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ABSTRACT

NYCTALOPIN IS REQUIRED FOR LOCALIZATION OF THE TRPM1 CHANNEL TO THE RETINAL
DEPOLARIZING BIPOLAR CELL DENDRITES

Jillian N Pearring
August 2, 2010

Mutations in the NYX gene, encoding the novel protein nyctalopin, cause human
congenital stationary night blindness type 1 (CSNB1). CSNB1 is an X-linked recessive condition
and is identified by a loss of the electroretinogram (ERG) b-wave while the a-wave remains
intact (Miyake et al., 1986). The b-wave in normal patients is generated by the depolarization of
one class of bipolar cells, which receive signals from the photoreceptors. This indicates that
CSNB1 is a loss of signaling from the photoreceptors to the depolarizing bipolar cells. Normal
stimulation of photoreceptors by light causes the photoreceptors to hyperpolarize and reduce
the amount of neurotransmitter, glutamate, released into the synaptic cleft. The decrease in
glutamate causes Grm6, a metabotropic glutamate receptor, at the postsynaptic depolarizing
bipolar cell dendrites to reduce its activity. This signal is relayed by a second messenger system
to result in the opening of a non-selective cation channel, which depolarizes one class of bipolar
cells. The signaling to the non-selective cation channel in depolarizing bipolar cells is disrupted
when nyctalopin is absent. Recent data shows that the non-selective cation channel is the
transient receptor potential subfamily M member 1 (TRPM1) channel (Shen et al., 2009;
Morgans et al., 2009; Koike et al., 2009). The focus of my studies has been to understand the
function of nyctalopin in the depolarizing bipolar cells. | characterized TRPM1 expression in the
retina, investigated the interdependence between nyctalopin, Grm6é and TRPM1 and
determined the interactions between nyctalopin and Grm6 or TRPM1. There are five retinal
splice variants of TRPM1. Variants containing all six transmembrane domains have a
developmental expression profile similar to bipolar cells. Immunohistochemical analysis shows
TRPML1 is localized to BC somas and dendritic tips where it co-localizes with YFP-nyctalopin.
Nyctalopin interacts with the TRPM1 channel is required for proper localization of the TRPM1

channel to the bipolar cell dendritic tips.
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CHAPTER I. INTRODUCTION
Retina Organization and Function

The retina is a part of the central nervous system and is designed to processes complex
visual signals. One way the retina processes visual information is via multiple types of retinal
neurons and their connections (Dowling & Boycott, 1966; Boycott & Dowling, 1969; Wissle &
Boycott 1991; MacNeil & Masland, 1998). In 1892, Santiago Ramon y Cajal published the first
anatomical description of retinal cells using a Golgi silver nitrate stained retina (Cajal, 1892;
Figure 1).

The retina is divided into three nuclear layers, that contain cell bodies, and two
plexiform layers that contain synapses (Cajal, 1892). The outer retina is composed of the
photoreceptor outer segments (OS) and inner segments (iS), their somas comprise the outer
nuclear layer (ONL) and their axon terminals extend into the outer plexiform layer (OPL). The
inner retina is divided into the inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell
layer (GCL) and inner limiting membrane (ILM) (Figure 1). The terminals of the photoreceptors
(PRs) form synapses in the OPL with bipolar cells (BC) and horizontal cells (HC). There are two
types of PRs, the cones and rods (Figure 1A, B). The INL contains the BCs, HCs and amacrine cells
(ACs) (Figure 1B, C, D). BCs send their axons into the IPL to synapse with AC and/or ganglion cell
(RGC) dendrites. The innermost nuclear layer, the GCL, contains RGC and displaced AC somas.
The RGCs are the output cells of the retina, whose axons form the optic nerve and transmit the
visual signal to rest of the brain. In most mammalian retinas, the optic nerve aiso contains

incoming blood vessels that vascularize the retinal layers. In addition, the retina contains radial



Miiller glial cells that span the retina (Figure 1F). Miiller cells send out processes that surround
every neuronal cell body as well as form the OLM and ILM that serve as a barrier between the
retina and the rest of the eye.

