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Abstract

Mutations in the NYX gene that encodes the protein nyctalopin cause congenital stationary night
blindness type 1. In no b-wave (nob) mice, a mutation in Nyx results in a functional phenotype that
includes the absence of the electroretinogram b-wave and abnormal spontaneous and light-evoked
activity in retinal ganglion cells (RGCs). In contrast, there is no morphological abnormality in the
retina at either the light or electron microscopic levels. These functional deficits suggest that
nyctalopin is required for normal synaptic transmission between retinal photoreceptors and
depolarizing bipolar cells (DBCs). However, the synaptic etiology and, specifically, the exact
location and function of nyctalopin, remain uncertain. We show that nob DBCs fail to respond to
exogenous application of the photoreceptor neurotransmitter, glutamate, thus demonstrating a
postsynaptic deficit in photoreceptor to bipolar cell communication. To determine if postsynaptic
expression of nyctalopin is necessary and sufficient to rescue the nob phenotype, we constructed
transgenic mice that expressed an EYFP-nyctalopin fusion protein on the dendritic tips of the DBCs.
Immunohistochemical and ultrastructural studies verified that fusion protein expression was limited
to the DBC dendritic tips. Fusion gene expression in nob mice restored normal outer and inner visual
function as determined by the electroretinogram and RGC spontaneous and evoked responses.
Together, our data show that nyctalopin expression on DBC dendrites is required for normal function
of the murine retina.

INTRODUCTION

The human retinal disorder, X-linked congenital stationary night blindness type 1 (CSNB1) is
caused by mutations in the NYX gene, which encodes the protein nyctalopin (Bech-Hansen et
al. 2000; Pusch et al. 2000). In addition to a profound loss of rod-mediated visual sensitivity,
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the CSNB1 phenotype is characterized by the absence of the b-wave component in both the
dark and light adapted electroretinogram (ERG), whereas the a-wave is spared (Miyake et al.
1986). The ERG b-wave is generated by the response of depolarizing bipolar cells (DBCs) to
a light stimulus (Kofuji et al. 2000; Robson and Frishman 1996), whereas the a-wave reflects
the response of photoreceptors (Robson et al. 2003 for review). Therefore the absence of the
b-wave in CSNB1 patients indicates a defect in synaptic transmission between photoreceptors
and DBCs. A mutant mouse (no b-wave, nob) carries a mutation in the murine orthologue of
NYX (Nyx) (Gregg et al. 2003). The nob mouse phenotype, which mimics CSNB1 (Pardue et
al. 1998) including an absence of the ERG b-wave; a severe loss of rod-mediated visual
behavior (Gregg et al. 2003) and an alteration in retinal waves in the immature retina that are
critical to development of normal retinal ganglion cell (RGC) function (Demas et al. 2006).
These functional abnormalities are not accompanied by morphological changes in the retina,
in particular at the synapse between photoreceptors and DBCs (Ball et al. 2003; Pardue et al.
2001).

When the Grm6 gene, which encodes the expression of the postsynaptic metabotropic
glutamate receptor (mGIuR6) of DBCs, is inactivated or mutated, mice and patients lack an
ERG b-wave (Masu et al. 1995; Pinto et al. 2007; Zeitz et al. 2005b). The similar phenotypes
of CSNB1 patients, nob mice and GRM®6 patients and mice, support the idea that a primary
function of nyctalopin involves synaptic transmission between photoreceptors and DBCs.
Although patients and mice with mutations in NYX and GRM6 cannot be distinguished using
asingle flash ERG, it has been shown that patients can be discriminated using a 15-Hz flicker
stimulus (Zeitz et al. 2005b). This finding suggests that the two mutations have different
downstream consequences on the retinal circuitry and further that mGIluR6 and nyctalopin play
distinct postsynaptic roles, which could include differential modulation of an unknown
nonspecific cation channel on DBCs (Nawy and Jahr 1990).

The role of nyctalopin in synaptic transmission remains unknown. Further, the exact location
of nyctalopin expression in the retina has yet to be established although there are reports of its
localization to both cellular and synaptic sites (Bahadori et al. 2006; Bech-Hansen et al.
2000; Gregg et al. 2003; Morgans et al. 2006; Pesch et al. 2003). Here we show for the first
time in any mouse mutant with a postsynaptic nob phenotype that DBCs do not respond to
application of exogenous glutamate. Our results show that expression of an EYFP-nyctalopin
fusion protein, restricted to nob DBCs, rescues both outer and inner visual function. These
results indicate that nyctalopin functions postsynaptically at the DBC dendritic tips where it is
required for their depolarization via an mGluR6-mediated gating of the nonspecific cation
channel in response to a light stimulus.

METHODS

Animals

All experiments were performed using protocols approved by the Animal Care and Use
Committee at each institution and the guidelines of the National Institutes of Health and the
Society for Neuroscience. The nob mutation, originally discovered on the BALBc/ByJ strain
(Pardue et al. 1998), has been moved to a C57BL/6J background by more than seven
generations of backcrossing. Controls were either littermates or age-matched C57BL/6J mice
(The Jackson Laboratory, Bar Harbor, ME). At all institutions, mice were housed in a 12:12
light:dark cycle and were between 6 and 10 wk old at the time of the experiments. For all
experimental manipulations, mice were anesthetized with ketamine (80 mg/kg) and xylazine
(16 mg/kg) and Killed by anesthetic overdose or carbon dioxide exposure.
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Transgene construction and generation of transgenic mice

Atransgene was constructed using PCR based strategies to attempt to rescue the nob phenotype.
A promoter fragment, consisting of 8,030 bp of the murine GABA¢p1 gene (Gabrrl, Accession
No. NM_008075) and ending at position 98 was used to drive expression of the fusion gene
in BCs. The fusion gene also contained a Kozak sequence (Kozak 1991) fused to the open
reading frame of a cDNA representing the murine Nyx gene (Accession No. NM_173415). The
open reading frame of EYFP was inserted in-frame after the codon for amino acid 19 of the
nyctalopin protein (Gregg et al. 2003). To improve expression, a rabbit B-globin fragment
containing the 3' 19 bp of exon 2, intron 2, and exon 3 and a polyadenylation signal (Brinster
et al. 1985) were placed downstream of the EYFP-Nyx fusion construct. The final construct
was verified by sequencing. Transgenic mice were generated by standard pronuclear injection
procedures and founders identified by PCR of DNA isolated from tail snips. Twelve founder
lines were generated and one, designated as Tg(Gabrr1:EYFP-Nyx)R991 was used in the
studies described here. Tg(Gabrr1:EYFP-Nyx)R991 males were crossed to Nyx"°P/nob females
to obtain Nyxn°®’Y and Nyxn°Y; Tg(Gabrr1:EYFP-Nyx)R991 animals. For brevity and clarity
Nyxnob/nob females and Nyxn®Y males, will be referred to as nob mice and Tg(Gabrr1:EYFP-
Nyx)R99L: Nyxn®Y males will be referred to as nob rescue mice.

