re- -
corded with a gold-wire loop electrode placed
on the anesthetized cornea. The mice were
placed in a Ganzfeld bowl and stimulated with
stroboscopic stimuli of 1.0 log cd-s/m* (pho-
topic units) maximum intensity. Four levels of
stimulus intensities ranging from —5.0 to 1.0
log cd-s/m? were used for the scotopic ERG
recordings, and four levels of stimuli ranging
from —0.5 to 1.0 log cd-s/m* were used for the
photopic ERGs. The photopic ERGs were re-
corded on a rod-suppressing white background
of 1.3 log cd-s/m>.

Electron tomography. For observation by
transmission electron microscope, 500-nm-
thick sections of the 2-month-old mouse reti-
nas of either sex were cut with a diamond knife
(Nanotome) using a Reichert Ultracut E ultra-
microtome (Leica), and mounted on Formvar-
coated 50 mesh square grids. Sections were
stained as described previously (Takaoka et al.,
2008). Colloidal gold beads (20 nm; BB Inter-
national), used as fiducial markers for align-
ment, were applied to the section surface.
Sections were stabilized with a layer of evapo-
rated carbon. Tomographic data were re-
corded automatically using an H-9500SD
(Hitachi Co.) transmission electron micro-
scope operated at an acceleration voltage of 300 kV. Data were recorded
ata microscopic magnification of 15,000X (at 1.23 nm/pixel) from —60°
to +60° at 2° intervals around a single axis and collected with a 2048 X
2048 CCD camera F224HD (Tietz Video and Imaging Processing Sys-
tems). For each tomography experiment, 5 and 15 different rod terminals
from two wild-type and three mutant retinas, respectively, were ob-
served. Image processing, including alignment and 3D reconstruction,
was performed with the IMOD package as described previously (Kremer
et al., 1996).

Cell culture and transfection. HEK293 cells were grown in DMEM
(Sigma) with 10% fetal calf serum and 2 mg/L L-glutamine. Transfection
was performed using Lipofectamine-LTX (Invitrogen) according to the
manufacturer’s instructions. At 72 h after transfection, cells were washed
with PBS, fixed with 4% paraformaldehyde in PBS for 3 min at room tem-
perature, and subsequently incubated with blocking solution for 30 min.
Cells were immunostained with a primary antibody in the blocking solution
for 4 hat room temperature, and subsequently incubated with the secondary
antibody solution for 2 h at room temperature.

Figure 2.

DG in photoreceptor ribbon synapses is depleted in the DG CKO retinas. Immunohistochemical analysis of DG in the
control and DG CKO retinas. Retinal sections from control (4,A’,D,D’,E,E' ,H,H") and DG (KO (B, B, (,C’,F,F',G,G’,1,I") mice
were stained with antibodies against DG (red) and (tBP2 (green), a synaptic ribbon marker in the ribbon synapse of the OPL. Nuclei
were stained with DAPI (blue). Higher-magpnification views of rod (D, D', F, F') and cone (E, E’, G, G") photoreceptor ribbon
synapses are shown. Higher-magnification views of Hand / are shown in H’ and I, respectively. In the control retina, DG signal is
observed at the OPLin photoreceptors (4), blood vessels (arrow in H), and the ILM (H, arrowheads). In the DG CKO retina, DG signal
inthe OPLis severely depleted (B, €), whereas it remains in blood vessels (arrow in I) and the ILM (arrowheads in 1, I'). Scale bars:
A H,H',10 wm; D, E, 1 m. IPL, inner plexiform layer.

Western blot analysis. Transfected HEK293 cells were washed by PBS
twice and lysed in a SDS-sample buffer. Western blot analysis was per-
formed using a semidry transfer cell (iBlot system, Invitrogen) with iBlot
Gel Transfer Stack PVDF (Invitrogen). Signals were detected using Can
Get Signal (Toyobo) and ECL Plus Western Blotting Detection System
(GE Healthcare Life Sciences).

Results

Dystrophin, DG, and Pikachurin are colocalized at retinal
photoreceptor synaptic terminals

