
Chapter 11
Semaphorin in the Retinal System

Toshihiko Toyofuku

Abstract The vertebrate retina is a light-sensitive layer of tissue that lines the inner
surface of the eye. Light striking the retina initiates a cascade of chemical and
electrical events that ultimately trigger nerve impulses, which are sent to various
visual centers of the brain through the fibers of the optic nerve. Each axis of
the retina is mapped independently using different mechanisms and sets of axon-
guidance molecules, such as the semaphorins, which are expressed in gradients to
achieve projections from points in the retina to points in the target regions of the
brain. In animal models, mutations in several of the guidance molecules disrupt
axonal projections at specific sites, whereas mutation of one of the semaphorins
reduces photoreceptor survival. Understanding the molecular mechanisms of neural
defects in a variety of animal models can provide valuable insights into the effects
of each molecule in clinical disorders and may form the basis of future therapies to
prevent retinal diseases.
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11.1 Anatomy of the Retina

The retina is a layered structure containing several layers of neurons interconnected
by synapses (Fig. 11.1). The only neurons that are directly sensitive to light are
the photoreceptor cells, which are mainly of two types: rods and cones. Rods
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Fig. 11.1 Structure of the retina. Light passes through the pupil, lens, and vitreous cavity before
reaching the light-sensitive retina. Cross section of the retina shows its laminated structure

function mainly in dim light and provide black-and-white vision, whereas cones
support daytime vision and the perception of color. Neural signals from the rods
and cones undergo processing by other neurons in the retina, taking the form
of action potentials in retinal ganglion cells, whose axons form the optic nerve.
These processes can be simplified into four main processing stages: photoreception,
transmission to bipolar cells, transmission to ganglion cells, and transmission along
the optic nerve. At each synaptic stage, there are also laterally connecting horizontal
and amacrine cells. The optic nerve, a central tract consisting of many ganglion cell
axons, connects primarily to the lateral geniculate body, a visual relay station in the
diencephalon (the rear of the forebrain). It also projects to the superior colliculus,
the suprachiasmatic nucleus, and the nucleus of the optic tract.

11.2 Physiology of the Retina

11.2.1 Phototransduction

In the photoreceptors, exposure to light hyperpolarizes the membrane (Fig. 11.2).
The outer segment of a photoreceptor cell contains the photopigment rhodopsin.
Inside the cell, normal levels of cyclic guanosine monophosphate (cGMP) keep
NaC channels open; therefore, in the resting state, the cell is depolarized. Photons
cause 11-cis-retinal bound to the receptor protein (opsin) to isomerize to all-trans-
retinal; once this isomerization reaction has taken place, the receptor activates
multiple G proteins; this in turn causes the G’-subunit of the protein to activate a
phosphodiesterase (PDE), which degrades cGMP, resulting in the closing of cyclic
nucleotide-gated ion channels. As a consequence, the cell is hyperpolarized. The
amount of neurotransmitter released is reduced in bright light and increases as light
levels fall. The actual photopigment is bleached away in bright light and can only
be replaced by a chemical process; therefore, in a transition from bright light to
darkness, the eye can take up to 30 min to reach full sensitivity.
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Fig. 11.2 Light-induced photoreceptor excitation and visual cycle. Phototransduction occurs in
the outer segment of the photoreceptor, where the light-induced isomerization of rhodopsin triggers
sequential chemical steps leading to membrane depolarization. The visual cycle is a pathway of
enzymatic reactions that recycle the retinoids used during light detection by the photoreceptor

