Chapter 8
Structure and Development
of the Photoreceptor Ribbon Synapse

Yoshihiro Omori and Takahisa Furukawa

Abstract Photoreceptor cells are sensory neurons and does not possess dendrites,
whereas photoreceptor axonal terminals develop a specialized synaptic structure
called ribbon synapses that contains electro-dense horseshoe-like ribbons. Photo-
receptor ribbon synapses have connections with dendritic terminals of bipolar cells
and tips of horizontal cell processes, and therefore are critical for visual transduc-
tion. In both humans and genetically modified mice, loss of function in photore-
ceptor synaptic components and its regulators often causes visual impairment and
retinal diseases including retinitis pigmentosa and night blindness. In this chapter,
we review and discuss the development of photoreceptor ribbon synapses and the
functions of ribbon synapse key components.
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8.1 Synaptic Connection of Photoreceptor Cells
with Other Neurons in the Retina

In the vertebrate retina, synaptic connections are formed between five different
types of neurons, including photoreceptor, bipolar, horizontal, amacrine, and ganglion
cells. These synapses are organized into distinct laminae: the outer plexiform layer
(OPL) and the inner plexiform layer (IPL) (Masland 2001). Photoreceptor axonal
terminals contact both horizontal cell processes and bipolar cell dendrites in the OPL.

Y. Omori ¢ T. Furukawa (<)

Laboratory for Molecular and Developmental Biology, Institute for Protein Research,
Osaka University, Osaka, Japan

e-mail: takahisa.furukawa@protein.osaka-u.ac.jp

T. Furukawa et al. (eds.), Vertebrate Photoreceptors: Functional Molecular Bases, 199
DOI 10.1007/978-4-431-54880-5_8, © Springer Japan 2014


mailto:takahisa.furukawa@protein.osaka-u.ac.jp

200 Y. Omori and T. Furukawa

Rod photoreceptor Cone photoreceptor

Horizontal cell
| — f §

(G OFF-bipolar cell

H‘J\ e
ON-bipolar cell ‘

J
J
“ P

Fig. 8.1 Rod and cone photoreceptor synapses in the outer plexiform layer (OPL). Rod photore-
ceptor axonal terminals connect with rod ON-bipolar cell dendrites and horizontal cell processes.
Cone photoreceptor terminals connect with cone ON- and cone OFF-bipolar cell dendrites as well
as horizontal cell processes. These synapses are located in the outer plexiform layer (OPL)

Synaptic connections of bipolar cell axonal terminals and ganglion cell dendrites to
amacrine cell processes are localized in the IPL. Rod photoreceptor cells connect with
rod ON-bipolar cells and horizontal cells, whereas cone photoreceptor cells have
connections with cone ON- and cone OFF bipolar cells as well as horizontal cells
(Fig. 8.1).

In the OPL, photoreceptors and bipolar cells transfer information at specialized
synapses, the ribbon synapses, which transmit signals tonically and in a graded
fashion (tom Dieck and Brandstatter 2006). In vertebrates, several types of neurons
in sensory organs form ribbon synapses including retinal bipolar cells,
photoreceptor-like neurons in the pineal grand, and auditory and vestibular hair
cells (Sterling and Matthews 2005). Graded synaptic output in photoreceptors
requires that a large number of synaptic vesicles be released. To accomplish this,
photoreceptors possess large pools of regularly aligned, fast-release vesicles teth-
ered to the synaptic ribbons (Sterling and Matthews 2005).

A synaptic ribbon is an electron-dense organelle in the photoreceptor presynaptic
cytoplasm, observable by electron microscopy. A photoreceptor synaptic ribbon has
a plate-like structure that anchors it to the presynaptic membrane of an axon
terminal. The photoreceptor synaptic ribbons are associated with invaginations
present along the base of the photoreceptor terminals (Fig. 8.2). Horizontal cell
processes and bipolar cell dendrites are inserted into photoreceptor invaginations
and terminate near the ridge in which the synaptic ribbon lies. The synaptic struc-
tures of rod and cone photoreceptors are different. The rod photoreceptor terminals
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Fig. 8.2 Structure of rod and cone photoreceptor synaptic terminals. The photoreceptor ribbons
(green bars) and synaptic vesicles (yellow circles) are associated with invaginations present at the
base of the rod (left panel) and cone (right panel) photoreceptor synapses. In both rod and cone
photoreceptors, horizontal cell processes (blue) and ON-bipolar cell dendrites (red) penetrate into
photoreceptor invaginations. OFF-bipolar dendrites (purple) contact cone photoreceptor terminals
on the surface of the synaptic terminals. The rod photoreceptor terminals contain a single ribbon.
The cone photoreceptor terminals contain multiple ribbons and more horizontal and bipolar
connections than those of rod photoreceptor cells