To investigate the subcellular localization of the DGC compo-
nents at the synapses of developing retinal photoreceptors, we
immunostained Pikachurin, DG, and dystrophin in the OPL
where the photoreceptor, bipolar, and horizontal cell processes
form ribbon synapses. Retinal sections from P4, P8, and P12 WT
mice were stained with antibodies against Pikachurin, DG, dys-
trophin, and a synaptic ribbon marker, CtBP2 (Fig. 1 A-I). At P4,
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Figure 3. DG is essential for the proper localization of Pikachurin in the photoreceptor ribbon synapse. Immunostaining of
photoreceptor synaptic markers in the DG CKO retina. Retinal sections from control (4,A’,D, D’ ,E,E',H-H",J,J’,L,L") and DG CKO
mice (B,B’,C,C’,F,F',G,G',I-I", K, K', M, M") were stained with antibodies against Pikachurin (red in A-G"), (tBP2 (green in
A-G',L-M'"), dystrophin (greenin H-I"), PKC (green in J-K’; a marker for the dendrites of bipolar cells), mGIuR6 (red in H, H', I,
I",J-M’). Nuclei were stained with DAPI (blue). Higher-magnification views of rod (D, D', F, F’) and cone (E, E’, G, G') photore-
ceptor ribbon synapses were shown. Higher-magnification views of H, 1,J, K, L, and Mare showninH' H",I' I’ J',K', L’ ,and M’,
respectively. In the control retina, Pikachurin signals were found in both rod and cone photoreceptor synapses, however, in the DG
CKO retina, Pikachurin signals almost disappear. In contrast, the signals of dystrophin, mGIuR6 and CtBP2 were undistinguishable
between the control and DG CKO retinas. Scale bars: A, H,J, L, 10 wm; D, E,H',J', L', 1 pm.
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apposition of synaptic processes occurs,
but synaptic processes have not invagi-
nated into the photoreceptor axon termi-
nals (Blanks et al., 1974). At this stage, we
observed weak Pikachurin signals in the
OPL adjacent to premature CtBP2-
positive ribbons (Fig. 1 D). DG and dys-
trophin signals were less intense than the
Pikachurin signal at this stage; however,
these signals were weakly concentrated at
the OPL (Fig. 1A,D,G). Around P7-P10,
horizontal cell synaptic processes invagi-
nate into the photoreceptor terminal,
whereas bipolar processes have not invag-
inated (Blanks et al., 1974). At P8, obvious
DG and Pikachurin signal puncta were
observed adjacent to the synaptic ribbon
(Fig. 1B,E). Strong dystrophin signals
were also detected in the OPL (Fig. 1 H).
This result suggests that Pikachurin, DG,
and dystrophin were concentrated in the
photoreceptor synaptic terminals before
the invagination of bipolar processes.
Around P10-P14, the invagination of bi-
polar processes occurs and photoreceptor
synaptic maturation is almost complete
(Blanks et al., 1974). At P12, photorecep-
tor synapses with DG and Pikachurin
puncta in a horseshoe-like ribbon similar
to those of the adult retina were found
(Fig. 1C,F). At this stage, obvious dystro-
phin signal puncta were also observed in
the OPL (Fig. 1I). These results suggest
that photoreceptor DGC formation oc-
curs between P8 and P12, just before the
invagination of bipolar dendritic tips. To
confirm the precise localization of DG
and dystrophin in the OPL, we immuno-
stained DG and dystrophin with a gluta-
mate receptor, mGluR6, which localizes
specifically in ON-bipolar dendritic tips. We
observed that DG and dystrophin signals al-
most completely overlapped the mGluR6
signals at the photoreceptor synapses in the
OPL (Fig. 1J-K"). In addition, the signals of
another ON-bipolar dendritic tip marker,
TRPM1, also overlapped the DG and
dystrophin signals (Fig. 1 L—M"). These
results suggest that DG and dystrophin lo-
calize at the invagination of the bipolar
dendritic terminus in the photoreceptor
synaptic terminus.

Photoreceptor-specific DG defect
affects the synaptic localization

of Pikachurin

To investigate DG function in the photo-
receptor ribbon synapse, we ablated DG
from photoreceptor cells by conditional
gene targeting. To accomplish this, we
mated the DG™** line (Moore et al.,
2002) with the Crx-Cre transgenic mouse
line in which Cre-mediated recombina-
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tion occurs in both rod and cone photo- A
receptor precursors (Nishida et al., 2003).
We generated DG""%Crx-Cre (DG
CKO) mice by mating DG™/* female
mice with DG"™°%:Crx-Cre male mice.
DG CKO mice were viable and fertile
without apparent developmental abnor-
malities in the retina. To confirm the loss
of DG in photoreceptors, retinal sections
from adult control (DG"™°%) and DG
CKO (DG™%.Crx-Cre) were stained
with antibodies against B-DG and CtBP2
(Fig. 2A—C"). In the control retina, DG-
positive puncta were observed in the OPL
(Fig. 2A,A"). These DG signals were de-
tected adjacent to horseshoe-like synaptic
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three animals, 10.7 * 4.4% in DG CKO,
n = 137 from three animals; p < 0.01)
(Fig. 2B-C'"). We observed a few DG-
positive synapses remaining in the OPL
(Fig. 2C,C"). In the mouse retina, ~97%
of the photoreceptors were rod photore-
ceptors (Carter-Dawson and LaValil, 3007 ¥
1979). A rod photoreceptor synaptic ter- 250
minus contains a single ribbon (Fig.
2D,F), whereas a cone photoreceptor
synapse contains a cluster of multiple rib-
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both rod single ribbons (Fig. 2D,D’) and
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cone ribbon clusters (Fig. 2E,E’). In the
DG CKO retina, no significant DG signal
was observed adjacent to the rod single
ribbon (Fig. 2F,F') or cone ribbon clus-
ters (Fig. 2G,G").