11.2.2 Visual Cycle

The visual cycle is a pathway of enzymatic reactions that recycle the retinoids
that are used during light detection in photoreceptor cells (Lamb and Pugh
2004) (Fig. 11.2). The activation of the photoreceptor rhodopsin by light occurs
through the isomerization of 11-cis retinal, bound to opsin, to all-trans retinal.
All-trans retinal is released from rhodopsin, conjugated with the membrane lipid
phosphatidylethanolamine, and transported to the cytoplasm by the ATP-binding
cassette, subfamily A, member 4 (ABCA4) protein. After modification to all-
trans retinol by a retinol dehydrogenase (RDH12), the molecule is transported to
the retinal pigment epithelium (RPE), where it is esterified to a fatty acyl group
(FA) by lecithin retinol acyltransferase (LRAT) to form all-trans retinyl ester. This
compound is subject to trans-isomerization to 11-cis retinal through the activities of
two additional enzymes (RPE65 and 11-cis retinol dehydrogenase). After transport
back to the photoreceptor, 11-cis retinal binds rhodopsin, rendering it sensitive to
light. Retinoid-binding proteins, such as interstitial retinol-binding protein (IRBP),
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cellular retinol-binding protein (CRBP1), and cellular retinaldehyde-binding protein
(CRALBP), are involved in transport of the hydrophobic retinoids in the aqueous
environment of the cytoplasm.

11.3 Visual Map Development

Visual information is transferred from the retina to multiple areas in the brain, with
the spatial information of the visual field maintained in each target region. Two of
the main targets of the retina are the superior colliculus [SC, analogous to the optic
tectum (OT) in lower vertebrates], a midbrain structure used to control head and eye
movements, and the dorsal lateral geniculate nucleus (dLGN) in the dorsal thalamus.
The dLGN in turn projects to the primary visual cortex (V1) in the posterior cerebral
cortex, which subsequently projects to several “higher” visual areas responsible for
conscious vision. Each component of the visual system is mapped topographically
(Lewin 1994; Udin and Fawcett 1988).

11.3.1 Lamina-Specific Targeting of Neurites in the Retina

Retinal circuits are activated by photoreceptors (rods or cones), which transform
light energy into neural signals and make contacts with both excitatory interneurons
(bipolar cells) and inhibitory interneurons (horizontal cells) that process information
within the retina. Subsets of bipolar cells and another class of inhibitory interneu-
rons (amacrine cells) converge selectively onto one ganglion cell. The circuit of
each type of ganglion cell determines its specific sensitivity to visual input. A
fundamental organizing principle of the retina is its division into ON and OFF
pathways. Bipolar cells are excited by either increases (ON cells) or decreases
(OFF cells) in light; the axons of ON and OFF bipolar cells terminate in different
sublayers of the inner synaptic layer of the retina (Fig. 11.3a). At least two distinct
mechanisms serve to target neurites to the appropriate laminae: homophilic cell–cell
adhesion via IgSF molecules, and short-range guidance by classical axon-guidance
cues.

Intercellular (cell–cell) recognition is carried out by cell-surface adhesion
molecules belonging to the immunoglobulin superfamily (IgSF) of transmembrane
glycoproteins (Yamagata and Sanes 2008; Yamagata et al. 2002). These molecules
often act in a homophilic fashion, that is, they function as reciprocal receptors and
ligands on the surface of both axons and dendrites. The homophilic IgSF molecules
Sidekick1 (Sdk1), Sdk2, Dscam, and DscamL are expressed in nonoverlapping
subsets of bipolar cells, amacrine cells, and ganglion cells in the retina. For example,
expression of Sdk1 on a neurite directs its stratification to a lamina containing high
levels of Sdk1. Other classes of molecules, such as cadherins, have been implicated
in cell–cell recognition (Inoue and Sanes 1997; Poskanzer et al. 2003).
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Fig. 11.3 Schematic model of semaphorin-dependent neurite stratification in the retina. (a) The
retina is divided into ON and OFF pathways. Bipolar cells are excited by either increases (ON cells)
or decreases (OFF cells) in light; the axons of ON and OFF bipolar cells terminate in different
sublayers of the inner synaptic layer of the retina, and connect the layer of ganglion cells. (b)
Semaphorins regulate the formation of synapses between bipolar cells and ganglion cells