contain a single ribbon that has a horseshoe-shaped structure (Rao-Mirotznik
et al. 1995). Rod photoreceptor synapses are called spherules. The cone photore-
ceptor terminals are larger than those of rods and contain multiple smaller synaptic
ribbons in a single cone photoreceptor axonal terminal. The cone photoreceptor
synapses are called pedicles. In the vertebrate rod synaptic invaginations, the rod
ON-bipolar dendrites terminate as the central element. In the cone synaptic invag-
inations, the cone ON-bipolar dendrites end as the central element. The dendrites of
cone OFF-bipolar cells contact the basal surfaces of cone terminals. In the invagi-
nations of both rod and cone terminals, horizontal cell processes end laterally and
deeper, and synaptic ribbons are located at the apex of invaginations.

8.2 Development of Photoreceptor Synapses

In vertebrates, retinal circuit development occurs in a sequential manner that is
common across species (Olney 1968; Blanks et al. 1974; McLaughlin 1976; Fisher
1979; Schmitt and Dowling 1999). In the developing mouse retina, synaptic
connections are mainly formed after birth (Blanks et al. 1974). Photoreceptor
synaptic maturation occurs in three different stages of configuration termed appo-
sition, dyad, and triad configurations (Fig. 8.3).
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Fig. 8.3 Developmental stages of photoreceptor synapses. Photoreceptor synaptic formation in
the mouse retina occurs postnatally (Blanks et al. 1974). Mouse photoreceptor synaptic
formation occurs in three different stages referred to as apposition, dyad, and triad configurations.
Left panel: After P4, the synaptic processes from horizontal cells are juxtaposed with the
membrane of the photoreceptor synaptic terminal, but have not yet penetrated into the photore-
ceptor synaptic terminal. Middle panel: At around P7, the dyad configuration in the photoreceptor
synaptic terminal is formed with two lateral horizontal processes and a synaptic ribbon within

the photoreceptor synaptic terminal. Right panel: Around P14, a bipolar central process enters the
photoreceptor synaptic invagination and forms the triad configuration

8.2.1 Apposition Configuration (P4-P5)

Soon after birth in the mouse, retinal progenitor cells continue proliferating. The
synaptic layer in the OPL is difficult to recognize at postnatal day 3 (P3). The first
sign of synaptic formation in the OPL is observable at P4 by electron microscopy
analysis. Immature photoreceptor axonal synaptic terminals contain clusters of
developing ribbons. The synaptic processes from horizontal cells are juxtaposed
with the membrane of the photoreceptor synaptic terminal in the OPL but have not
yet penetrated into the photoreceptor synaptic terminals. The synaptic contacts of
horizontal cell processes are located on the base of the photoreceptor terminal,
usually near developing synaptic ribbons. This stage of photoreceptor synapse
formation is referred to as apposition (Blanks et al. 1974). The photoreceptor
dystrophin complex containing pikachurin and dystroglycan is a useful marker
for synaptic connections between photoreceptor presynapses and bipolar dendritic
postsynapses (Schmitz and Drenckhahn 1997; Sato et al. 2008; Omori et al. 2012).
At this stage, weak pikachurin signals are observed in the OPL adjacent to imma-
ture CtBP2-positive ribbons. Although dystroglycan and dystrophin signals are less
intense than the pikachurin signal, these signals are weakly concentrated at the
OPL. This finding suggests that the photoreceptor presynaptic complex including
dystrophin, dystroglycan, and pikachurin begins forming on the surface of synaptic
terminals before the photoreceptor terminus is connected with bipolar dendrites.
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8.2.2 Dyad Configuration (P6—-P9)