The visual signal initiated in the photoreceptors travels through the retina via vertical
excitatory pathways, from the PRs to BCs then to RGCs. This pathway employs giutamate as its
primary neurotransmitter and is divided into two parallel, ON and OFF pathways. ON and OFF
responses are created by the type of glutamate postsynaptic receptors expressed on BCs
dendrites. ON BCs express metabotropic glutamate receptor 6, Grm6, and depolarize to light
increments. These will be referred to as depolarizing bipolar cells (DBCs). OFF BCs express
ionotropic glutamate receptors, AMPA/Kainate, and depolarize in response to light decrements.
These will be referred to as hyperpolarizing bipolar cells (HBCs). The ON and OFF pathways are
conserved at the next synapse in the retina where BCs synapse with ACs and RGCs. The IPL is
divided into two functionally discrete sublaminae. This functional segregation is mirrored by a
structured difference in the IPL. In sublaminae A, the most distal part of the IPL, OFF BCs axon
terminals form synapses with OFF RGC dendrites (Figure 1G). in sublaminae B, the proximal part
of the IPL, ON BCs axon terminals form synapses with ON RGC dendrites (Figure 1H). RGCs that

stratify in both sublaminae they are called bi-stratified (Figure 11).
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Each synapse in this vertical pathway is modulated by lateral inhibitory pathways. In the
outer retina, the inhibitory neurons are HCs {Mills & Massey, 1994) and are electrically coupled
to each other and provide negative feedback to the PRs and negative feed forward to BCs
(Dowling, 1970; Baylor et al., 1971; Mangel, 1991; Vigh & Witkovsky, 1999). Glutamate release
from PRs binds AMPA/Kainate receptors on HCs to elicit a depolarization (Lasater & Dowling,
1982; Tachibana, 1985). Whether the HC employs a neurotransmitter or utilizes hemi-channel
gap junctions to feedback onto PRs or feed forward to BCs remains unclear. The inner retina
contains ACs that form inhibitory synapses with BC axon terminals and RGC dendrites. in
mammals, there are as many as 25 types of ACs, which are classified based on their dendritic
morphology, stratification in the IPL, and the neurotransmitter they use, primarily GABA or
Glycine.

Converging vertical and lateral inputs generate receptive fields (RFs), which are
characterized by classic center/surround organization. Center/surround organization is
fundamental to encoding contrast between images and their background and spatial activity. In
the OPL, PR input is believed to form the center response of the BC (Werblin & Dowling, 1969).
If this signal was directly transmitted to the RGCs, without information from the surround, it
would be blurry. However, the electrically coupled HCs with wide receptive fields add an
inhibitory surround component to the BC signal. The surround response could reflect the
negative feedback pathway from HCs to PRs and/or direct inhibitory input from the HCs to BCs.
Importantly, the HC contribution is thought to depict the background intensity and help to fine
tune the BC response.

Visual processing begins with the conversion of light into an electrical signal in the PRs.
PRs consist of an outer segment filled with stacks of membranes containing a visual pigment,

opsin, an inner segment containing a connection cilium, mitochondria and endoplasmic



reticulum, a cell body containing the nucleus and a synaptic terminal where neurotransmission
to second order neurons occurs. Humans have three types of cones, which are responsible for
color vision and operate under normal daylight levels. There is only one type of rod PRs that
functions in dim light. Cone PRs are distinguished by the type of opsin they express. L-cones are
known to be maximally sensitive to wavelengths peaking at 564 nm (red), M-cones at 533 nm
(green) and S-cones at 437 nm (blue) (Gouras, 1984). Rod PRs contain only one type of visual
pigment, called rhodopsin, with peak sensitivity at 500 nm (blue-green).

In the primate as well as some mammals, rod and cone photoreceptors are differentially
distributed across the retina. In the fovea cone PRs are concentrated at maximum density, with
exclusion of the rods (Yamada, 1969; Curcio et al., 1987). The fovea is responsible for high acuity
central vision. In the parafoveal region, the rods break up the dense hexagonal packing of the
cones but still maintain an organized architecture with evenly spaced cones surrounded by rings
of rods. The peripheral retina is rod-dominated, with exclusion of cones.

Phototransduction begins when light stimulates a retinal chromophore, which is derived
from vitamin A and covalently bound to the transmembrane protein rhodopsin (Koutalos &
Ebrey, 1986). Rhodopsin is a G-protein coupled receptor that is linked to the heterotrimeric G-
protein, transducin. Transducin contains an a-, B-, and y-subunit. Upon absorption of a photon
of light, the retinal chromophore isomerizes from the 11-cis form to an all-trans form that
changes the conformation of rhodopsin to metarhodopsin i, the active form of rhodopsin.
Metarhodopsin Il exchanges GDP for GTP on transducin. The active GTP bound form of
transducin causes the Ga, subunit to dissociate from the GBy subunits. The Ga, subunit then
activates a cGMP-phosphodiesterase (PDE). PDE is a heterotetramer consisting for two catalytic
subunits {(af in rod, aa in cones) and two identical regulatory y subunits (Beavo, 1995).