A recent study has revealed a novel role for transmembrane semaphorin 6A
(Sema6A) signaling through plexin A4 (PlexA4) in the regulation of retinal neurite
stratification (Matsuoka et al. 2011b; Sun et al. 2013) (Fig. 11.3b). Restricted neurite
stratification in OFF layers is controlled, at least in part, by semaphorin-mediated
repulsion away from ON layers. Sema6A, which is concentrated within the ON
layers of the inner plexiform layer (IPL), repels PlexA4-expressing dopaminergic
amacrine cells (DACs) in the OFF region of the IPL, whereas M1-melanopsin-
positive intrinsically photosensitive retinal ganglion cells (RGCs) (M1-ipRGCs)
that do not express PlexA4 stratify to the OFF layer through the Sema6A
region (Matsuoka et al. 2011b). Sema5A/B signaling, mediated by the PlexA1
and PlexA3 receptors (which are functionally redundant for Sema5 signaling in
the retina), repels initial neurite extension of bipolar cells away from the INL
(Matsuoka et al. 2011a). Stardust amacrine cells (SACs) are divided into ON and
OFF subtypes, which co-stratify with distinct direction-selective ganglion cells
(DSGCs) at the ON and OFF layers. This laminification is important for direction-
selective responses to visual cues. The arborization of ON and OFF SACs is
controlled by Sema6A (Sun et al. 2013); arborization of OFF SACs is restricted
to the OFF layer through the action of Plex-A2, whereas arborization of ON SACs
is restricted to the ON layer through the action of Sema6D in the absence of PlexA2.
These findings provide an example of multilevel control of synaptic specificity. In
the case of DACs, Sema5 signaling repels initial neurite extension away from the
inner nuclear layer. Subsequently, Sema6A directs terminal arborization of DACs to
OFF strata of the IPL by repelling their neurites away from ON layers; homophilic
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adhesion may function to specify cell type-specific synapse formation within these
layers. Furthermore, Sema6A directs arborization of ON and OFF cells to their
respective layers.

11.3.2 Retinal Axon Guidance at the Optic Chiasm

The optic chiasm is the structure where partial contralateral crossover of RGC
axons occurs. Netrin-1 likely exerts its attractant influence on RGC axons after
they exit the eye (Fig. 11.4). However, netrin-1 is not present around the chiasm
midline, where RGC axons come under the influence of repulsive molecules such
as Sema5A and Slit/Robo. Sema5A is expressed at the optic disc and along the
optic nerve, and blockade of Sema5A function causes retinal axons to stray out of
the optic nerve bundle (Oster et al. 2003). It is possible that Slit/Robo signaling
defines the site of optic chiasm formation. RGCs express Robo2, a receptor for
Slit, and Slit1 and Slit2 are present in the ventral diencephalon (Plump et al.
2002; Long et al. 2004). Thus, Sema5A and Slit proteins act as a repulsive
“guardrail,” establishing a corridor through which RGC axons are channeled.
Ephrin-B2 and EphB1 control axon divergence at the optic chiasm (Williams et al.

Fig. 11.4 Retinal ganglion cell (RGC) axon guidance. At the optic disc, RGC axons exit the retina
into the optic nerve because of an attractive effect mediated by netrin/DCC. Within the optic nerve,
RGC axons are kept within the pathway through Sema5A and by inhibitory Slit/Robo interaction.
At the optic chiasm, ephrin-B2 repels EphB1-expressing axons and terminates at ipsilateral targets,
whereas Sema6D in combination with Nr-CAM regulates the contralateral projection of axons
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2003). Ephrin-B2 is expressed in radial glial cells at the optic chiasm concurrent
with the development of the ipsilateral projections; in mice, blockade of ephrin-
B2 eliminates ipsilateral projections. The EphB1 receptor is specifically expressed
in RGCs in the mouse ventrotemporal (VT) retina that give rise to the ipsilateral
projections. By contrast, Sema6D, which is expressed in radial glial cells at the
optic chiasm, regulates the contralateral projection of PlexA1-expressing RGCs in
combination with coexpressed Nr-CAM (Kuwajima et al. 2012).

11.3.3 Retinal Axon Guidance at SC and dLGN

Upon crossing the midline, RGC axons project to their major targets, the SC and
dLGN. Topographic mapping of RGC axons occurs along two sets of orthogonally
oriented axes. The nasal–temporal (NT) axis of the retina maps along the pos-
teroanterior (PA) axis of the SC, and the dorsoventral (DV) retinal axis maps along
the lateromedial (LM) SC axis. Accumulating evidence has revealed that ephrin-
As and their EphA receptors are required for proper retinal NT mapping along
the SC PA axis (Brown et al. 2000; Feldheim et al. 2000; Rashid et al. 2005). In
addition, an external gradient of Engrailed-2, a homeodomain transcription factor,
may also participate in the formation of the PA axis in the vertebrate SC, possibly
by regulating the expression of Eph family members (Brunet et al. 2005; Itasaki and
Nakamura 1996; Logan et al. 1996). By contrast, Ephrin-Bs in the SC, and their
EphB receptors in the retina, are also required for proper DV mapping along the
LM axis (Hindges et al. 2002).