Whole cell patch-clamp recordings

Details of the whole cell patch-clamp recording protocols from mouse retinal bipolar cells have
been published (Lukasiewicz and Roeder 1995; McCall et al. 2002). Mice were killed by
exposure to CO,, and their eyes were enucleated. The cornea, lens, and vitreous were removed,
the retina was dissected, and slices were made under normal room light. Slices were maintained
in cold, oxygenated normal mouse Ringer solution, which contained (in mM) 137 NaCl, 2 KCl,
1 MgCly, 2.5 CaCl,, 28 glucose, and 10 HEPES, until used. Whole cell patch recordings were
obtained from BCs in light-adapted retinal slices, using electrodes filled with Lucifer yellow
dissolved in the internal solution (see following text) to permit imaging and classification of
each BC based on its morphology as well as the locations of its cell body, and axonal and
dendritic arbors (Ghosh et al. 2004). After break-in, BCs were voltage-clamped at a holding
potential of —60 mV. Electrodes were pulled from borosilicate glass (1B150F-4; World
Precision Instruments, Sarasota, FL) on a P97 Flaming/Brown puller (Sutter Instruments,
Novato, CA) and had measured resistances of <2—3 MQ. The internal electrode solution
contained (in mM) 127 potassium gluconate, 10 sodium HEPES, 10 BAPTA, 4 Mg-ATP, and
1 Li-GTP. Glutamate (1-5 mM) was puffed (100-ms duration) onto the labeled dendritic
terminals of BCs with a Picospritzer at 45- or 60-s intervals. Patchit software (White Perch
Software, Somerville, MA) was used to generate voltage command outputs, acquire data, and
trigger the Picospritzer (General Valve, Fairfield, NH). The data were digitized and stored
using a Labmaster DMA data acquisition board (Scientific Solutions, Solon, OH). Responses
were filtered at 1 kHz with the four-pole Bessel low-pass filter on the Axopatch 200B (Axon
Instruments, Foster City, CA) and sampled at 1-2 kHz. Mean current amplitude and current
variance were measured in the absence or presence of glutamate with Tack analysis software
(White Perch Software, Somerville, MA) over 500-ms intervals. Paired Student’s t-tests were
used to compare control and glutamate responses in the same DBC. Unpaired Student’s t-tests,
assuming unequal variance, were used to compare responses across different populations of
DBCs. Data for rod and cone DBCs were combined for comparisons because no differences
in responses between these groups were observed. Differences were considered significant
when P < 0.05.

Confocal and electron microscopy—immunohistochemistry

For confocal microscopy, freshly dissected retinas were immersion fixed for 15-20 min in 4%
(wt/vol) paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. They were then washed
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in PB, cryoprotected through a graded sucrose series, and frozen in OCT (Sakura Finetek,
Torrence, CA):20% sucrose (2:1) (Barthel and Raymond 1990). Twelve-micrometer sections
were cut on a cryostat, mounted onto Super-Frost glass slides, air-dried and stored at —80°C.
Sections were brought to room temperature (RT) and incubated in blocking solution containing:
5% (vol/vol) normal horse serum, 0.5% (vol/vol) Triton X-100 in PB for 30 min. Primary
antibodies were diluted in blocking solution and incubated with the section on slides at RT
overnight. Antibodies and their dilutions are as follows: anti-ctbp2/ribeye (BD Biosciences
Pharmingen, San Diego, CA, at 1:1,000); rhodamine-labeled peanut agglutinin (PNA, Vector
Labs, Burlingame, CA, at 1 pg/ml); anti-mGIuR6 (Neuromics, Edina, MN, at 1:1,000), EYFP-
nyctalopin was detected with either rabbit anti-GFP antibodies conjugated to Alexa 488 or
mouse anti-GFP antibodies (Invitrogen, Carlsbad, CA, both at 1:1,000). After incubation with
the primary antibody, sections were washed in PB three times for 20 min, sections were
incubated in fluorescent secondary antibodies (1:1,000) at RT for 1 h. Secondary antibodies
(Invitrogen, Carlsbad, CA) were Alexa 488 goat anti-mouse and Alexa 488 and 568 goat anti-
rabbit. Slides were then washed three times in PB and cover-slipped with Immunomount
(ThermoShandon, Pittsburgh, PA). Immunostained sections were imaged on an Olympus
FV300 confocal microscope, using a 60x oil objective (1.42 NA). Images shown are maximum
projections of confocal stacks, adjusted for contrast and brightness with Adobe Photoshop
v9.0.1.

For electron microscopy (EM), anesthetized mice were perfused transcardially with
heparinized PBS (1 U/ml), followed by 4% paraformaldehyde in PB. The eyes were removed
and postfixed for 45 min in 4% paraformaldehyde in PB. After rinsing in PB, the eyes were
cryoprotected at RT in 12.5% sucrose in PB for 30 min, then 25% sucrose in PB for 1 h, and
afterward frozen in OCT. Frozen sections of 30-40 um were cut on a freezing microtome and
collected in PB. The sections were incubated for 96 h with diluted antisera against GFP (1:500)
or mGIuR®6 (1:1,500, Neuromics, Edina, MN). After rinsing, sections were incubated in a
PowerVisionPoly-HRP-Goat anti mouse IgG or a PowerVisionPoly-HRP-Goat anti rabbit IgG
(Immunovision Technologies, Dale City, CA). To visualize the peroxidase, sections were
incubated in a Tris-HCI diaminobenzidine (DAB) solution containing 0.03% H,05.
Subsequently, the DAB reaction product was intensified by the gold substituted silver
peroxidase method (van den Pol and Gorcs 1986). Sections were rinsed in 0.1 M sodium
cacodylate buffer (pH 7.4) and postfixed for 20 min in 1% OsO,4 supplemented with 1%
potassium ferricyanide in sodium cacodylate buffer 0.1 M (pH 7.4) The material was
dehydrated and embedded in epoxy resin. Ultrathin sections were observed in a Technai G2
electron microscope (FEI). Photographs were obtained in TIFF format with a MEGAVIEW
I11 camera and were optimized for brightness and contrast in Adobe Photoshop 9.0.1.