Activation of PDE occurs by binding of Ga,-GTP to the PDEy subunit, which induces a structural



change and activation of the catalytic subunit. Activated PDE then hydrolyzes cGMP to 5'-GMP,
reducing cytoplasmic levels of cGMP (Dizhoor, 2000). The decrease in cGMP results in closure of
a cGMP-gated cation (CNG) channel, preventing influx of sodium that results in PR
hyperpolarization (Haynes et al., 1986). The hyperpolarization results in closure of an L-type
voltage-dependent calcium channels (L-VDCCs) at the PR axon terminals. As the local calcium
concentration in the axon terminals decreases, the glutamate released by the PR into the
synaptic cleft also decreases.

The VDCCs in PRS are regulated by graded changes in membrane potential, which
transmits information over a wide range of light intensities. One way this dynamic range is
achieved is by using a unique chemical synapse at the PR terminal called the synaptic ribbon
(Dowling, 1987). The ribbon is part of a specialized type of presynaptic active zone. It is
composed of electron-dense processes that extends from the site of release into the cytoplasm
of the axon terminal and is covered with hundreds of synaptic vesicles (Rao-Mirotznik et al.,
1995; von Gersdorff, 2001). The ribbon synapse is found in the CNS at synapses where there is
continuous release of neurotransmitter. It is thought to be designed to sustain high, long-lasting
rates of neurotransmitter release that are modulated by small changes in membrane potential
(DeVries & Baylor, 1993; Rieke & Schwartz, 1996; von Gersdorff et al., 1996; Parsons & Sterling,
2003; Heidelberger et al., 2002). In the retina, this specialized synapse is also found in the
second order neurons, the BCs (von Gersdorff et al., 1996).

Two types of bipolar cells, the DBC and HBC, monitor the change in synaptic glutamate
released by PRs and are named based on their response to a light increment (Nawy & Jahr,
1991; Masu et al., 1995; Saito & Kaneko, 1983; Attwell et al., 1987). DBCs express metabotropic
glutamate receptors, Grm6, at their dendrites (Nakajima et al., 1993). The DBC synapse is sign-

inverting, so light induced hyperpolarization of PRs decreases glutamate release and causes DBC



depolarization and creates an excitatory response correlated with light onset. HBCs express
jonotropic glutamate receptors of the AMPA/Kainate family at their dendrites (Gilbertson et al.,
1991; DeVries & Schwartz, 1999; DeVries, 2000). The HBC synapse is sign-conserving, so light
induced hyperpolarization of PRs leads to decreased glutamate release and causes HBC
hyperpolarization. At light offset, the increased glutamate concentration binds to AMPA/Kainate
receptors and depolarizes the HBCs and creates an excitatory response correlated with light
offset. The opposing DBC and HBC responses establish the ON and OFF parallel pathways,
respectively in the retina.

There are 8-12 types of cone BCs in the vertebrate retina and 6-8 are DBCs (Boycott &
Wassle, 1991; Euler & Wissle, 1995; Ghosh et al., 2004). There is only a single morphological
type of rod DBC (Dacheux & Raviola, 1986). DBC dendrites make invaginating synapses with
cone and rod PRs (Kolb, 1970). In the dark, glutamate concentration in the OPL is high and the
ligand binding site of the Grm6 receptor is predominately occupied. This keeps a G-protein
cascade active, a non-specific cation channel closed, and the DBC hyperpolarized {Slaughter &
Miller, 1981). Recently the non-selective cation channel in the DBCs was identified as the
transient receptor potential subfamily M member 1 (TRPM1) (Bellone et al., 2008; Shen et al.,
2009; Morgans et al., 2009; Koike et al., 2009). When illumination increases, PRs hyperpolarize
decreasing glutamate release, which in turn decreases the activity of the DBC Grm6 receptor
and its G-protein cascade opening the TRPM1 channel. Influx of calcium and sodium through
TRPM1 depolarizes the DBC.

in addition to invaginating synapses, HBC also form basal junctions with cone PRs. When
glutamate binds AMPA/Kainate receptors on HBCs, they open directly to cause depolarization.
This response is transient because the AMPA/Kainate receptor rapidly moves into a

desensitized, poorly conducting state (Jonas et al., 1993; Paternain et al., 1998). Therefore, in



prolonged darkness when synaptic glutamate remains high the AMPA/Kainate receptors on
HBCs are desensitized. When light increases, synaptic glutamate decreases and the
AMPA/Kainate receptors recover from desensitization. This system enables the HBCs to signal
decrements in illumination, but respond poorly to an increase in light intensity.