In the normal retina, DG is also ob-
served in the Miiller glial endfeet abutting
the ILM (Fig. 2H,H’ arrowheads) and
perivascular glial endfeet (Fig. 2H, ar-
rows) (Schmitz and Drenckhahn, 1997b;
Ueda et al., 2000; Blank et al., 2002). In contrast to the severe loss
of DG in the OPL, DG signals remain in blood vessels (Fig. 21,
arrows) and the ILM (Fig. 2I,I' arrowheads) in the DG CKO
retina. These results show that the loss of DG occurs specifically
in rod and cone photoreceptors in the DG CKO retina.

Previous biochemical analysis showed that DG physically in-
teracts with Pikachurin (Sato et al., 2008; Kanagawa et al., 2010).
To examine whether the DG loss affects Pikachurin localization
in photoreceptor synapses, we stained Pikachurin in adult con-
trol and DG CKO retinas. In the control retina, Pikachurin spe-
cifically localizes to the OPL in a punctate pattern adjacent to the
synaptic ribbon stained with the anti-CtBP2 antibody in both rod
and cone photoreceptor synapses (Fig. 3A, D,E). In contrast, the
DG CKO retina showed an obvious loss of the Pikachurin signal
in most of the OPL (percentage of Pikachurin * CtBP2 " syn-
apses in CtBP2 * synapses, 97.7 = 1.9% in control, n = 204 from

Figure 4.

Stimulus intensity
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Electroretinograms recorded from DG CKO mice. Scotopic (A) and photopic (B) ERGs of an adult control mouse (left),
a DG CKO mouse (middle) and Pikachurin KO mouse (right) are shown. Implicit time and amplitude of scotopic ERG b-waves as a
function of the stimulus intensity are shown in Cand D respectively. Amplitude of photopic ERG b-waves are shown in E. Blue lines
indicate control (n = 3) and red lines indicate DG CKO (n = 6). DG CKO mice showed decreased amplitude under both scotopic and
photopic conditions and prolongation of b-wave under scotopic conditions. The error bars indicate SEM. Asterisks indicate that the
differences are statistically significant (Mann—Whitney test, p << 0.05).

four animals, 7.5 £ 4.8% in DG CKO, n = 143 from four animals;
p <0.01) (Fig. 3B-C',F-G’), although a few Pikachurin puncta
remain in the OPL (Fig. 3C,C’) as was observed with the DG
signals (Fig. 2C,C’). The absence of the Pikachurin signal is ob-
served in both rod and cone photoreceptor synaptic terminals
(Fig. 3F-G'). This result suggests that DG in photoreceptors is
essential for the synaptic localization of Pikachurin in photore-
ceptors. To investigate whether the deficiency of DG affects the
integrity of bipolar dendritic structure, we performed immuno-
staining for mGluR6 and PKC, a marker for the ON-bipolar den-
dritic process. We found that mGluR6 signals accumulated at the
tips of PKC-positive bipolar dendritic processes in both the con-
trol and DG CKO retinas (Fig. 3J-K"). In the normal retina,
bipolar dendritic tips stained with mGluR6 localized adjacent to
ribbons stained with CtBP2 (Fig. 3L,L’). Similarly, we found that
the mGIuR6 signal was observed adjacent to synaptic ribbons in
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the DG CKO retina (percentage of mGluR6 " CtBP2 ™ synapses
in CtBP2 * synapses, 96.4 =+ 1.6% in control, n = 143 from three
animals, 92.1 * 9.7% in DG CKO, n = 65 from three animals; p >
0.05) (Fig. 3M,M’"). These results suggest that a deficiency of DG
does not affect the gross structure of bipolar dendritic tips. DG di-
rectly interacts with dystrophin and forms the DGC in photorecep-
tor synapses. We next examined whether the loss of DG affects the
distribution of dystrophin in the OPL. We observed the dystrophin
signal colocalizing with mGluR6 in the OPL of control mice (Fig.
3H-H"). Unexpectedly, we observed a similar distribution of dystro-
phin in the DG CKO retina (percentage of dystrophin ™ mGluR6 *
puncta in mGluR6 * puncta, 100% in control, n = 191 from four
animals, 100% in DG CKO, n = 207 from four animals) (Fig. 3I-I").
Since dystrophin also interacts with the other DGC components and
actin cytoskeleton, these interactions may be enough to keep dystro-
phin in the photoreceptor synaptic terminal without DG.