Electroretinography

Details of the ERG procedures have been published elsewhere (Chang et al. 2006). After
overnight dark adaptation, mice were anesthetized, their corneas were topically anesthetized
(1% proparacaine HCI), and their pupils were dilated (1% mydriacyl, 2.5% phenylephrine HCI,
1% cyclopentolate HCI), and body temperature was maintained at 37°C. ERGs were recorded
using a stainless steel electrode that contacted the corneal surface through a layer of 0.7%
methylcellulose. Responses were differentially amplified, band-pass filtered (0.05-1,500 Hz),
averaged and stored using a UTAS E-3000 signal averaging system (LKC Technologies,
Gaithersburg, MD). Stimulus flashes (—3.6-2.1 log cd s/m?) were first presented to the dark-
adapted eye in order of increasing intensity, and at least two successive responses were
averaged for each flash intensity with interstimulus intervals (I1SIs) appropriate to maintain a
stable response. For photopic responses, an adapting field consisting of a steady rod-
desensitizing background (1.48 log cd/m?2) was presented for 7 min prior to collecting light-
adapted ERG data. Flashes (-0.8-1.9 log cd s/m2) were superimposed on the adapting field
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and responses to 100 flashes presented at 2.1 Hz were averaged at each intensity level. The
amplitude of the a-wave was measured from the prestimulus baseline to the a-wave trough.
The amplitude of the b-wave was measured from the a-wave trough to the peak of the b-wave
or, if no a-wave was present, from the prestimulus baseline.

In vivo extracellular recordings

All procedures have been described elsewhere (Chang et al. 2006; Sagdullaev and McCall
2005; Sagdullaev et al. 2006). Anesthetized mice were mounted in a sterotaxic frame, and their
body temperature is maintained at 37°C with a thermistor-controlled heating pad. Topical
Mydfrin and Mydriacyl (phenylephrine hydrochloride ophthalmic solution, 2.5%, and
tropicamide ophthalmic solution, 1%, respectively; Alcon Labs, Fort Worth, TX) were applied
to dilate the pupils and paralyze accommodation. A drop of 2.5% hydroxypropy!l
methylcellulose solution (Goniosol, CIBAVision Ophthalmics) in artificial tears; Teargen,
Goldline) was used in conjunction with clear zero-power contact lenses to protect the corneas
from drying and to deter cataract formation. The clarity of the optics was checked periodically,
and as published previously, we also observed that corrective lenses did not alter RF center
diameters (Artal et al. 1998; Balkema and Pinto 1982; Sagdullaev and McCall 2005). Action
potentials were recorded extracellularly from single optic nerve axons, using tungsten
microelectrodes coated with varnish (impedance: 30-90 MQ approximately at 12 Hz). Action
potentials were isolated, amplified (X3-Cell, slope/height window discriminator/amplifier,
FHC, Bowdoinham, ME), digitized at 15 kHz (Power1401, CED), and stored for off-line
analyses. Isolated spike trains were both displayed on a computer monitor (Spike2, CED) and
played over an audio-monitor (AM7, Grass Instruments, Quincy, MA) so that direct feedback
of the cell’s response to each visual stimulus was obtained.

After each RGC was isolated, its receptive field (RF) and center sign were determined.
Spontaneous responses were recorded either in complete darkness or with a CRT display
monitor (Eizo E120 Flex-Scan FXCT7) set to different adaptation levels. Evoked responses were
elicited using visual stimuli (VisionWorks; Vision Research Graphics, Durham, NH) presented
on the monitor the distance of which was 25 cm from the anterior nodal point of the eye.
Spontaneous and evoked responses to full-field stimuli were characterized initially under light
adapted conditions and then recharacterized after a period of dark adaptation. Specifically,
spontaneous activity was recorded for 5 min at an adaptation level of 75 cd/m2. Evoked
responses were then recorded to a full-field stimulus the luminance of which was continuously
square-wave modulated between 0 and 150 cd/m?, for 30 presentations. The room was then
completely darkened and the retina allowed to dark adapt for 20 min, which we have
empirically determined sufficient to drive responses via the rod pathway (G. L. Yarbrough and
M. A. McCall, unpublished observations). Spontaneous activity was then measured for 5 min,
in the absence of any light. Evoked responses were then recorded to a full-field stimulus whose
luminance was continuously square-wave modulated between 0 and 3 cd/mZ.

The RF extent and organization of each RGC was assessed using two quantitative methods:
an area response function (ARF) and a matrix response function (MRF). These experiments
were performed only at light-adapted levels, where the independent function of the on and or+
pathways can be compared. Generation and analyses of the ARF has been described previously
(Sagdullaev and McCall 2005). Briefly, RGC responses were recorded to a series of computer
generated spot stimuli centered on the cell’s RF center and square-wave modulated to either 0
cd/m? (for ore-center RGCs) or 50 cd/m? (for on-center RGCs) around a mean background of
25 cd/m?2. Spots of varying diameter (4.4-52°) were presented in random order for eight trials
for a duration of 2 s followed by a 5 s ISI. MRFs were generated to produce three-dimensional
(3D) RF maps with response amplitude plotted on the z axis as a function of the position of
the spot on the display monitor. Spots (diameter = 9°) were generated and systematically
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appeared at consecutive overlapping positions across the display monitor in 6 x 8 grid (48
sites). Spot luminance was square-wave modulated around a mean background (20 cd/m?) to
either 3 cd/m? (ore-center RGCs) or 100 cd/m? (on-center RGCs) and its duration, again, was 2
swith a5 s ISI. Responses to five presentations of each stimulus were averaged, and the mean
of the response over the first 400 ms after stimulus onset plotted against spot location. The 3D
matrix was smoothed to create a color-coded surface map of the cell’s RF using custom built
software in Matlab (version 6.5, MathWorks, Natwick, MA).

Light-adapted intensity response functions (IRFs), as previously described (Chang et al.
2006; Sagdullaev et al. 2006), also were used to examine response gain. Responses were
recorded to an optimally sized spot whose luminance varied from 30 to 1680 cd/m? for ox-
center RGCs and from 30 to 0 cd/m? for or-center RGCs in 0.25-0.5 log intensity steps.
Between steps the screen luminance returned to background (30 cd/m?). ISIs were varied to
maintain response consistency at each intensity step from 10 s for the low-intensity changes
to <60 s for the highest-intensity changes.