The ON and OFF parallel pathways developed in the cone BCs are transmitted to ACs
and RGCs in the IPL. The synapse between BCs and RGCs in the IPL is sign conserving so the
primary signal transmitted to the RGC is determined by the type of BC providing the input
(Raviola & Raviola, 1982). The RGC response is made up of the light evoked activity from the
excitatory parallel pathways shaped by the integrative inhibitory networks. RGC responses are
sent to the brain via action potentials that propagate down axons that form the optic nerve,
optic chiasm, and optic tract.

Rod Pathways

The human visual system has the ability to detect a single quantum of light (Hecht et al,,
1942). This high level of performance is accomplished using the rod PRs, which transmit signals
to the inner retina by three known pathways (Figure 2). The primary rod pathway is used under
the dimmest light conditions and utilizes rod DBCs (Field & Rieke, 2002). In this pathway rod
DBCs do not synapse directly onto RGCs, but instead the excitatory signal is transmitted via a
narrow-field bistratified AC, the All (Kolb, 1977; Strettoi et al.,, 1990, 1992). Al ACs form
electrical synapses with cone DBCs and inhibitory synapses with HBCs (Pourcho & Goebel, 1985).
Release of glutamate from rod BCs activates AMPA/Kainate receptors on the All ACs causing
depolarization (Dacheux & Raviola, 1986). The All AC depolarization is transferred through the
sign conserving gap junction causing the cone DBCs to depolarize. The depolarization also
causes the All AC to release glycine that inhibits HBCs (Figure 2, Sassoé-Pognetto et al., 1994,

Wassle et al., 2009). All ACs receive input from many rod DBCs that convergence before synaptic



output to RGCs. This provides pooling and amplification of the rod signal so our visual system is
very sensitive.

The secondary rod pathway uses electrical coupling between rod and cone PRs (Deans
et al., 2002; Zhang & Wu, 2005). The rod signal is then transmitted through the cone pathway
(Figure 2, Nelson, 1977). A single rod spherule contains between three and five gap junctions,
which originate from either M- or L-cones (Ahnelt et al., 1990). Rod-cone coupling functions
under mesopic conditions when rod DBC signals begin to saturate, so are transmitted to the
cones via rod-cone gap junctions (Smith et al., 1986). This pathway is faster than the primary rod
pathway (Sharpe et al., 1989; Stockman et al., 1995).

The tertiary rod pathway involves synaptic connections between rods and a subset of
HBCs (Figure 2, West, 1978; Hack et al., 1999; Tsukamoto et al., 2001). When light increases,
rods hyperpolarize causing a subset of HBCs to hyperpolarize due to decreased glutamate bound
to the AMPA/Kainate receptors. When light decreases and rods depolarize, the HBCs then
depolarize. Therefore, the synapse between a rod and the HBCs can respond to light-off in a
mammalian retina. Though the function of this pathway remains unclear, it was recently shown
to be the fastest rod pathway and respond to decreased illumination (Li et al., 2010). The
presence of multiple rod pathways optimize signaling under a broad range of low light

intensities and expands the range of rod mediated vision.



LR LR L R LR (LR
JUUU oo ToUTuUoy

o 0N

Cone R Cone Cane Cone
HBC 3 DBC DBC r&c
INL i

A K o p— g
IPL i
B -
Hl‘—. B
GCL OFF
RGC
0 Glycine al
"% Primary Rod Pathway ® GrME
Secondary Rod Pathway ® AMPA/Kainate
Tertiary Rod Pathway B Gaplunction

Figure 2: Rod signaling in the mammalian retina travels via three routes. The primary rod pathway (pink,
rod->DBC->AIll AC->HBC). During light onset rods stop releasing glutamate onto rod DBCs, which provide
an excitatory input to All amacrine cells, which stimulate ON RGC through cone DBCs and inhibit OFF RGCs
through HBCs. Signaling in this pathway depends on the Grmé6 signaling at the DBC. The secondary rod
pathway (blue, rod->cone->BC). The electrical coupling between rods and cones sends the rod signals to
into the cones, signaling both cone DBCs and HBCs and their respective RGCs. The tertiary rod pathway
(green, rod—>HBCs) provides a direct glutamatergic input via AMPA/Kainate receptors to a subset of cone
HBCs and consequently OFF RGCs.
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Congenital Stationary Night Blindness