Loss of DG in photoreceptors affects synaptic signal
transmission between photoreceptor and bipolar cells

Loss of Pikachurin causes the attenuation of ERG activity, and a
reduced and prolonged b-wave in both scotopic and photopic
conditions (Sato et al., 2008). Physical interaction between DG
and Pikachurin in vitro suggests that DG plays an essential role in
establishing a physiological connection between the photorecep-
tor terminus and bipolar dendrites (Sato et al., 2008; Kanagawa et
al., 2010). To evaluate the physiological role of DG in the retina,
we measured ERGs of adult DG CKO mice. We observed that DG
CKO mice showed a decreased amplitude and prolonged b-wave
under scotopic conditions (Fig. 44, C,D). We found a decreased
b-wave amplitude under photopic conditions (Fig. 4B,E). The
ERG b-wave responses are mainly generated by the activity of
ON-bipolar cells (Robson and Frishman, 1995, 1996; Koike et al.,
2010). These results suggest an essential function of DG in the
physiological connection between photoreceptors and ON-
bipolar cells at ribbon synapses. Furthermore, we compared the
degree of abnormality in ERGs between DG CKO and Pikachurin
KO mice (Sato et al., 2008). Notably, the prolongation of b-wave
implicit time under scotopic conditions was significantly more in
the DG CKO mouse than in the Pikachurin KO mouse (Fig. 4A)
(Sato et al., 2008). In addition, the b-wave amplitude under both
photopic and scotopic conditions is less in the DG CKO mouse
than in the Pikachurin KO mouse. These results indicate that loss
of DG causes a more severe defect of synaptic connection be-
tween photoreceptor and bipolar cells than that caused by the loss
of Pikachurin only.

Electron microscopic analysis of photoreceptor ribbon
synapses in the DG CKO mice

To examine whether the loss of DG affects the ultrastructure of
photoreceptor synapses, we performed 3D electron microscopic
analyses on the adult control and DG CKO retinas. In this ap-
proach, projection images of longitudinal sections of photore-
ceptors were collected by tilting the specimen incrementally
around an axis perpendicular to the electron beam. Using IMOD
software, tomographic volumes (2.5 X 2.5 X 0.5 wm) of the rod
synaptic terminus that included a large portion of the synapse
ribbon were calculated from the series of projection images. We
analyzed tomographic slices of 3D volumes and 3D models in the
control and DG CKO photoreceptor synapses (Fig. 5A-F). A
normal rod synaptic terminus contains a single synaptic ribbon
(Fig. 5A, labeled R), two horizontal cell processes (Fig. 5A, labeled
H), and two rod bipolar dendrites (Fig. 5A, labeled B). In the
photoreceptor ribbon synapse of the control mouse, the ribbon is
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Figure 5.  Electron microscopic analysis of the photoreceptor ribbon synapse in the DG CKO
mice. Electron tomography of rod photoreceptor synapse terminals in the control (4, C, E) and
DG CKO (B, D, F) retinas by ultrahigh-voltage electron microscopy. Synaptic ribbon (R), hori-
zontal cell processes (H), and bipolar cell dendrites (B) are indicated in A and B. Representative
demarcation of bipolar dendritic tips (magenta), horizontal processes (dark blue), ribbon
(green), and rod plasma membrane (light blue) for tomography are shown for control (€) and
DG CKO (D) retinas. Bipolar cells dendrites do not appose to the synaptic terminal in the rod
photoreceptor ribbon synapse in the DG CKO retina (B, D, F). Scale bar represents 1 um (4, E).

located at the apex of an invagination, which accommodates the
postsynaptic processes of bipolar and horizontal cells (Fig. 5A).
We observed that dendritic terminals of horizontal cells were
normally inserted into the invagination of the photoreceptor rib-
bon synapse in both the control and DG CKO retinas (Fig, 5A—
D). In contrast, we found that the dendritic processes of bipolar
cells were not inserted into the invagination of the rod photore-
ceptor ribbon synapses in the DG CKO retina (Fig. 5B,D,F). We
also confirmed this using 3D models extracted from the tomo-
grams (Fig. 5E, F). These results suggest that the loss of DG causes
a structural defect of the synaptic connection between photore-
ceptors and bipolar cells. This structural defect of ribbon syn-
apses in the DG CKO retina may underlie the abnormality of the
ERG b-wave observed in the DG CKO mice.
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Pikachurin is important for the proper
assembly of DG in the photoreceptor
ribbon synapse