After the formation of synaptic contacts with horizontal cell processes on the
surface of photoreceptor axonal terminals, horizontal cell processes penetrate the
invagination of the photoreceptor synaptic terminal lateral to a synaptic ribbon at
around P7 (Blanks et al. 1974). The dyad configuration is two lateral horizontal cell
processes aligned with a synaptic ribbon within the photoreceptor synaptic termi-
nal. At this stage, bipolar processes have not yet penetrated; however, strong
dystroglycan and pikachurin signals are observed adjacent to the synaptic ribbon,
suggesting that pikachurin, dystroglycan, and dystrophin form a complex in the
photoreceptor synaptic terminals before the insertion of bipolar dendrites. At this
stage, the complexity of the OPL increases, and a row of photoreceptor terminals
with several synaptic dyads as well as a layer of neuropil with horizontal cell
processes and bipolar cell dendrites is formed.

8.2.3 Triad Configuration (After P10)

Around P10, a bipolar central process enters the photoreceptor synaptic invagina-
tion to yield a triad configuration, which is a synaptic ribbon with two lateral
processes from horizontal cells and with at least one central dendrite from bipolar
cells in a rod photoreceptor synaptic terminal. The formation of synaptic triads at
photoreceptor synaptic terminals is complete by P14. At this stage, photoreceptor
synapses with dystrophin, dystroglycan, and pikachurin puncta are formed in the
vicinity of a horseshoe-like ribbon in the OPL of adult mice.

8.3 Components of Synaptic Ribbons
and Ribbon-Associated Proteins

In the presynaptic region of conventional synapses, neurotransmitter release is
restricted to an electron-dense cytoskeletal meshwork, the cytomatrix at the active
zone (CAZ), usually observable by electron microscopy. The photoreceptor synaptic
ribbon represents a specialization of the CAZ of conventional synapses (tom Dieck
et al. 2005) (Fig. 8.4). Presynaptic CAZ is situated opposite the postsynaptic
neurotransmitter reception regions, an electron-dense cytoskeletal matrix called
the postsynaptic density (Ziff 1997; Dresbach et al. 2001). At photoreceptor ribbons,
CAZ proteins segregate into two compartments. The first compartment associated
with the ribbon contains Piccolo, Ctbpl, Ctbp2, RIM1, and KIF3A. The plasma
membrane-associated second compartment contains RIM2, Muncl3-1, a Ca®*
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Fig. 8.4 Schematic diagram of photoreceptor ribbon compartments. Localization of CAZ proteins
defines two compartments of the ribbon synaptic complex in photoreceptor synaptic terminals.
The ribbon-associated compartment includes Ctbp2, Ctbpl, KIF3A, Piccolo, and RIM1. The
plasma membrane-associated compartment includes CAST and an L-type Ca®* channel al-
subunit. Bassoon localizes at the border and connects these two compartments. (Diagram modified
from tom Dieck et al. 2005)

channel o1-subunit, and CAST/ERC2. Ctbp2 and Bassoon interact directly and link
these two compartments. These proteins are important for signal transmission
between photoreceptor and bipolar cells.

8.3.1 Bassoon

Bassoon is a presynaptic protein and a major component of the photoreceptor
ribbon. Bassoon is an approximately 4,000-amino-acid protein containing a zinc
finger motif similar to another ribbon component, Piccolo (tom Dieck et al. 1998).
In Bassoon-deficient photoreceptor cells, synaptic ribbons are not anchored to the
presynaptic active zones, resulting in impaired photoreceptor synaptic transmission
(Dick et al. 2003). Most of the ribbons in Bassoon-deficient mice are not docked at
the synaptic site but float freely in the cytoplasm (free-floating ribbons) (Fig. 8.5).
More than half of the rod photoreceptor terminals are empty, without presynaptic
ribbons and postsynaptic invaginating elements, in Bassoon mutant mice. In a
normal cone synaptic terminal, multiple ribbons with the horizontal cell processes
and bipolar dendrites are formed (Boycott and Wassle 1999); however, in Bassoon-
deficient cone terminals, free-floating ribbons without invaginations dominate. The
free-floating presynaptic ribbons in Bassoon mutants aggregate and form “ribbon
fields.” Fewer postsynaptic processes penetrate into the cone terminals of Bassoon
mutants. In addition, abnormal dendritic branching of horizontal and bipolar cells to
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Fig. 8.5 Formation of aberrant ribbons and invaginations in Bassoon-deficient photoreceptor
terminals. Ribbons in the Bassoon-deficient mice are not docked at the synaptic site and float freely
in the cytoplasm. Empty rod photoreceptor terminals without presynaptic ribbons and postsynaptic
invaginating elements are often observed in the Bassoon-deficient retina