For quantitative characterizations, RGC responses were accumulated with a 1-ms bin width.
Individual responses were displayed as raster plots and average responses as peristimulus time
histograms (PSTHSs; 50-ms bin width), which were smoothed (100-ms bin width) to permit
measurement of various response parameters (e.g., time to peak, peak response, etc). From the
spontaneous activity, the mean spike rate was estimated and a fast Fourier transform (FFT)
performed to extract the power spectra.

RGC responses were collected from five to seven mice of each genotype, and cells were
grouped according to either their full-field (on, orr, OF on-ore) OF RF center (on- OF ore-CENter)
responses. Unpaired Student’s t-tests were used to compare groups of RGCs from different
genotypes, and paired t-tests were used to compare responses from the same RGC under
different stimulation conditions (e.g., light- vs. dark-adapted). Differences were considered
significant when P < 0.05.

Glutamate evokes responses from hyperpolarizing but not depolarizing BCs in nob retina

In nob mice, the presence of an ERG a-wave with normal leading edge kinetics indicates that
photoreceptor transduction is unaffected. In contrast, the absence of a b-wave in these mice
indicates that synaptic transmission is abnormal. This could be due to altered release of the
photoreceptor neurotransmitter, glutamate and/or the lack of a DBC response due to the absence
of a critical component of their mGIuR6 receptor-mediated signal transduction. To address
whether pre- or postsynaptic function is defective in nob mice, we voltage clamped the bipolar
cellsto—60 mV and characterized the responses of control and nob BCs to exogenous glutamate
puffs applied to their dendrites. Lucifer-yellow-filled BCs were classified as rod or cone DBCs
and cone hyperpolarizing bipolar cells (HBCs) (Ghosh et al. 2004). Consistent with previous
reports (Nawy and Jahr 1990; Shiells and Falk 1990) all control DBCs (rod, n = 6; cone, n =
4) exhibited a robust outward current in response to a glutamate puff. This is consistent with
earlier reports (Nawy and Jahr 1990; Wilson et al. 1987) (Fig. 1B) and reflects closure of the
nonspecific cation channel. Control HBCs (n = 2) exhibited a robust but transient inward
current (Fig. 1), reflecting the opening of AMPA/kainate type ionotropic receptors. Similarly,
every nob HBC (n = 5) also showed a transient inward current whose response kinetics were
similar to controls. In contrast, nob DBCs (rod, n = 10; cone, n = 9) failed to respond to
glutamate puffs, e.g., no current was evoked, even when responses could be elicited from HBCs
in the same retina.
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The absence of glutamate induced currents in nob DBCs could occur if the cation channel was
closed or was absent. To examine these possibilities, we determined the amplitude of inward
holding currents in nob DBCs in the absence and presence of glutamate and determined the
open probability of the cation channel using noise analyses. The holding currents in control
DBCs were inward, whereas the currents in nob DBCs were very small and outward (Fig.
1B). These findings suggested that the mGluR6-gated cation channels were mostly closed in
nob DBCs and open in control DBCs.

To assess the probability of channel opening, we measured and compared the current variance
in control and nob DBCs. As a rule, current variance is high when the probability of channel
opening is 0.5 and is low when channels are either all open or all closed. In control DBCs,
glutamate reduced the current variance (Fig. 1C), reflecting channel closure; this is consistent
with earlier studies (Wilson et al. 1987). The current variance of nob DBCs was always lower
than in control DBCs, both in the absence or presence of glutamate (Fig. 1C), indicating either
alow or very high channel open probability. Combining the observations that the cation channel
mediated currents in the nob DBCs is very low and the variance data that the open probability
is also low, suggest the channel is either mostly closed or absent. These data demonstrate a
clear postsynaptic defect in nob DBCs that results in an inability of the cell to respond to
neurotransmitter. However, they do not preclude an additional presynaptic abnormality.

Expression of a nyctalopin fusion protein is restricted to the dendritic terminals of BCs

Our previous ERG characterizations and our current patch-clamp results are consistent with
the hypothesis that nyctalopin expression is required for mGluR6-mediated gating of the cation
channel in DBCs but is not needed for AMPA/kainate-mediated responses in HBCs. Our
previous observations in nob mice also have shown significant retinal defects downstream of
DBC malfunction. Specifically, in vitro multielectrode array recordings from nob RGCs, after
eye opening, show abnormal rhythmic spontaneous bursting, as well as abnormal visually
evoked responses to full-field stimulation (Demas et al. 2006). Conflicting reports regarding
the location of nyctalopin expression (Bahadori et al. 2006; Bech-Hansen et al. 2000; Gregg
etal. 2003; Morgans et al. 2006; Pesch et al. 2003) suggest that nyctalopin also could function
downstream of the DBC response in the retina. To differentiate between these possible effects,
we generated a transgenic mouse line that expressed an EYFP-nyctalopin fusion protein under
the control of the murine GABACcp1 promoter, which we have used previously to express GFP
throughout the entire BC and in all BC classes (rod and cone DBCs and cone HBCs) (M. A.
McCall, unpublished observations). This promoter was chosen over others like mGIuR6 or
GaO, which might yield higher expression levels restricted to DBCs because we wanted to
limit overexpression of EYFP-nyctalopin, which could interfere with normal localization of
the protein and/or cause unexpected secondary defects.

The retinal distribution of the EYFP-nyctalopin fusion protein was examined using
immunohistochemistry. When retinal sections of control and nob rescue mice were incubated
with an anti-GFP antibody, which also recognizes EYFP, we found robust EYFP-nyctalopin
expression limited to the outer plexiform layer (OPL) in all transgenic animals (Fig. 2C). Even
at high magnification, the staining of EYFP-nyctalopin is restricted to puncta consistent with
their location on DBC dendrites (Fig. 3A). No expression was ever seen in nontransgenic
nob control retinas (Fig. 2B). Because rod DBCs outnumber cone DBCs in the mouse retina,
much of this EYFP expression must be localized at the rod to rod DBC synapse. However,
both rod and cone DBC function is abnormal in nob mice (Fig. 1; ERG) (Krishna et al.
2002;Pardue et al. 1998). To evaluate whether the fusion protein also was expressed at the cone
to cone BC synapse, we reacted retinal sections with antibodies to both GFP (for the transgene)
and peanut agglutinin (PNA), a lectin expressed on cone pedicles. Figure 2, D-F, shows
representative expression patterns of these two markers and their co-localization in sections
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from nob rescue mice. In the merged image (Fig. 2F), co-localization of EYFP-nyctalopin and
PNA is evident, and the pattern is consistent with alignment of the cone terminal with
invaginating BC dendrites within the synaptic space. These data also are consistent with the
predicted extracellular location of nyctalopin and the membrane associated and extracellular
location of the lectin stained by PNA (Blanks et al. 1993;Johnson et al. 1986). The remaining
EYFP-nyctalopin-positive puncta (green) in the merged image represent expression at the
smaller rod to rod DBC synapse. Given the selective nature of GABAcp1l expression to retinal
BCs (Enz et al. 1996; McCall, unpublished observations), and our co-localization results, it is
most likely that the EYFP-nyctalopin fusion gene expression is postsynaptic to the
photoreceptor terminals and, in particular, to the BC dendritic tips where they synapse with
rod and cone photoreceptors.