We found that DG is essential for the proper
localization of Pikachurin in the photore-
ceptor synapse. Conversely, is Pikachurin
necessary for the normal localization of DG?
To address this issue, we examined the local-
ization of DG in the adult Pikachurin /"~
retina (Fig. 6A—N’). In the WT retina, Pika-
churin localizes adjacent to synaptic ribbon
(Fig. 6A—A"). We confirmed that the Pika-
churin signal is completely lost in the
Pikachurin /"~ retina (percentage of Pika-
churin * CtBP2 ™ synapses in CtBP2 * syn-
apses, 96.7 = 1.3% in WT, n = 121 from
three animals, 0% in Pikachurin ™/ ~, n =
154 from three animals; p < 0.01) (Fig. 6 B—
B") (Sato et al.,, 2008). Interestingly, we
found that the DG signal in the OPL is
severely depleted in Pikachurin '~ pho-
toreceptor synapses compared with that
in the control retina (percentage of DG *
CtBP2™" synapses in CtBP2" synapses,
95.7 = 2.8% in WT, n = 208 from four
animals, 15.5 * 6.6% in Pikachurin /",
n = 153 from five animals; p < 0.01) (Fig.
6C,D). The DG signal loss is observed in
both rod and cone photoreceptor syn-
apses of the Pikachurin™'~ retina com-
pared with those of the control retina (Fig.
6E-H'). We previously showed that
Pikachurin is expressed exclusively in pho-
toreceptor cells and not in Miiller glial cells
(Sato et al., 2008). Consistent with this, the
DG signals in blood vessels and the ILM of
Miiller glial endfeet are indistinguishable
between the wild-type and Pikachurin ~/~
retinas (Fig. 6I-]'), suggesting that
the ERG abnormality observed in the
Pikachurin~’~ mouse was not due to the
defect of the DGC in Miiller glial cells.
Similar to the DG CKO retina, other pho-
toreceptor synaptic markers including dystro-
phin and mGIluR6 were unaffected in the
Pikachurin~’~ retina (percentage of dystro-
phin® mGIuR6* puncta in mGluR6 ™"
puncta, 100% in WT, n = 211 from four ani-
mals, 100% in Pikachurin ~/~, n = 205 from
five animals; percentage of mGluR6™
CtBP2 * synapses in CtBP2 * synapses, 95.8 =
2.7% in WT, n = 156 from three animals,
92.5 % 2.2% in Pikachurin~'~,n = 111 from
three animals; p > 0.05) (Fig. 6 K—N"). These
results suggest that Pikachurin is required for
the assembly of DG in photoreceptor synaptic
terminals.

Pikachurin Laminin-G repeat domains
are sufficient for DG clustering on the
cell surface

In Pikachurin™"~ photoreceptor ribbon
synapses, we observed significantly de-

/
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Pikachurin KO

mGIuR6
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Figure 6.  Pikachurin is required for the proper synaptic localization of DG in photoreceptor cells. Imnmunostaining of photore-
ceptor synaptic markers in the Pikachurin /™ retina. Retinal sections from control (4-A", C, E=F', I, I, K~K", M, M") and
Pikachurin —/~ (B-B",D,G-H',J,J",L-L", N, N") mice were stained with the antibodies against Pikachurin (redin A-B”), (tBP2
(greenin A-J', M-N"), DG (red in C-J'), dystrophin (green in K~L"), and mGluR6 (red in K—N"). Higher-magnification views of
rod (E, E’,G,G") and cone (F, F', H, H') photoreceptor ribbon synapses were shown. Higher-magnification views of 4, B, 1, J, K, L,
M, and NareshowninA’,A",B',B",1I',J',K',K",L',L", M’ and N, respectively. Nuclei were stained with DAPI (blue). Loss of
the Pikachurin signal in the Pikachurin —”~ OPL is shown (B—B"). DG signal is significantly decreased in both rod and cone
photoreceptor synapses of Pikachurin ~/~ mice (G-H"), whereas the DG in blood vessels (arrows in I, I, J, J') and the ILM
(arrowheads in I, I’, J, J') are unaltered between WT and Pikachurin —/~ retinas. Dystrophin, mGluR6 and CtBP2 signals are
indistinguishable between WT and Pikachurin ~/ ~ retinas. Scale bars: A, C, I, K, M, 10 um; 1,50 wm; A’ E,F,K',M’, 1 um. IPL,
inner plexiform layer.
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Overexpression of Pikachurin induces clustering of DG in HEK293 cells. HEK293 cells were transfected with a plasmid expressing mCherry (4-A") or Pikachurin-FL-mCherry (B-D).