Congenital stationary night blindness (CSNB) is a group of genetic retinal disorders that
cause profound loss of rod-mediated function without evidence of retinal degeneration (Ripps,
1982). Individuals with CSNB can be diagnosed using an electroretinogram (ERG). The ERG is a
non-invasive, gross potential recording from the corneal surface that reflects light evoked retinal
activity. A flash ERG records the gross potential from the retina to a single flash of light. Upon a
flash of light the retina first responds with a cornea-negative ERG a-wave, reflecting the light-
induced closure of CNG channels along the PR outer segment membrane (Lamb, 1996; Robson &
Frishman, 1998; Xu et al., 2003). This is followed by a cornea-positive ERG b-wave, reflecting the
subsequent depolarization of the BCs (Robson & Frishman, 1998; Sharma et al., 2005). The flash
ERG can be used to discriminate the two major forms of CSNB; Schubert-Bornschein and Riggs.
Schubert and Bornschein (1952) described the ERG phenotype of one form of CSNB in which
there was a normal ERG a-wave, while the ERG b-wave amplitude was greatly decreased. The
normal amplitude and kinetics of the ERG a-wave with abnormal ERG b-wave suggests that
while the PR response is normal there is a failure of synaptic transmission to the DBCs. The
second type of CSNB was described by Riggs (1954) in which both the ERG a-wave and b-wave
amplitudes were drastically reduced suggesting abnormalities in the PR signal transduction
cascade.

X-linked, autosomal recessive and dominant pedigrees of Schubert-Bornschein CSNB
have been identified (Carr et al., 1966; Miyake et al., 1986; Kabanarou et al., 2004; Abramowicz
et al., 2005). The X-linked form of the Schubert-Bornschein type CSNB has been divided into two
separate types, complete and incomplete (Miyake et al., 1986). The complete form of CSNB is
characterized by no recordable ERG b-wave, while patients with incomplete CSNB have a

recordable ERG b-wave although it is subnormal in amplitude. The complete and incomplete
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forms are now referred to as CSNB1 and CSNB2, respectively. Molecular cloning has identified
the underlying genes in both X-linked CSNB1 and CSNB2. CSNB1 is caused by mutations in the
NYX gene encoding the novel protein nyctalopin (Bech-Hansen et al., 2000; Pusch et al., 2000).
In humans, more than 30 mutations have been mapped in the NYX gene (Bech-Hansen et al.,
2000; Pusch et al., 2000; Jacobi et al., 2002; Zeitz et al., 2005b). CSNB2 is caused by mutations in
the CACNAIF gene, encoding an al subunit of voltage-dependent Cal.4 channel (L-VDCC) (Bech-
Hansen et al.,, 1998; Strom et al., 1998). More than 40 mutations have been identified in
CACNAIF pedigrees (Bech-Hansen et al., 1998; Strom et al., 1998; Wutz et al., 2002; Jacobi et
al., 2003; Zeitz et al., 2005b).

Autosomal recessive Schubert-Bornschein CSNB (arCSNB) have also been classified into
the complete (arCSNB1) and incomplete (arCSNB2) forms depending on the severity of the ERG
b-wave reduction. Patients with arCSNB1 have no recordable ERG b-wave, where as individuals
with arCSNB2 have a very small ERG b-wave. arCSNB1 is caused by mutations in the GRM6 gene
encoding the metabotropic glutamate receptor 6 (Grm6) (Dryja et al., 2005; Zeitz et al., 2005a)
and in the TRPM1 gene encoding the transient receptor potential channel subfamily M1
(TRPM1) (Li et al., 2009; van Genderen et al., 2009; Audo et al., 2009; Nakamura et al., 2010).
Both genes are integral members of the DBC transduction cascade. Individuals with arCSNB2
have mutations in the CABP4 gene encoding the calcium binding protein 4. CABP4 is localized in
the PR synaptic terminals and modulates calcium influx through the L-VDCC (Zeitz et al., 2006).

As the mutations underlying the CSNB1 and CSNB2 were identified, it became clear that
where the genes are located within the PR-BC synapse is important in understanding the
phenotype. CSNB1 involves mutations in genes expressed post-synaptically, in the DBCs
dendrites that are essential to the transduction cascade. CSNB2 is caused by mutations in genes

expressed pre-synaptically, in the PR terminals that control glutamate release.
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Autosomal dominant mutations of CSNB (adCSNB) in human patients have a no ERG a-
wave phenotype. Mutations have been identified in the RHO gene encoding rhodopsin, the
GNAT gene encoding rod transducin, and the PDE6B gene encoding rod cGMP
phosphodiesterase beta-subunit (Dryja et al., 1993; Rao et al., 1994; Gal et al., 1994; Dryja et al.,
1996; al Jandal et al.,, 1999; Zeitz et al., 2008). Many mutations in RHO lead to retinitis
pigmentosa (RP), which initially resembles CSNB but gradually leads to death of rods in the
periphery of the retina. However, four mutations in the RHO gene cause non-progressive
adCSNB. These mutations are believed to cause constitutive activation of rhodopsin and its
downstream target, transducin, which causes a loss of the ERG a-wave and consequently a loss
of the b-wave (Dryja et al., 1993; Rao et al., 1994; al Jandal et al., 1999; Zeitz et al., 2008).