To more accurately determine the location of the EYFP-nyctalopin fusion protein, we
examined retinal sections for co-expression of the fusion protein with several other well-
characterized markers located on the pre- and postsynaptic membrane at this synapse. Figure
3, A-C, illustrates the expression pattern of EYFP-nyctalopin (green) and ribeye (red), a protein
that is an integral part of the presynaptic ribbon located in the photoreceptor terminals. In the
merged images (Fig. 3C), it is obvious that ribeye and EYFP-nyctalopin do not co-localize but
that they are closely associated. Figure 3, D—F, shows the expression pattern of EYFP-
nyctalopin (green) and calbindin (red), a protein expressed on invaginating horizontal cell
processes. In the merged images (F), the horizontal cell dendrites almost completely surround
EYFP-nyctalopin-positive puncta but, again, do not co-localize. It should be noted that
background staining in Fig. 3, D and G (asterisks), results from the use of a mouse anti-GFP
antibody and an anti-mouse IgG secondary antibody. Figure 3, G-I, illustrates the expression
patterns of EYFP-nyctalopin (green) and mGIuR6 (red), the glutamate receptor expressed on
DBC dendrites postsynaptic to the ribbon synapse (Vardi et al. 2000). The staining patterns of
both proteins are limited to the OPL and appear as puncta (Fig. 3, G and H, respectively), and
their merged images show nearly complete co-localization (Fig. 31). These data also are
consistent with EYFP-nyctalopin localization on the dendrites of DBCs in close association
with mGIuR6.

To further refine the postsynaptic location of EYFP-nyctalopin, we used preembedding
immuno-EM and compared its expression pattern with mGIuR6 in nob rescue mice. Consistent
with our confocal results and those of Vardi et al. (2000), mGIuR6 immunoreactivity is
concentrated in the invaginating DBC dendrites postsynaptic to ribbon synapses in cone (Fig.
4A) and rod (Fig. 4B) photoreceptors, although some staining is present throughout the
proximal dendrites of the DBCs. Expression of EYFP-nyctalopin in rod spherules is found
exclusively on postsynaptic BC dendrites (Fig. 4, D and E), but its pattern differs from mGIluR6
in two ways. First, EYFP-nyctalopin expression is restricted to the region of the BC membrane
and, in many cases appears to be extracellular, consistent with our in silico predicted location
of the amino terminal end of nyctalopin and, therefore, EYFP (Gregg et al. 2003). Second,
although EYFP-nyctalopin expression is seen within the invaginating synapse, in many cases,
its expression also can be found distal to the site of contact with the synaptic ribbon (see Fig.
4E), unlike mGIuR®6, which is always located proximal to the ribbon. Data from cone terminals
indicate EYFP-nyctalopin is frequently at the base of the terminal (Fig. 4C). This is slightly
more distal to the invaginating synapse than the staining for mGIuR6, which fills the terminal
of the DBC (Fig. 4A). Although these two markers do not appear to overlap at the base of the
cones in the EM images, the distance between the two is <200 nm. This is beyond the resolution
of the confocal microscope hence mGIluR6 and EYFP-nyctalopin co-localize in the merged
confocal images (Fig. 31). This location also places EYFP-nyctalopin close to the location
stained by PNA. We believe the staining at the base of the cone terminals is in cone DBCs
because the light-adapted ERG is restored in the nob rescue mice. Further, if HBCs also
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expressed EYFP-nyctalopin, we would expect all the processes at the base of cone terminals
to be stained, and this is clearly not the case (Fig. 4C).

Taken together, our confocal and EM results place expression of the EYFP-nyctalopin fusion
protein postsynaptically on the dendrites of DBCs. Further, EYFP-nyctalopin protein
expression is most likely closely associated with mGIuR6 but possibly within the extracellular
space, an assertion that requires further experiments.

Expression of nyctalopin fusion protein on DBC dendrites restores visual function in the
outer and inner retina

Although our results indicate postsynaptic expression of nyctalopin, as well as, a postsynaptic
defect in DBC function in nob mice, our data do not eliminate an additional presynaptic effect.
Further, our observations that spontaneous activity and visually-evoked responses to full field
flashes are abnormal in nob RGCs (Demas et al. 2006), could result from an absence of
nyctalopin expression in the inner retina, downstream from the DBC defect. Because our
immunohistochemical results show that EYFP-nyctalopin protein expression is limited to the
DBC dendritic tips, we used nob rescue mice to answer two questions: is postsynaptic
expression of nyctalopin (in the form of the fusion protein) sufficient to restore the ERG b-
wave and is postsynaptic expression of nyctalopin sufficient to restore downstream visual
function?

Using the ERG, we examined responses of control and nob rescue mice under dark-adapted
conditions. In control mice (Fig. 5, A and B), the ERG evoked by low-intensity flashes consists
of a b-wave on which are superimposed oscillatory potentials (OPs) that reflect inner retinal
activity (Ogden 1973; Wachtmeister and Dowling 1978). At higher flash intensities, a negative
polarity a-wave precedes the b-wave. In nob mice regardless of flash intensity, the dark-adapted
ERG has neither a b-wave nor OPs (Pardue et al. 1998). In contrast, in nob rescue mice both
the b-wave and OPs are fully restored (Fig. 5A), and averaged a- and b-wave intensity-response
functions (Fig. 5B) demonstrate that each component is comparable to controls. Light-adapted
ERGs, reflecting the activation of DBCs through the cone pathway, also are abnormal in nob
mice but, similar to dark-adapted results, nob rescue ERGs are again comparable to controls
(Fig. 5, C and D). These data show that expression of EYFP-nyctalopin on the dendritic tips
of DBCs fully restores the outer retina defects in nob mice that are assessed by the ERG. These
data support our assertion that only postsynaptic expression of nyctalopin is required for DBC
function.