photoreceptors and ectopic synapses form in the ONL of Bassoon mutant mice.
These results suggest that Bassoon is essential for the proper positioning of cone
and rod photoreceptor synaptic ribbons and proper connections between photore-
ceptors and horizontal or bipolar cells (Dick et al. 2003).

8.3.2 CAST

CAST/ERC?2 is a component of the photoreceptor CAZ, a site of synaptic vesicle
fusion (Ohtsuka et al. 2002). CAST contains multiple coiled-coil domains and a
C-terminal PDZ-binding motif that interacts with RIM1, a Rab3a effector protein
(Ohtsuka et al. 2002; Takao-Rikitsu et al. 2004). In the CAST-null retina, the size of
the rod presynaptic active zones and the extension of the OPL are diminished
(Fig. 8.6) (tom Dieck et al. 2012). Previous studies reported that sproutings of
postsynaptic elements into the ONL with ectopic synapse formation were found in
the retinas of mutant mice with impaired photoreceptor synaptic transmission
(Mansergh et al. 2005; Haeseleer et al. 2004; Specht et al. 2009). Similar to these
mutants, CAST-null mouse horizontal cells extended processes into the ONL. These
horizontal cell sproutings in CAST-deficient mice contain a ribbon marker, CtBP2,
in the ONL. Electron micrographs of CAST-deficient retinas also showed the
presence of ectopic neurites and ectopic synapses with ribbons in the ONL.
In addition, CAST-deficient mice show diminished b-wave amplitudes in scotopic
ERGs, indicating that synaptic transmissions from rod photoreceptors to rod bipolar
cells are impaired. Thus, in rod photoreceptor ribbon synapses, CAST regulates
proper CAZ formation and effective synaptic transmission between photoreceptor
terminals and bipolar dendrites.
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Fig. 8.6 CAST is required for proper photoreceptor CAZ formation. The size of the active zone is
reduced in CAST-deficient photoreceptor synaptic terminals. CAST-deficient mice show ectopic
synaptic formation in the ONL and diminished ERG b-waves. CAST is essential for proper
photoreceptor CAZ formation in the OPL

8.3.3 Endocytotic Regulators

At photoreceptor ribbon synapses, continuous exocytosis of vesicles needs to be
balanced by compensatory endocytosis to replenish the vesicle pools. The rate of
vesicle recycling is essential for signaling at photoreceptor ribbon synapses
(Jackman et al. 2009; Babai et al. 2010). Synaptic ribbons are required for the
resupply of release-ready synaptic vesicles (Frank et al. 2010; Schnee et al. 2011;
Snellman et al. 2011; Tian et al. 2012). Recently, by super-resolution structured
illumination microscopy and electron microscopy analysis, the precise localizations
of major components of the endocytotic membrane retrieval machinery in photore-
ceptor synapses were determined (Wabhl et al. 2013). Local endocytic machinery is
enriched at the periactive zone in the vicinity of the synaptic ribbon. This periactive
zone endocytic machinery is ideally placed to replenish the exocytotic machinery of
the continuously active photoreceptor ribbon synapse. Dynamin, syndapin,
amphiphysin, and calcineurin are enriched around the active zone and the synaptic
ribbon in photoreceptor terminals. Clathrin heavy chain variant 1 (CHC-V1) is
enriched in the periactive zone of photoreceptor synapses, and clathrin heavy
chain variant 2 (CHC-V2) is located in an endosomal compartment proximal to
the presynaptic terminal. Concentration of endocytic proteins around the ribbon is
consistent with the focal uptake of endocytic markers at that site. The photoreceptor
periactive zone surrounding the ribbons seems to be a hotspot of endocytosis.