11.3.4 Retinal Axon Guidance at Thalamocortical (TC)
Projections

During development, TC axons grow into the subcortical telencephalon (ST);
postnatally, they continue from the ST along their paths to the cortex. Recent studies
have suggested that some guidance cues may be required in the ST, and that such
cues may play a key role in controlling the initial topography of thalamic projections
to the neocortex. EphAs in the thalamus and ephrin-As in the ST are involved in the
regulation of TC projections in the somatosensory area in the frontal cortex (Dufour
et al. 2003). Slit/Robo signaling is involved in the lamination of TC projections
(Xiao et al. 2011). The optic tectum is pre-patterned by specific ECM molecules
such as large glycoproteins and proteoglycans including Tenascin, Versican, and
Nel; each has been shown to influence neurite growth in vitro (Yamagata and
Sanes 2005; Yamagata et al. 1995; Jiang et al. 2009). Slit and Col4a5 bind directly
in vitro, suggesting that Slit influences TC projections through direct binding to
the ECM.
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11.4 Vascular Development

The multilayered retina is initially supplied by a combination of two extraretinal
vascular systems, the choroidal vasculature that supplies the outer retina and the
hyaloid arteries that supply the inner retina and lens. The choroidal vasculature
persists throughout the lifespan; by contrast, late in mammalian development,
the hyaloid arteries are replaced with a dedicated intraretinal vascular system. In
rodents, the retina is vascularized after birth to give rise to a system of three
interconnected vascular plexi (Fruttiger 2007). Vascularization begins on the day
of birth, when vessel sprouts emerge from the optic nerve head and spread radially
over the retina, guided by a template of astrocytes, with blood vessels and astrocytes
forming copatterned networks (Fruttiger 2007; West et al. 2005). During the process
of radial expansion, the primary plexus undergoes arteriovenous differentiation.
After the first week of life, vessel sprouts emerge from this primary retinal vessel
plexus to dive into the inner retinal layers at near right angles and form the deep
plexus (during week 2 after birth) and then the intermediate plexus (during week 3).

In the neonatal mouse retina, the three vascular endothelial growth factor
(VEGF) isoforms are produced and displayed by an astrocytic network located
beneath the expanding vascular plexus. Neuropilin 1 (Nrp1) is a noncatalytic
transmembrane protein whose genetic loss, either globally or specifically in
endothelial cells, severely inhibits central nervous system (CNS) vascularization.
Nrp1 serves as a receptor for VEGF165 and a member of the structurally unrelated
class 3 semaphorin family, Sema3A (Schwarz and Ruhrberg 2010). Tumor
studies have implicated Sema3A as a modulator of pathological angiogenesis.
Thus, Sema3A reduces the overall vascularity of tumors and “normalizes” tumor
vessels, in part by recruiting myeloid cells that stimulate vessel maturation
(Maione et al. 2009).

Sema3E is the only class 3 semaphorin that does not bind to a neuropilin receptor,
but instead binds directly to PlexD1 (Gu et al. 2005). In the developing retinal
vasculature, high VEGF levels emanating from the avascular retinal periphery
induce PlexD1 expression in endothelial cells at the vascular front; this phenomenon
is dependent on VEGFR2 (Kim et al. 2011). Furthermore, loss-of-function studies
have demonstrated that Sema3E, derived from the neural layers of the retina,
signals through endothelial PlexD1 to upregulate DLL4 at the vascular front.
This, in turn, increases endothelial Notch signaling, resulting in a loss of tip cells
and tip-cell filopodia. Consequently, normal vascular expansion into the retinal
periphery is disrupted in mice lacking Sema3E. Remarkably, Sema3E normalizes
VEGF-A-induced pathological vessel growth in a mouse model of oxygen-induced
retinopathy, in which retinal vessels grow abnormally into the vitreous humor
(Fukushima et al. 2011). In that study, intravitreal administration of Sema3E protein
prevented this abnormal vessel growth. This observation suggests that Sema3E
could serve as a therapeutic tool for fine-tuning VEGF-A signaling and vascular
growth in the ischemic nervous system.
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11.5 Semaphorin in Retinal Diseases