We recorded the spontaneous and visually evoked responses of nob rescue RGCs and compared
them to controls recorded under the same conditions. The abnormalities in both spontaneous
and evoked responses of RGCs in nob mice that we reported previously, rhythmic spontaneous
bursting and decreased sensitivity (Demas et al. 2006), were completely resolved by the
expression of the EYFP-nyctalopin fusion protein.

Qualitatively, none of the nob rescue RGCs exhibited rhythmic spontaneous bursting. Figure
6 compares the spontaneous activity of nob, control, and nob rescue RGCs. The rhythmic
bursting of the majority of nob RGCs is evident in five of the six cells shown in Fig. 6A. In
contrast, the spontaneous activity in control and nob rescue RGCs appears random (Fig. 6, B
and C). Quantitatively, fast Fourier transform (FFT) can be used to determine the burst
frequency underlying the activity and in the majority of nob RGCs thisis ~4.5 Hz. FFT analyses
of the spontaneous activity of control and nob rescue RGCs only reveals a peak at 0 Hz,
indicating the absence of rhythmic activity (data not shown).

In the nob retina, a large proportion of RGCs are unresponsive to light stimulation (Fig. 6D)
(Demas et al. 2006), and those with visually evoked responses exhibit bursting superimposed
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on their evoked response to a full-field stimulus (Fig. 6D). RGCs in nob rescue retina were all
visually responsive and full-field stimulation yielded robust, short-latency responses identical
to controls (Fig. 6, E and F). The responses of nob rescue RGCs to full-field stimulation could
be divided into three classes: response at light onset only (on; N =22 control; n = 21 nob rescue),
response at light offset only (orr; N = 6 control; n = 5 nob rescue) and response at both light
onset and offset (on-orr; N = 8 control; n = 5 nob rescue). The proportions of these RGC classes
were similar not only between control and nob rescue mice but also to our previously published
data for C57BI/6J mice (Sagdullaev and McCall 2005).

The RF center/surround organization of RGCs is generated by the interplay of excitatory and
inhibitory inputs in both the inner and outer retina. As such, it is a sensitive measure of the
normal synaptic organization of the retinal circuitry. To differentiate between the need for
nyctalopin expression in the outer versus the inner retina, we quantitatively examined and
compared the RF center size, surround antagonism, and the response gain for RGCs in control
and nob rescue mice. Similar to controls, both ox- and or=-center RGCs in nob rescue mice had
well-defined RF centers and antagonistic surrounds. This result is evident in both the 3D
response plots (Fig. 7, A and B) and in the ARFs from representative nob rescue and control
RGCs (Fig. 7, C and D). The distributions of the RF center diameters, estimated from the
optimal spot size of the ARF, of both on- and ore-center RGCs in nob rescue and controls overlap
and their means are similar. In addition, the distributions of surround antagonism also were
similar between control and nob rescue RGCs (Fig. 7,E and F; Table 1). Thus these hallmarks
of the spatial extent of RGC RFs are indistinguishable between nob rescue and control mice
and support the conclusion that nyctalopin expression in the OPL is sufficient to establish
normal RGC function.

Our previous behavioral and ERG results showed that nob mice have a reduced ability to encode
changes in light intensity (Gregg et al. 2003; Pardue et al. 1998). Therefore we quantitatively
examined and compared response gain using IRFs in control and nob rescue RGCs as another
measure of synaptic function in the retina (Chang et al. 2006; Sagdullaev et al. 2006). The
average IRFs of both on- and or-center nob rescue RGCs were the same as controls (Fig. 7,

G and H) as were the quantitative measures of the dynamic range derived from these functions.
Specifically, the maximum response, the intensity required to produce a half-maximum
response and slope (Hill coefficients) of nob rescue RGCs did not differ from controls (Table
1).

These results show that the expression of the EYFP-nyctalopin fusion protein in the OPL, on
the dendrites of the BCs, rescues all of the previously observed abnormalities in outer and inner
retinal function of the nob mice, including the ERG b-wave and RGC spontaneous and evoked
responses to full-field stimulation. The similarities in the quantitative characteristics of the
spatial RF organization and response gain of RGCs in nob rescue and controls also strongly
supports our hypothesis that nyctalopin expression is only critical at the level of DBC function
in the retina and, that all other alterations in retinal function stem from this primary defect.

DISCUSSION

Our data show that expression of the EYFP-nyctalopin fusion protein only on DBC dendrites
rescues visual function in both the outer and inner retina of nob mice. We interpret these results
to indicate that nyctalopin plays a significant role in retinal processing only on the postsynaptic
side of the photoreceptor to BC synapse. Thus these results settle several controversies in
previously published results regarding the location of expression and the role of nyctalopin in
retinal function.
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Function of nyctalopin at the photoreceptor to BC synapse

The mutations in both nob mice and human patients with CSNB1 are likely to be null alleles.
The mutation in nob mice is a deletion that causes a frame shift, which is predicted to destroy
protein function (Gregg et al. 2003). In humans, >30 mutations have been identified (Bech-
Hansen et al. 2000; Jacobi et al. 2002; Pusch et al. 2000; Zeitz et al. 2005a) and most are
predicted to disrupt either the tertiary structure of the leucine rich repeat domains of nyctalopin
or to truncate the protein (see review by Matsushima et al. 2005). A key question that remains
is how mutations in the Nyx gene cause the observed defects in DBC signaling. Our patch-
clamp data begin to shed light on this question. They show that even though in nob mice
mGIuR6 is localized appropriately on the BC dendrites (Ball et al. 2003; Fig. 3) glutamate
application to the dendrites of DBCs is unable to mediate gating of the cation channel via the
mGIuR6 cascade (Fig. 1). In addition, these data provide new evidence that the nonspecific
cation channel in nob DBCs is either closed or absent.