mCherry (red) and B-dystroglycan (DG, green) signals were observed. Transverse (A—C") or apical-basal (D) optical sections of cells are shown. Higher-magnification views of HEK293 cells
transfected with the Pikachurin-FL-mCherry plasmid are shown (C-C"). DG clustering was observed at the cell— cell junction of cells transfected with the Pikachurin-FL-mCherry expression plasmid.
Nuclei were stained with DAPI (blue). E, Western blots were performed to examine the amount of DG in cells. No obvious change of DG amount was observed in the cells expressing Pikachurin or

mCherry alone. Scale bars, 10 m.

creased DG signals. This result suggests that Pikachurin is neces-
sary for the proper assembly of DG in the photoreceptor ribbon
synapse. Pikachurin may regulate the DG clustering on cell sur-
faces through direct interaction. To examine this possibility, we
overexpressed Pikachurin in HEK293 cells, which endogenously
express DG, and observed the localization change of endogenous
DG by immunostaining (Fig. 7A-D). HEK293 cells were trans-
fected with plasmids expressing mCherry tagged with full-length
Pikachurin (Pikachurin-FL-mCherry) or mCherry only as a con-
trol, and stained with an anti-DG antibody. In the cells trans-
fected with a control plasmid, we observed no obvious
accumulation of the DG signal (Fig. 7A-A"). However, in the cells
transfected with plasmids expressing Pikachurin-FL-mCherry, we
found a concentrated DG signal in cell-cell junctions (Fig. 7B—
D). Notably, an mCherry-tagged Pikachurin signal was enriched
and clustered in cell-cell junctions together with the DG signal
(Fig. 7B-D). This result shows that Pikachurin is sufficient to
assemble DG on the cell surface. At the same time, this result
suggests that the expression of Pikachurin induces the formation
of the DG-Pikachurin complex on the cell surface. To test
whether the total DG amount in the cells changes or not, we
performed Western blots and analyzed the amount of DG in the
cells. We observed no obvious change of DG protein amount
between the cells transfected with the mCherry control and Pika-
churin constructs (Fig. 7E). Overexpression of Pikachurin does
not seem to induce the expression or degradation of DG.

To determine the critical domain of the Pikachurin protein for
DG clustering on the cell surface, we prepared plasmids express-
ing various Pikachurin deletion constructs and transfected them
into HEK293 cells (Fig. 8 A—I). We observed significant DG clus-
terings in the cells transfected with plasmids expressing Pikachu-
rin deletion constructs with LG2—3 domains (Pik-FL, Pik-LG1-3,
Pik-LG2-3, Pik-FN-LG) (Fig. 8 B-E'), whereas no DG clustering
was detected in the cells transfected with plasmids expressing
Pikachurin without the LG2-3 domains (Pik-FN, Pik-LG3, SS-
mCherry) (Fig. 8 F—H'"). This result suggests that the Pikachurin
LG2-3 domains are necessary to induce DG clustering on the cell
surface, and that the LG2-3 domains were core regions for the
formation of the DG-Pikachurin complex.

Discussion

Photoreceptor DG is required for normal retinal physiology
In the current study, we investigated the functional role of DG in
the retinal photoreceptor synaptic terminus. Attenuation of
ERGs is observed in both MD patients and the corresponding
model animals. In the mouse retina, DG is expressed in photore-
ceptor ribbon synapses in the OPL and Miiller glial endfeet in the
ILM and blood vessels (Schmitz and Drenckhahn, 1997b; Ueda et
al., 2000; Blank et al., 2002). Since DG is detected in multiple
areas of the retina, it was unclear which part of the defect is
responsible for the ERG abnormality in MD patients and MD
model animals. A recent study reported that mice with condi-
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tional deletions of DG in Miiller glial cells
using Nestin-Cre and GFAP-Cre showed a
loss of DG from the ILM but maintained
DG expression in the OPL (Satz et al,
2009). These mice showed weakly reduced
ERG b-wave amplitudes, but no obvious
prolongation of b-wave implicit time was
observed (Satz et al., 2009). Although pre-
vious studies reported that DG and/or
Pikachurin-positive puncta were reduced
in DG CKO/Nestin-Cre mice, it is still un-
clear whether or not the photoreceptor-
specific loss of DG causes physiological
dysfunction (Satz et al., 2009; Hu et al.,
2011). In this study, we demonstrated that
the mice lacking DG in photoreceptors
showed a severe reduction of ERG b-wave
amplitude with marked prolongation of
b-wave implicit time, suggesting that pho-
toreceptor synaptic DG is critical for both
the amplitude and implicit time of the
b-wave. In addition, we also showed that
deficiency of Pikachurin does not cause
the loss of DG from Miiller glial endfeet.
This result also supports evidence that the loss
of the DGC in the OPL can cause attenuation
of ERGs, since Pikachurin ™/~ mice also
showed ERG attenuation (Sato et al., 2008).
Our results in this study and observations
from previous studies suggest that prolonged
b-wave implicit time in MD model mice is I
most likely due to the functional defect of