11.5.1 Photoreceptor Degeneration

Retinitis pigmentosa (RP) is an inherited, degenerative eye disease that causes
severe vision impairment and often blindness. A form of retinal dystrophy, RP
is caused by abnormalities of the photoreceptors (rods and cones) or the retinal
pigment epithelium (RPE) of the retina leading to progressive sight loss. More
than 100 mutations have been found in this gene, accounting for 15 % of all types
of retinal degeneration. Most of those mutations are missense mutations, and the
disease is mostly inherited in a dominant manner.

The most obvious factor that makes photoreceptors (PRs) vulnerable to degen-
eration is light exposure. Visible and ultraviolet light are insufficiently energetic to
ionize most biomolecules, but oxygen enhances the ionizing effect of light. Con-
sequently, damage can occur when reactive oxygen and nitrogen species (RONS)
are generated by light acting on photosensitizing molecules such as retinoids.
Light damage to PRs requires the release of all-trans retinal from light-activated
rhodopsin (Sun and Nathans 2001; Travis et al. 2007). Photo-excitation of all-trans
retinal generates singlet oxygen and can cause photo-oxidative damage. If mutations
affecting the visual cycle block the recycling of all-trans retinal to 11-cis retinal,
toxic bis-retinoids (such as the all-trans retinal dimer) and adducts [such as N-
retinylidene-N-retinyl-ethanolamine (A2E)] build up during the course of aging.

Some types of PR degeneration are accelerated by light (Hartong et al. 2006;
Cideciyan et al. 2005) (Fig. 11.5). Defects that are potentially exacerbated by
light exposure are as follows. (1) Visual cycle defects, for example, mutations in
ABCA4 or retinol dehydrogenase 12 (RDH12) (Radu et al. 2005); ABCA4 transports
toxic all-trans-retinal to the cytoplasm, and RDH12 dehydrogenates it. Defects in
these enzymes increase the levels of toxic retinoids in photoreceptor cells. (2) RPE
phagocytosis defects, for example, mutations in c-Mer proto-oncogene tyrosine
kinase (MERTK) (Tschernutter et al. 2006); MERTK in retinal pigment epithelial
cells is required to clear the light-damaged outer segments of photoreceptors.
(3) PR cilia defects that slow outer segment turnover, for example, mutations in
RPGR (Robson et al. 2008). PR cilia connect the outer and inner segments of the
photoreceptor cell and transport the components required for phototransduction to
the outer segment; defects in PR cilia compromise all outer-segment functions. (4)
Defects in the stability of outer-segment discs, such as mutations in peripherin 2
(PRPH2) (Renner et al. 2009).

11.5.2 Sema4A in Retinal Degeneration

Rice et al. reported that insertion of a gene-trap vector into intron 11 of the
mouse Sema4A gene results in the loss of retinal PRs (Rice et al. 2004). A
subsequent study identified mutations in the human Sema4A gene in patients with
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Fig. 11.5 Protection of light-induced photoreceptor degeneration. Photoreceptor (PR) homeosta-
sis is functionally and mechanically supported by retinal pigment epithelium (RPE) cells. (1) RPE
cells regenerate 11-cis-retinal from toxic all-trans retinal via the retinoid cycle. (2) RPE cells
phagocytose the shed distal end of the outer segment of PR, which is constantly adding newly
generated discs at its base. (3) The connecting cilium of the PR provides a pathway for transport
of proteins and membranes from the inner segment to the outer segment