CSNB1 individuals with mutations in the different genes expressed in the DBCs can be
further distinguished using a 15-Hz flicker ERG, which discriminate the slow and fast rod
pathways. At low scotopic luminance levels, the 15-Hz flicker is dominated by the slow, sensitive
rod pathway (rod = rod DBC = All AC) and at high scotopic levels by the faster (rod = cone 2>
HBC) pathway. These rod pathways are separated by a delay of approximately 33ms, or half of
the 15-Hz period. When they are used equally by the retina, at about -0.56 log scot td-s, there is
destructive interference between the two signals causing a null ERG (Sharpe et al., 1989; Sharpe
et al., 1993). The 15-Hz flicker ERG in normal individuals starts with a measurable amplitude at
low light. The ERG amplitude decreases as iuminance increases, reaches a null at about -0.56 log
scot td-s, before increasing in amplitude at higher luminances (Figure 3A).

Patients with X-linked CSNB1 have no slow rod signals and the faster rod signals have
reduced amplitudes, which is consistent with an altered ON pathway (Scholl et al., 2001, Figure
3C). The 15-Hz ERG amplitude is reduced at light levels below -0.56 log scot td-s, but is normal at

light levels above -0.56 log scot td-s. This 15-Hz phenotype was also identified in arCSNB
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patients with TRPM1 mutations (Figure 3D, van Genderen et al., 2009). In contrast, arCSNB

patients with mutations in GRM6 have a complicated profile with normal responses at low and

high scotopic levels and very large responses in between these light levels (Figure 3B, Zeitz et al.,

2005a; van Genderen et al., 2009). This distinctive GRM6 ERG phenotype is suggested to be due

to the interaction between the secondary and the tertiary rod pathway (rod = OFF-HBCs). The

15-Hz flicker ERG can be used to distinguish patients with mutations in GRM6 from Nyx or

TRPM1 (Zeitz et al., 2005a; van Genderen et al., 2009).
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Figure 3: 15 Hz flicker ERG responses from representative (A) normal healthy subjects and probands
with (B) GRMS, (C) NYX and (D) TRPM1 mutations. ERG responses are from the right eye (Grey) and
the left eye (Black). Scotopic 15Hz flicker ERG responses to a series of 11 stimuli of increasing
intensities starting at -1.72 log scot td-s (top trace) to 0.44 log scot td-s (bottom trace). Between -1.72
and -0.56 log scot td's rod signals in the normal retina uses the primary (rod - ON bipolar = All
amacrine cell) pathway. At mesopic levels (-0.56 log scot td-s and up) the secondary (rod ->cone =
bipolar) pathway is used. At approximately -0.56 log scot td-s, the signals transferred through the
primary and secondary pathways are equal in amplitude, but lag one another by half a phase, causing
destructive interference and a null response, see normal subject (A). In probands with NYX (C) or
TRPM1 (D) mutations, ERG responses from the primary rod pathway are not present, where as
responses from the secondary rod pathway are within normal limits, causing reduced amplitudes. In
the proband with GRM6 mutation (B), ERG responses could be measured at all intensities, but the
responses had abnormal phase behavior. Modified from van Genderen et al., 2009.
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Mouse Models of CSNB

in the past decade, several mouse models for CSNB have been identified or generated
and these mutations provide both functional and molecular comparisons to the human disease.
Mouse-based studies have provided insights into the underlying mechanism of the CSNB group
of retinal disorders and are generally classified into two main groups: pre-synaptic mutations
(CSNB2} and post-synaptic mutations (CSNB1).

CSNB2 Mouse Models

Mouse models of CSNB2, like the human counterparts, have mutations in genes
expressed on PR terminals. These mutations disrupt glutamate release to the second order
neurons. Glutamate from PR terminals is initiated by calcium influx through L-VDCC. Cone PRs
express L-VDCCs that are comprised of alF and alD subunits, while rod PRs contain L-VDCCs
with only the alF subunit (Morgans et al., 2001; Morgans et al., 2005).