DGC formation in photoreceptor synapses.

mCherry

Pik-LG1-3 Pik-FL mCherry

Pik-LG2-3

However, our study did not exclude the possi- Pik-FL
bility that the DGC defect expressed in cells
other than photoreceptors contributes to the Pik-LG1-3 )
ERGattenuation observed in MD patients and 33
MD animal models. Pik-LG2-3 |

Several studies by immunoelectron 733
microscopic analysis have shown that DG Pik-FN-LG |
localizes in photoreceptor presynapses -
but not in the postsynaptic dendritic tips Pik-FN B
of bipolar or horizontal cells (Schmitz and
Drenckhahn, 1997a; Ueda et al., 1998; .

Pik-LG3 |

Blank et al., 1999; Jastrow et al., 2006). We
observed a loss of invagination in bipolar
processes but not in horizontal processes
in DG CKO photoreceptor synapses. Why
does the DG defect not affect the structure
of horizontal processes? One possibility is
that DG has a redundant factor in the hor-
izontal process invagination, but not in
the formation of bipolar processes. In
mice, invagination of horizontal processes
into photoreceptor synapses occurs be-
tween P7 and P10, whereas invagination
of bipolar processes begins later, mainly between P10 and P14
(Blanks et al., 1974). A redundant factor for DG may function
around P7-P10 in horizontal process invagination. Another pos-
sibility is that the molecular mechanism of invagination is totally
different for horizontal and bipolar processes. An unknown mo-
lecular system independent from the DG—Pikachurin system may
regulate horizontal process invagination.
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Laminin G repeats of Pikachurin are essential for the assembly of the DG—Pikachurin complex on the cell surface.
A-H', HEK293 cells were transfected with plasmids expressing various Pikachurin-deletion constructs. Seventy-two hours after
transfection, subcellular localization of DG (green) and mCherry-tagged Pikachurin-deletion proteins (red) was observed. Nuclei
were stained with DAPI (blue). Scale bar represents 10 wum. I, A schematic diagram of Pikachurin deletion constructs fused with
mCherry at their Cterminus. Amino acid numbers are shown at the bottom of each construct. DG clustering was observed in cells transfected
with plasmids expressing Pikachurin deletion constructs with LG2—3 domains (Pik-FL, Pik-LG1-3, Pik-LG2-3, Pik-FN-LG), whereas no DG
clustering was detected in the cells transfected with plasmids expressing Pikachurin constructs without LG2—3 domains.

Interaction of Pikachurin with DG induces DG clustering on
the cell surface

Previous biochemical studies showed a direct interaction of DG
and Pikachurin in vitro (Sato et al., 2008; Kanagawa et al., 2010),
however, their functional interaction in vivo had not been well
examined. In the current study, we provided several lines of evi-
dence for the interaction between Pikachurin and DG in vivo.
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Ahypothetical model of DG and Pikachurin function in photoreceptor synaptic terminals. Schematic diagrams of synaptic structures (top) and molecular interaction (bottom) in the WT

(left), Pikachurin KO (middle) and DG CKO (right) retinas are shown. Left, In the WT retina, Pikachurin molecules form oligomers through their Laminin G domains. Oligomerization of Pikachurin

induces the clustering of DG on the photoreceptor synaptic surface of the WT retina. Middle, In the Pikachurin

~/~ retina DG dlustering at the synaptic terminal is not induced because of the loss of

DGinteraction with oligomerized Pikachurin. Lack of DG clustering at the photoreceptor synaptic tip causes a defect of synaptic connection between photoreceptors and bipolar cells, resulting in the
abnormal ERGs observed in the Pikachurin —”~ mice. Right, In the DG CKO retina, loss of DG prevents Pikachurin accumulation on the tips of photoreceptor synapses. Lack of DG in the synaptic

terminal causes a more severe defect in the structure of photoreceptor synapses.

First, conditional deletion of DG in the photoreceptor presynap-
tic region causes a defect of Pikachurin localization in photore-
ceptor synapses, the prolongation of both ERG amplitude and
implicit time, and a defect of synaptic ultrastructures between
photoreceptors and bipolar cells. Second, the loss of Pikachurin
affects proper DG assembly in the photoreceptor ribbon synapse.
Third, expression of the DG binding domains of Pikachurin in
cultured cells causes the clustering of DG on the cell surface.
These results strongly support the idea that the interaction be-
tween DG and Pikachurin is essential for the formation of proper
synaptic structure of photoreceptors.