8.3.4 L-Type Ca’* Channel and Its Regulator Cabp4

At ribbon synapses, Ca®* influx through L-type Ca®* channels triggers neurotrans-
mitter release (Schmitz et al. 2000). The L-type Cavl.4 channel al-subunit
(Cacnalf) is expressed in photoreceptor cells and is localized in photoreceptor
synaptic terminals (Barnes and Kelly 2002). Null mutations in the Cavl.4 gene
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are responsible for an X-linked disorder, congenital stationary night blindness type
2A (CSNB2A) (Strom et al. 1998; Bech-Hansen et al. 2000). The lack of an ERG
observed in these patients suggests that Cavl.4 is essential for synaptic signal
transmission between rod photoreceptor and bipolar cells. In the animal model,
mutation in the Cacnalf gene causes a similar phenotype to that observed in human
patients, including abnormal ERG and diminished photoreceptor calcium signals
(Mansergh et al. 2005; Specht et al. 2009).

Cabp4, a Ca®*-binding protein similar to calmodulin, directly interacts with
Cav1.4 al-subunit and modulates Cav1.4 activity in cells. Cabp4 is also specifically
expressed in retinal photoreceptors. Cabp4 is localized to both rod and cone photo-
receptor synaptic terminals in the OPL. Cabp4-deficient mice showed a thinner OPL
than in control mice (Haeseleer et al. 2004). In the Cabp4-deficient retina, ectopic
photoreceptor synapses are formed in the ONL. In addition, processes of rod bipolar
and horizontal cells aberrantly extend into the ONL in Cabp4-deficient mice. Rod
bipolar cell responses are remarkably reduced in sensitivity, and the ERG indicated a
reduction in both cone and rod synaptic function in Cabp4-deficient mice. Thus,
Cabp4 regulates Ca”* influx and neurotransmitter release in photoreceptor synaptic
terminals. In humans, mutations in the CABP4 gene were reported to cause congen-
ital stationary night blindness type 2B (CSNB2B) (Zeitz et al. 2006). These findings
show that the Cav1.4 channel and its regulator Cabp4 are essential factors for ribbon
synapse function in photoreceptor cells.

8.4 Dystrophin Complex in Photoreceptor Synapses

Dystrophin, one of the genes responsible for muscular dystrophy, plays an essential
role in the formation of synapses including neuromuscular junctions (NMJ) and
retinal photoreceptor synapses. Dystroglycan, a transmembrane proteoglycan, forms
adystrophin—glycoprotein complex and connects the extracellular matrix (ECM) with
the actin cytoskeleton in the NMJ and in non-muscle tissues such as the brain and
retina (Henry and Campbell 1996). Dystroglycan consists of an extracellular
a-subunit and a transmembrane B-subunit. In both rod and cone photoreceptor
synapses, dystrophin forms a complex with the a-dystroglycan subunit and ECM
protein pikachurin (Fig. 8.7) (Kanagawa et al. 2010; Howard et al. 1998; Sato
et al. 2008; Omori et al. 2012). The dystrophin-dystroglycan-pikachurin (DGP)
complex is required for the formation of proper synaptic connections between pho-
toreceptor axon terminals and dendritic tips of bipolar cells.

8.4.1 Dystrophin

In humans, mutations in the dystrophin gene cause Duchenne—Becker muscular
dystrophy (DMD/BMD), an X-linked recessive disease (Burghes et al. 1987;
Kunkel et al. 1986; Monaco et al. 1986; Hoffman et al. 1987). Loss of the
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Fig. 8.7 Dystrophin-dystroglycan-pikachurin (DGP) complex in photoreceptor synaptic termi-
nals. In photoreceptor synapses, dystrophin, a protein responsible for muscular dystrophy, forms a
complex with dystroglycan, a transmembrane proteoglycan, and pikachurin, an extracellular
matrix (ECM) protein. These components are essential for the connection between photoreceptor
axon terminals and bipolar dendrites. Defects of either of these genes cause abnormal electrore-
tinograms (ERGs) in mammals

dystrophin protein in the NMJ causes progressive abnormalities of muscular
functions. Aberrant ERGs are observed in both human patients (Pillers
et al. 1993; Fitzgerald et al. 1994) and mice with mutations in dystrophin (Pillers
et al. 1995; Kameya et al. 1997). Analysis of ERGs from allelic variants of
muscular dystrophic (mdx) mutant mice and DMD/BMD patients with mutations
in different regions of the dystrophin gene indicates a correlation between the
position of the mutation and the severity of the ERG abnormality (Schmitz and
Drenckhahn 1997).