Nyctalopin is a member of the small leucine rich proteoglycans (Bech-Hansen et al. 2000; and
Pusch et al. 2000; although see McEwan et al. 2006), and these proteins are involved in diverse
functions including cell signaling, growth control, and formation of the extracellular matrix
(see reviews by Hocking et al. 1998; McEwan 2006). In cultured cells, nyctalopin is expressed
on the cell surface and attached by either a glycosyl phosphatidylinositol (GPI) anchor or a
transmembrane domain, depending on species (O’Connor et al. 2005). Our EM data localize
murine nyctalopin to the postsynaptic membrane and possibly the extracellular space and thus
provides empirical support for these predictions. The questions of the exact role that nyctalopin
plays in modulating the mGIuR6 signal transduction cascade and how its loss disrupts signaling
in this cascade remain unknown. The absence of nyctalopin expression does not lead to the
loss or mislocalization of mGIuR6 receptor expression (Ball et al. 2003; Fig. 3), thus it must
have binding partners, either up or downstream of mGIuR6 that provide a critical link(s)
between these proteins, and the modulation of the nonspecific cation channel.

Rescue of outer and inner retina functional abnormalities in nob mice only requires
expression of nyctalopin on BC dendrites

The ERGs of individuals with CSNB1 and nob mice clearly establish that an absence of
nyctalopin causes abnormal transmission of the visual signal between photoreceptors and
DBCs (Bech-Hansen et al. 2000; Krishna et al. 2002; Pardue et al. 1998; Pusch et al. 2000).
Our results demonstrate that this defect is postsynaptic, and the absence of nyctalopin
expression prevents glutamate induced responses in DBCs via mGIuR6 modulation of a G-
protein-coupled cascade that closes a nonspecific cation channel (see review by Duvoisin et
al. 2005). Inall other murine models of CSNB, the absence of a DBC response has been inferred
from the absence of the ERG b-wave. Thus our results are the first direct verification of the
absence of glutamate-induced signaling in DBCs and show definitively that the absence of an
ERG b-wave is caused by the absence of signaling through the DBC and not the HBC pathway
(Khan et al. 2005; Pardue et al. 1998) (Fig. 1).

The details of the DBC cascade that modulates the gating of the nonspecific cation channel
remain poorly understood, although Gao has been shown to play a role due to the absence of
an ERG b-wave in knockout mice (Dhingra et al. 2000). Thus our findings clearly identify
nyctalopin as a third critical element in the postsynaptic signaling cascade of the DBC pathway.
Although nyctalopin’s function remains unknown, it is not required for the expression and
localization of either mGIuR6 or Gao because these proteins are expressed normally in nob
retinas (Ball et al. 2003).

The restoration of RGC spontaneous and visually evoked response properties in nob rescue
mice supports the hypothesis that normal retinal function only requires nyctalopin expression

J Neurophysiol. Author manuscript; available in PMC 2010 September 6.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gregg et al.

Localization

Page 12

on the DBC terminals postsynaptic to photoreceptors. All the response defects in nob RGCs,
including abnormal spontaneous bursting and the disruption in visually evoked responses
(Demas et al. 2006), are rescued by expression of EYFP-nyctalopin only in the dendrites of
DBCs. Nyctalopin expression has been reported to be localized to many retinal layers and cell
types, including robust expression in the IPL (Bahadori et al. 2006; Morgans et al. 2006; Pesch
et al. 2003). Our data provide clear evidence at both the light and EM levels that the fusion
protein is only expressed within or near the dendritic tips of DBCs in the OPL. Our results do
not rule out expression of nyctalopin in other retinal cell classes because we used the
GABAC( pl promoter to express EYFP-nyctalopin in BCs. Our electrophysiological results do,
however, demonstrate expression beyond the OPL is not required for normal outer and inner
retinal function. Thus we conclude that if nyctalopin is expressed outside of the OPL it is either
redundant to another unknown protein or plays a very subtle role in RGC visual function that
we failed to assess with our quantitative methods.

of nyctalopin on BCs in the murine retina

Within the dendritic tips of BCs, EYFP-nyctalopin expression shows some co-localization with
mGIuRS, but also is located more proximal than mGIuR6. Further, EYFP-nyctalopin is most
frequently closely associated with the postsynaptic membrane. This location is consistent with
the predictions and experimental evidence that nyctalopin is a small leucine rich proteoglycan
(see review by Poopalasundaram et al. 2005). In nob rescue mice, EYFP-nyctalopin and
mGIuR6 are not associated with flat contacts on cone terminals, suggesting that nyctalopin is
associated only with DBCs. This limited expression appears to occur despite the fact that
GABA receptors and GFP driven by the GABACc pl1 promoter in another line of transgenic
mice are expressed by both DBCs and HBCs. The absence of expression in HBCs could occur
because of the lower expression of GABA( receptors in HBCs as compared with either rod or
cone DBCs (Eggers et al. 2007). However, we believe a more likely explanation is that the
absence of nyctalopin binding partners in HBCs results in a lack of targeting of the fusion
protein and its subsequent degradation.

The nob mouse model recapitulates many of the features of human CSNB1. Because the
underlying defect does not appear to involve anatomical abnormalities, it is possible that visual
function in human patients might be improved using a gene therapy approach. However, in
this study, the EYFP-nyctalopin protein in the transgenic mice was expressed early in retinal
development (Demas et al. 2006). Therefore it will be important to determine if replacement
of nyctalopin in adult nob mice can also restore function.
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FIG. 1.

Depolarizing bipolar cells (DBCs) from nob mice do not respond to exogenous glutamate. A:
responses of representative BCs to puffs of glutamate on their dendrites were recorded from
control (left) and nob (right) mice, using whole cell voltage clamp (holding potential of —60
mV). In control slices, glutamate puffs elicited outward currents in rod (n = 6) and cone DBCs
(n=4) and inward currents in cone HBCs (n = 2). In nob retinal slices, responses to glutamate
puffs never evoked a response in either rod (n = 10) or cone (n = 9) DBCs but evoked an inward
current in all cone HBCs (n = 5), similar to controls. The bar over each current trace indicates
the glutamate puff duration (100 ms). B: holding currents measured in either the absence or
presence of glutamate in control and nob DBCs. Glutamate reduced the current in control mice
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from —42.6 + 6 t0 —23.6 + 5.6 pA (P < 0.003) but did not affect the current in nob mice (2.4 £
4.7103.2+4.5, P =0.52). Currents in DBCs in both the absence (P < 3 x 107°) and presence
(P < 0.0009) of glutamate were significantly larger in control compared with nob mice. C:
current variances, normalized to control in the absence of glutamate, were reduced by glutamate
in control (from 1 to 0.57 = 0.09, P < 0.0008), but not nob mice (from 0.20 + 0.04 t0 0.193 +
0.04, P = 0.47). Current variances in both the absence (P < 1 x 10711) or presence (P < 0.002)
of glutamate were significantly larger in DBCs from control compared with nob mice.
Calibration bar, 20 pA for rod and cone DBCs, 10 pA for cone HBCs, 1 s for all traces.
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FIG. 2.