In this study, we found that the forced expression of Pikachu-
rin in cultured cells causes DG clustering on the cell surface. This
result suggests that the interaction between Pikachurin and DG
triggers assembly of the DG—Pikachurin complex on the cell sur-
face. What is the molecular mechanism for the formation of this
complex? One possibility is that Pikachurin oligomerization in-
duces the assembly of the DG-Pikachurin complex. Previously
we showed that Pikachurin is able to form oligomeric structures
through LG repeats (Kanagawa et al., 2010). This suggests a
molecular mechanism underlying the clustering of the DG—Pika-
churin complex in the photoreceptor synapse; both the oligomer-
ization of Pikachurin and the interaction of Pikachurin with DG
cause the clustering of the DG—Pikachurin complex on the cell
surface, thus, the DG-Pikachurin complex accumulates on the
cell surface (Fig. 9). Interestingly, other DG interacting proteins
including agrin, laminin, perlecan and neurexin also contain LG/
EGF repeats (Ervasti and Campbell, 1993; Gee et al., 1994; Peng et
al., 1998; Sugita et al., 2001). DG clustering by DG-interacting
proteins may be regulated by a common molecular mechanism
through the LG repeat domains.

Notably, the abnormality of both amplitudes and implicit
times of ERGs in the DG CKO mice were more severe than in the
Pikachurin ~/~ mice, suggesting that DG is more critical for pho-
toreceptor synapse formation than Pikachurin. Consistent with
our hypothesis, the DG signal was significantly reduced in pho-

toreceptor synapses in the Pikachurin ~/~ OPL. However, a slight
amount of DG remains in photoreceptor synapses in the Pikachu-
rin /"~ retina. There are two possible explanations for the phe-
notype difference between the loss of DG and the loss of
Pikachurin. The first possible explanation is that DG is relatively
stable even without interacting with Pikachurin. In this case, the
structural change of the photoreceptor synapse caused by the loss
of Pikachurin may be milder than that caused by the loss of DG,
resulting in a milder ERG attenuation in the Pikachurin ~/~ mice
than that in the DG CKO mice. The second explanation is that
DG also interacts with other extracellular matrix proteins in ad-
dition to Pikachurin, and this additional interaction partially
keeps DG anchored on the photoreceptor synaptic surface with-
out the DG—Pikachurin interaction. DG in the photoreceptor
synapse may interact with other DG ligands including laminin,
agrin, neurexin, perlecan, or uncharacterized ECM proteins.

In Drosophila, a Laminin G repeats-containing protein, space-
maker, is required for the generation of inter-rhabdomeral space,
a small extracellular space among photoreceptor rhabdomers in
the compound eyes (Zelhof et al., 2006). Interestingly, the amino
acid sequence of the spacemaker Laminin G repeats is very simi-
lar to that of Pikachurin. It is possible that Pikachurin-like
Laminin G domains may have the ability to expand and/or keep
small extracellular space, such as photoreceptor synaptic cleft and
inter-rhabdomeral space by oligomerization or interaction with
other ECM proteins. Our observations in the current study sug-
gest that the DG—Pikachurin complex regulates the formation of
the fine structures of the synaptic terminal, what we called “mi
cromorphogenesis” of the synaptic terminal.

A recent report showed that postsynaptic DG regulates
presynaptic neurotransmitter release at the Drosophila NM]J
(Bogdanik et al., 2008). Together with our observation, the loss of
DG might affect the structure not only on the presynaptic side
where DG localizes, but also on the postsynaptic side. Although
we observed no obvious defects of mGluR6 distribution in the
postsynapse of bipolar dendritic terminals in the OPL, we do not
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exclude the possibility that the loss of DG or Pikachurin affects
the structure and/or the molecular composition of the postsyn-
apse of bipolar terminals.

In summary, our findings demonstrate that photoreceptor
DG is essential for the structural formation of the photoreceptor
synapse and physiological synaptic connection between photore-
ceptor and bipolar cells. In addition, the loss of DG notably de-
creased the Pikachurin localization in photoreceptor synapses.
We found that loss of Pikachurin in the photoreceptor synapse
causes the depletion of DG at photoreceptor synapses. Further-
more, we observed that overexpression of Pikachurin in cultured
cells induces formation of the DG—Pikachurin complex and fa-
cilitates the clustering of DG on the cell surface. These results
suggest that Pikachurin is necessary and sufficient for DG assem-
bly on the cell membrane, and for the functional link between
Pikachurin and DG in photoreceptor synaptic formation. The
micromorphogenesis mechanism observed in the DG-Pikachu-
rin interaction in the photoreceptor-bipolar synapse formation
may also be observed in the interaction between other LG-
containing DG ligands and DG in other synapses and tissues.
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