In rod and cone photoreceptor cells, dystrophin localizes to the microdomain of
the photoreceptor synaptic plasma membrane that forms the lateral wall of the
synaptic cavity and projects with finger-like extensions into the postsynaptic
dendritic complex. The DGP complex of the cavital plasma membrane appears to
stabilize the elaborate synaptic morphology.

8.4.2 Pikachurin

Pikachurin, an ECM protein, is essential for proper synaptic connection between
photoreceptor cells and bipolar cells (Sato et al. 2008). Pikachurin was first
identified as a photoreceptor-specific gene. Pikachurin contains fibronectin-3
repeats and EGF-like and Laminin-G domains with N-terminal signal sequences.
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Fig. 8.8 Photoreceptor synaptic terminals in control and pikachurin-deficient mice. Pikachurin-
deficient mice show aberrant ERGs as well as mislocalization of dystroglycan in the OPL.
Pikachurin interacts with dystroglycan on the surface of the photoreceptor synaptic membrane
and is anchored by dystroglycan. Glycosylation of dystroglycan is important for the interaction
between pikachurin and dystroglycan

Pikachurin is localized to the photoreceptor synaptic cleft in the vicinity of the
synaptic ribbon. Ultrastructural analysis revealed that pikachurin-deficient mice
exhibited improper apposition of the bipolar dendritic tip to the photoreceptor
synaptic invagination (Fig. 8.8). Consistent with these observations, pikachurin-
deficient mice showed an increase in implicit times of both scotopic and photopic
b-waves compared with those of control mice. In addition, pikachurin-deficient
mice exhibited impaired optokinetic responses (OKR) (Sato et al. 2008; Omori
et al. 2012). Pikachurin directly binds to the extracellular domain of dystroglycan,
indicating that pikachurin is a ligand for dystroglycan in the retina (Kanagawa
et al. 2010).

8.4.3 Dystroglycan

In contrast to the predominantly retinal expression of pikachurin, dystroglycan is
broadly expressed in various tissues, including the central nervous system (CNS)
(Ibraghimov-Beskrovnaya et al. 1992; Ibraghimov-Beskrovnaya et al. 1993), and
dystroglycan-deficient embryos exhibit gross developmental abnormalities begin-
ning at around 6.5 days of gestation with early embryonic lethality (Williamson
et al. 1997). This lethality prevents analyses of dystroglycan roles in organ devel-
opment or maintenance at postnatal stages. To investigate the function of
dystroglycan in photoreceptor cells, retinal photoreceptor-specific dystroglycan
conditional knockout mice (CKO) were analyzed (Sato et al. 2008; Omori
et al. 2012). Dystroglycan CKO mice show a reduced ERG amplitude and a
prolonged ERG b-wave implicit time (Fig. 8.9). Electron microscopic analysis
shows that bipolar cell dendritic penetration into the photoreceptor terminus is
perturbed in the dystroglycan-deficient retina. In the dystroglycan-deficient
retina, the pikachurin signal is markedly decreased at photoreceptor synapses.
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Fig. 8.9 Electroretinograms recorded from dystroglycan-null and pikachurin-null retina: scotopic
ERGs of a control mouse (/eft), a dystroglycan CKO mouse (middle), and pikachurin-deficient
mouse (right). Implicit times of scotopic ERG b-waves are elongated in the dystroglycan CKO and
pikachurin-deficient mice, and the amplitude of scotopic ERG b-waves is severely decreased in
dystroglycan-CKO mice and mildly reduced in pikachurin-deficient mice

Conversely, in the pikachurin-deficient retina, the dystroglycan signals at the ribbon
synaptic terminus are severely reduced. These findings suggest that pikachurin is
required for the presynaptic accumulation of dystroglycan at the photoreceptor
synaptic terminus and vice versa. Thus, the presynaptic interaction of pikachurin
with dystroglycan at photoreceptor terminals is essential for both the formation of
proper photoreceptor ribbon synaptic structures and normal retinal electrophysiology.