To study the contribution of the L-VDCC alF subunit to PR signal transmission a
CACNA1F knockout mouse, CACNAIF™ ™" was generated (Mansergh et al., 2005). In addition, a
spontaneous mouse mutant was identified, CACNA1F™" (Chang et al., 2006). Retina morphology
in the two CACNAIF mutant mice is very similar. The synapses between PRs and BCs in both
mutants are disrupted, resulting in an abnormally thin OPL. In addition, dendrites of both the
DBCs and HCs extend into and across the ONL (Mansergh et al., 2005; Chang et al., 2006).
Functionally, both CACNAI1F mutant mice display a normal ERG a-wave with significantly
reduced ERG b-wave at both light and dark adapted conditions (Mansergh et al., 2005; Chang et
al., 2006). However, though the ERG phenotype is similar, the underlying visual responses were
drastically different. The CACNAIF™™" mouse has no visually evoked responses in the superior
colliculus, implying absence of activity through RGCs (Mansergh et al., 2005). The RGCs in

CACNAIF™? mice, however, retain near normal RF organization and sensitivity to light under
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photopic conditions and have relatively normal visual performance, as measured by the
optokinetic response, when compared to wildtype (Chang et al., 2006; Doering et al., 2008).

The conflicting phenotypes between the two CACNA1F mutant mice led to further
analysis of their gene expression by Doering and colleagues (2008). The CACNAIF™" mice
contain a transposable element (Mus musculus transposon ETn) inserted in exon 2 of the
CACNAIF gene. Analysis of the CACNA1F mRNA identified alternative splicing in which the ETn
element was removed in approximately 10% of the transcripts (Doering et al., 2008). This
alternately spliced transcript produces a functional L-VDCC protein that differs from wild type L-
VDCC protein by 22 amino acids at the N-terminal (Doering et al., 2008). The altered N-terminus
in CACNA1F™" cannot interact with filamin (Doering et al., 2008). Filamin is a protein that binds
the actin cytoskeleton and participates in anchoring membrane proteins, such as L-VDCCs. This
suggests that the mutant L-VDCC in CACNAIF™® mice might not be properly anchored in the PR
terminals. The additional residues at the N-terminus in the CACNA1F™"? mice did not alter the
function of the L-VDCC, which could explain the relatively normal visual responses measured in
CACNAIF™” mice.

Mice with the targeted deletion of the alD subunit, which is shown to be expressed in
cone PRs, have a normal ERG phenotype (Wu et al., 2007). In addition, a CACNA1F""?/CACNA1D
/" double knockout had a similar dark adapted ERG as the CACNAIF™"? mouse (McCall et al.,
2008). This suggests that though the cone terminals express both the alF and a1D subunits of L-
VDCC the alD subunit is not a major contributor to the ERG b-wave. What the a1D subunit of
the L-VDCC is doing in the cone PR terminals remains to be determined.

Mutations in five other genes involved in release of neurotransmitter from PRs have
been reported to cause decreased ERG b-waves. These pre-synaptic mutations disrupt calcium

signaling and prevent neurotransmitter release, which is consistent with the reduced b-wave
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phenotypes. Mutations in two auxiliary subunits to the L-VDCC, p2 and a284, result in abnormal
or absent ribbon synapses in rod PRs and thinning of the OPL (Ball et al., 2002; Ruether et al.,
2000; Wycisk et al., 2006a). Mutations in bassoon, a component of the ribbon synapse (Dick et
al.,, 2003), CABP4, which encodes calcium binding protein 4 (Haeseleer et al., 2004) and
dystrophin, a component of the extracellular matrix (Pillers et al., 1999), all have reduced ERG b-
waves and abnormal BC and HC dendritic morphology.

The functional and morphological abnormalities in the CSNB2 mutants all produce
alterations in calcium entry or glutamate release. In addition, these mutants have disrupted OPL
architecture, which indicates the underlying genes may be involved in synapse formation
between PR and BCs. Calcium influx can activate intracellular pathways directly at the synapse
or mediate changes in nuclear gene transcription (Rosen et al., 1994; Ghosh & Greenberg, 1995;
Curtis & Finkbeiner, 1999). These intracellular processes have the potential to alter cell surface
molecules that may be critical to normal synapse formation. In vitro studies have described links
between L-VDCCs and PR development. Blocking the influx of ions through the VDCCs inhibited
axon outgrowth, varicosity formation and vesicle protein synthesis in developing rods (Zhang &
Townes-Anderson, 2002; Nachman-Clewner et al., 1999). These results suggest that the
presence or activity of L-VDCCs is required for normal development and synapse formation in
the outer retina. Defects in calcium entry may explain the altered synaptic architecture of the
OPL in pre-synaptic mutant mice. However, glutamate release may also be a key component
guiding BC and HC neurites to synapse with PR terminals. Glutamate has been shown to play a
role in synaptic motility (Engert & Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Wong et al.,
2000; Wong & Waong, 2001). In the IPL, glutamate release from BCs regulates the formation of

synapses between BCs and RGCs (Kerschensteiner et al., 2009). Though the mechanism remains
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unknown, pre-synaptic signals either regulate synaptogenesis or help maintain synaptic
structures.
CSNB1 Mouse Models