retinal degeneration (Abid et al. 2006). In Sema4A-deficient (Sema4A�/�) mice,
normal retinal development was observed at postnatal day 0 (P0), but at P14
the outer segments of PRs were disrupted, followed by a complete loss of PRs
by P28 (Fig. 11.6a). In response to illumination, Sema4A�/� retinas exhibited a
dramatic increase in the number of apoptotic cells in the outer nuclear layer before
recovering to basal levels (Fig. 11.6b). Sema4A is expressed in RPE and bound
to prosaposin. Prosaposin is synthesized and associated with procathepsin D in the
Golgi membrane (Gopalakrishnan et al. 2004), and can be targeted to lysosomes
(Kishimoto et al. 1992; Benes et al. 2008) or secreted into the extracellular space.
Previous studies demonstrated that such secreted lysosomal precursor proteins are
antiapoptotic for various neuronal populations (O’Brien et al. 1994; Benes et al.
2008). In those studies, oxidative stress caused by H2O2 treatment resulted in
prosaposin transport to the cell periphery in Sema4AC/C RPE cells, but not in
Sema4A�/� RPE cells. Via its intercellular region, Sema4A bound to a complex
of Rab11 and the adaptor protein FIP2 more effectively than to FIP2 alone;
Rab11 is involved in Sema4A-mediated prosaposin transport to the cell periphery
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Fig. 11.6 Light-induced damage of photoreceptors in Sema4A�/� retinas. (a) Sema4A�/�

retinas show progressive loss of the outer nuclear layer. (b) In neonatal mouse retinas after 60 min
of light exposure, TUNEL assays reveal photoreceptor apoptosis in the Sema4A�/� retinas

under oxidative stress. In response to H2O2, prosaposin-containing vesicles were
transported to the cell periphery via Sema4A/Rab11-mediated transport machinery
(Fig. 11.7).

Levels of 11-cis-retinal are significantly increased in Sema4AC/C retinas at
P14 and P28, whereas these levels remain low in Sema4A�/� retinas. Sema4A
participates in the retinoid cycle by regulating the transport of retinoid-binding
proteins in RPE cells. At least two proteins that bind water-insoluble retinoids
in RPE cells are involved in the retinoid cycle (Lem and Fain 2004): CRALBP
and CRBP1, which transport 11-cis-retinal and all-trans-retinol, respectively. These
proteins are transported via the Sema4A-mediated endosomal sorting machinery; in
the absence of Sema4A, they are mistargeted to different compartments. CRALBP
is mistargeted to the cell periphery where it is likely unable to interact with 11-
cis-retinal, which is generated in the endoplasmic reticulum. CRBP1 is mistargeted
to the endoplasmic reticulum where it cannot interact with all-trans-retinol, which
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Fig. 11.7 Schematic model of Sema4A-mediated endosomal sorting in photoreceptor epithelium
(PRE) after exposure to light. Sorting of prosaposin to the exosomal pathway is dependent on
preferential binding of prosaposin to Sema4A and the Rab11/FIP2 endosomal sorting machinery.
During dark adaptation, the recycling of retinoid-binding proteins is dependent on Sema4A-
mediated transport

is imported from the extracellular space. Thus, Sema4A regulates intracellular
sorting of retinoid-binding proteins to regenerate retinoids for phototransduction, an
essential process in the retinoid cycle during dark adaptation (Fig. 11.7). The finding
that Sema4A functions as an intracellular guide for specific molecules complements
the previously known functions of semaphorins as extracellular guidance molecules
(Kolodkin and Tessier-Lavigne 2011).

In patients with retinal degenerative diseases, three mutations, D345H, F350C,
and R713Q, in Sema4A have been reported (Abid et al. 2006). An analysis of a
series of knock-in mouse lines carrying mutated alleles of Sema4A demonstrated
that expression of Sema4A(F350C) caused severe retinal degeneration (Nojima
et al. 2013). In the RPE, Sema4A(F350C) tends to aggregate, and the resultant
mislocalization of Sema4A protein may lead to the impaired endosomal sorting
of molecules such as prosaposin and retinoid-binding proteins. Notably, virus-
mediated gene transfer of Sema4A into RPE in neonatal Sema4A-deficient mice
successfully prevents retinal degeneration for at least 4 months after injection.
Considering the importance of the endosomal sorting function of Sema4A in
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maintaining retinal homeostasis, it is possible that Sema4A replacement gene
therapy might be efficacious in wider subsets of patients with retinal degenerative
diseases.
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