8.5 Synaptic Formation Is Regulated
by Photoreceptor-Specific Transcription Factors

Photoreceptor synaptic abnormalities are reported in mice with defects in transcrip-
tion factors Crx and Nrl, which control photoreceptor differentiation (Morrow
et al. 2005; Strettoi et al. 2004). These transcription factors control synaptogenesis
through regulating the expression of genes involved in photoreceptor synapse
formation.

8.5.1 Crx

The Crx gene encodes an Otx-family homeodomain transcription factor that is
expressed predominantly in cone and rod photoreceptors and is essential for
photoreceptor development (Furukawa et al. 1997; Furukawa et al. 1999).
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Mutations in the human CRX gene are associated with retinal diseases including
retinitis pigmentosa, LCA, and cone-rod dystrophy 2 (CRD2) (Freund et al. 1997,
Swain et al. 1997; Sohocki et al. 1998; Swaroop et al. 1999). An ultrastructural
study of Crx-deficient mice demonstrated that both rod and cone photoreceptor
terminals are highly disorganized at P21 in the Crx-deficient OPL (Morrow
et al. 2005). In Crx-deficient mice, processes with synaptic vesicles and ribbon-
like structures are observed, showing that synapse components are at least gener-
ated in the mutant mice. A normal rod photoreceptor contains a single ribbon in the
wild-type retina, however, many of photoreceptor synaptic terminals contain mul-
tiple ribbons in the Crx-null retina. In addition, aberrant ribbons are not tethered to
the plasma membrane and are occasionally observed in perinuclear positions in the
Crx-deficient mice. These finding suggest that Crx regulates expression of an
essential factor for photoreceptor synaptogenesis. Microarray study of the
Crx-deficient retina revealed that the expressions of many photoreceptor-specific
genes including Cabp4 are markedly decreased in the Crx-deficient retina com-
pared to the wild type (Livesey et al. 2000; Hsiau et al. 2007).

8.5.2 Nrl

Nrl, a basic leucine zipper transcription factor, is expressed in rods, but not cone
photoreceptors, and is necessary for rod photoreceptor differentiation (Swaroop
et al. 1992; Rehemtulla et al. 1996; Bessant et al. 1999; Swain et al. 2001; Zhu
et al. 2003). In the Nri-null retina, photoreceptor precursors do not develop into rods
but generate an excess number of cone-like photoreceptors (Strettoi et al. 2004).
Electron microscopy analysis revealed that the Nri/-deficient synaptic terminals are
smaller than cone synaptic pedicles, and larger than typical rod synaptic spherules.
Normal cone synaptic terminals form a single layer in the OPL, however,
Nrl-deficient synaptic terminals occupy at least two layers. In Nr/-deficient mice,
horizontal and bipolar processes form invaginations in photoreceptor terminals as
they do in wild-type mice. Microarray study of the Nr/-deficient retina showed that
the expressions of many rod photoreceptor-specific genes are markedly decreased
(Yoshida et al. 2004); however, it is unknown which gene is responsible for the rod
photoreceptor synaptic phenotypes observed in the Nri/-deficient retina.

8.6 Open Questions/Perspectives

Recently, marked progress has been achieved in numerous studies of the molecular
components of the photoreceptor synaptic ribbon and associated proteins; however,
the molecular mechanisms that create the differences between rod and cone pho-
toreceptor synapses are still poorly understood. How are the numbers of ribbons in
rod and cone regulated? How are the specific connections between the special types
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of bipolar cells and proper invaginations in multiple types of photoreceptor cells
formed? Which molecules regulate the complex structures of photoreceptor ribbon
synapses? These questions will be addressed using new techniques involving
genetically manipulated animals including tissue-specific and/or developmental
stage-specific gene targeting, as well as an increasing bounty of animal resources,
including thousands of systematically generated floxed mouse lines (https://www.
komp.org/). Microarray and proteomic analysis of retinal components using genet-
ically modified animal tissues will provide valuable information in finding new
factors. Research answering these questions will provide new knowledge not only
for basic visual science but also for better understanding of the pathogenesis
underlying retinal diseases such as retinitis pigmentosa, cone-rod dystrophy, and
Leber’s congenital amaurosis.
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