EYFP-nyctalopin fusion protein is expressed only in the outer plexiform layer (OPL) of nob
rescue mice. A: DIC image of retina shown in C. B and C: representative transverse retinal
sections from a control (B) and nob rescue mouse (C) stained for EYFP-nyctalopin, using anti-
GFP antibodies. D-F: high-magnification images from transverse sections of nob rescue
mouse showing staining of EYFP-nyctalopin (green, D), peanut agglutinin (PNA, red, E), and
the merged image (F) These data show EYFP-nyctalopin is expressed at both cone (yellow)
and rod (green) synapses. The arrows in C indicate cone terminals. Scale bar: A—C = 50 pum;
D-F =5pum
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FIG. 3.

Expression of EYFP-nyctalopin in nob rescue retina is restricted to DBC dendritic terminals
in the OPL. Staining of nob rescue retinal sections for EYFP-nyctalopin (green; A, D, and G)
and ribeye (B and C; red), calbindin (E and F; red), and mGIuR6 (HI; red). The merged images
show that EYFP-nyctalopin is only co-localized with mGIuR6 (1) but is closely aligned with
both the presynaptic ribbon maker, ribeye (C) and the horizontal cell marker, calbindin (F).
Scale bar =5 pm.
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FIG. 4.
EYFP-nyctalopin is localized to the postsynaptic membrane of bipolar dendrites. Electron

micrographs show staining for mGIuR6 (A and B) and EYFP-nyctalopin (C-E) in nob rescue
mice. Antibodies to mGIuR6 stain invaginating processes of cone (A) and rod (B)
photoreceptors. Antibodies to GFP stain EYFP-nyctalopin in nob rescue mice in or near cone
(C) and rod (D and E) terminals. The staining of EYFP-nyctalopin is closely associated with
cell membranes. Staining near cone terminals does not appear to involve the invaginating tip
of the bipolar cells, rather it is slightly distal, at the base of the invagination. RT, rod terminal,
CT, cone terminal, HC, horizontal cell dendrite; BC, bipolar cell dendrite; *, synaptic ribbon
in rod and cone terminals.
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FIG. 5.

Expression of EYFP-nyctalopin on DBC dendrites restores the electroretinogram (ERG) b-
wave in nob rescue mice. A: representative dark-adapted ERGs from control (black traces),
nob (blue traces), and nob rescue (red traces) mice elicited by 5 flash intensities. Numbers
indicate flash intensity in log cd s/m2B: mean amplitudes + SE of a- and b-waves from the
ERGs of control, nob, and nob rescue mice (n = 4 mice in each group) at multiple flash
intensities. C: representative light adapted ERG waveforms from the same mice as in A at 4
flash intensities. Numbers indicate flash intensity in log cd s/m2D: mean amplitudes + SE of
ERG b-waves from these same mice.
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FIG. 6.

Spontaneous and light evoked responses of nob rescue retinal ganglion cells (RGCs) are
identical to controls. A—C: raster plots of spontaneous activity in representative nob, control,
and nob rescue RGCs under dark-adapted condition (0 cd/m?). Each trace represents a different
cell and shows that the bursting pattern is only present in nob RGCs. The lower spontaneous
activity in ore-center cells also is apparent in control and nob rescue mice. D: raster plots and
PSTHs of 2 representative nob RGCs, 1 an or cell, and the 2nd that is not responsive to light
stimuli. E and F: raster plots and average PSTHSs of the evoked activity for representative on-
and or-center RGCs in control and nob rescue mice under both light (left; 0 to 150 cd/m?) and
dark (right; 0 to 3 cd/m?) adapted conditions.
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Center surround organization of RGCs from nob rescue mice are identical to controls. A and
B: 3-dimensional depictions of receptive fields for representative on- and ore-center RGCs in
control and nob rescue mice show robust receptive field centers (red) and antagonistic
surrounds (blue). Responses in ox-center cells were elicited with bright spots (100 cd/m?
presented on a 0 cd/m?2 background) and in or-center cells, dark spots (3 cd/m?2 on a 20 cd/
m? background). C and D: area response curves for representative on- and ore-center RGCs in
control (black) and nob rescue (red) mice show similar features that include: linear summation,
aclear peak response and a falloff, that represents the contribution of the antagonistic response.
From the area response curves, the receptive field diameter was estimated as the spot diameter
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that produced the peak response and the receptive field surround contribution as the maximum
antagonism index. E and F: plots of the optimal receptive field diameter as a function of
maximum antagonism for each ox- and ore-center RGCs recorded in control and nob rescue
mice. The distributions of these parameters show complete overlap (see Table 1). Normalized
intensity-response functions (IRFs) generated by center stimulation of on (control, n = 16;
nob rescue = 11)- and o+ (control, n = 11, nob rescue n = 7)-center RGCs in control (black)
and nob rescue (red) mice are not different. For comparison, responses were normalized to the
maximum response for each cell and plotted against the log (normalized intensity) where
normalized intensity is the intensity of the light stimulus divided by the intensity of the adapting
spot (30 cd/m?). Sigmoidal curves were fit for each cell and used to estimate the maximum
response, the intensity of light required to induce a half-maximal response (logEI50) and the
slope (Hillslope) as a measure of dynamic range. No differences between control and nob
rescue responses were observed in these measures (see Table 1).
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TABLE 1

Response parameters of RGCs in control and nob rescue mice

On-Center Orr-Center
Control nob rescue Control nob rescue
ARF parameters (21) (13) (10) (12)
Center size, 20+ 2 18+2 19+£25 23+5
Maximum antagonism 0.38+0.05 0.48+0.06 044+0.07 0.36+0.06
Maximum response, spike/s 58 +3 60+5 86+4 74+11
IRF parameters (16) (11) (11) @

Normalized log intensity for 0.86+0.14 0.85+0.21 0.45+0.03 0.48+0.06
50% of maximum response ~ ~212 cd/m? ~217 cd/m? ~11.3cd/m? ~12 cd/m?

Hill coefficient 73102 71403 28+0.6 3.0+£0.3

Student’s t-tests of each of these response characteristics showed no significant differences between control and nob rescue parameters (P > 0.05 in
all cases). Numbers of retinal ganglion cells (RGCs) in parentheses. Values are means + SE.
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