Mutations in seven genes expressed by the DBCs have helped identify proteins critical to
DBC signal transduction. In some cases, mice were identified by their ERG no b-wave phenotype
and positional cloning subsequently identified mutations in the underlying genes (Ny)("’b, Pardue
et al., 2003; Grm6™", Maddox et al., 2008; Grm6"™, Pinto et al., 2007). Other mice were
produced by gene targeting of genes known to be expressed in BCs (Grm6™"X Masu et al.,
1995; Gnao1™* Dhingra et al., 2000; Gnb5™%, Rao et al., 2007; TRPM1”"; Koike et al., 2009) or
identified in knockout mice generated by Lexicon Genetics (TRPM1™"*, Shen et al., 2009).
There are three alleles that disrupt the Grmé6 gene; Grm6’™ ™ (Masu et al., 1995); Grm6"
(Maddox et al., 2008); Grm6™®* (Pinto et al., 2007), two alleles that disrupt G-proteins in the
Grm6 cascade, Ga, and GB5 (Gnao1™* and Gnb5™%) (Dhingra et al., 2000; Dhingra et al.,
2002; Rao et al., 2007), one allele that disrupts nyctalopin, Nyx"® (Pardue et al., 1998, Gregg et
al., 2003) and two alleles that disrupt the TRPM1I gene, TRPM1™® and TRPM1”" (Shen et dl.,
2009; Koike et al., 2009). With the exception of Gnb5™%* mice whose OPL thickness is abnormal,
the gross morphology of the retina in these mutants is normal (Tagawa et al., 1999; Pinto et al.,
2007; Dhingra et al., 2000; Pardue et al., 1998; Morgans et al., 2009). The decrease in OPL
thickness could be explained by the existence of two Gnb5 retinal splice variants. A short form
of Gnb5 (Gnb5-S) is expressed in the BCs and a long form of Gnb5 (Gnb5-L) is expressed in PRs.
Thus, the pre-synaptic mutation of the Gnb5-L isoform would be consistent with other pre-
synaptic mutations with altered OPL morphology. To determine the postsynaptic contribution of

tmCk

Gnb5-S alone a Gnb5-L transgene was introduced into the rods of Gnb5™" mice (Rao et al.,

2007). Transgenic expression of Gnb5-L failed to rescue the b-wave or the OPL defects

18



suggesting Gnb5-S is involved in OPL synaptic development (Rao et al, 2007). The synaptic
connections between PRs and BCs are formed between P10 to P14 (Takada et al., 2004). Gnb5-S
is present during this critical period, so could be playing a developmental role (Rao et al., 2007).

tmiLbi

Immunohistochemical and electron microscopic studies of Nyx"” and Gnaol mice

show that the OPL architecture is normal (Pardue et al., 2001; Dhingra et al., 2000). However,

electron microscopic studies of Grm6 ™V

mice found a subset of DBC that contained ectopic
ribbon synapses in their dendrites (ishii et al, 2009). In Grmé6-deficient mice the ectopic
dendritic ribbons might be due to aiteration in DBC activity that increases intracellular trafficking
of synaptic proteins resulting in an overload and mislocalization of synaptic proteins {Ishii et al.,
2009).

The functional impact of the deficits in DBC signaling on RGC function has been reported
for several CSNB1 mutants. RGC responses of Nyx"® and Grm6 mutant mice are the best
characterized and indicate that mutations in the same cascade can produce drastically different
outcomes on downstream celluiar function. In Grm6é mutants the number of ON-responsive
RGCs is reduced, while the OFF-center RGCs are relatively normal compared to wildtype mice.
When an ON RGC response was elicited the response was delayed and the firing rate reduced
compared to wildtype (Pinto et al., 2007; Renteria et al., 2006; Maddox et al., 2008). These
delayed ON responses are initiated by the OFF pathway (Renteria et al,. 2006). Taken together
these results indicate that the absence of signaling through the Grmé6 receptor results in an
abnormal ON pathway. Interestingly, Nyx"* mice lack RF organization in both ON and OFF RGCs
(Demas et al., 2006, Gregg et al., 2007; Heflin et al., 2010). This suggests that the Grm6 mutation
is restricted to the ON pathway, where as the lack of nyctalopin expression causes global RGC

abnormalities. This variation may result from differences in the state of the TRPM1 channel,

which will affect the DBC resting state and subsequent downstream visual processing. Patch
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