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Abstract
Glutamate release from photoreceptor terminals is controlled by voltage-dependent calcium channels
(VDCCs). In humans, mutations in the Cacna1f gene, encoding the α1F subunit of VDCCs, underlie
the incomplete form of X-linked congenital stationary night blindness (CSNB2). These mutations
impair synaptic transmission from rod and cone photoreceptors to bipolar cells. Here, we report
anatomical and functional characterizations of the retina in the nob2 (no b-wave 2) mouse, a naturally
occurring mutant caused by a null mutation in Cacna1f. Not surprisingly, the b-waves of both the
light- and dark-adapted electroretinogram are abnormal in nob2 mice. The outer plexiform layer
(OPL) is disorganized, with extension of ectopic neurites through the outer nuclear layer that originate
from rod bipolar and horizontal cells, but not from hyperpolarizing bipolar cells. These ectopic
neurites continue to express mGluR6, which is frequently associated with profiles that label with the
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presynaptic marker Ribeye, indicating potential points of ectopic synapse formation. However, the
morphology of the presynaptic Ribeye-positive profiles is abnormal. While cone pedicles are present
their morphology also appears compromised. Characterizations of visual responses in retinal
ganglion cells in vivo, under photopic conditions, demonstrate that ON-center cells have a reduced
dynamic range, although their basic center-surround organization is retained; no alteration in the
responses of OFF-center cells was evident. These results indicate that nob2 mice are a valuable model
in which to explore the pathophysiological mechanisms associated with Cacna1f mutations causing
CSNB2, and the subsequent effects on visual information processing. Further, the nob2 mouse
represents a model system in which to define the signals that guide synapse formation and/or
maintenance in the OPL.

Keywords
Bipolar and horizontal cells; Congenital stationary night blindness; Electroretinogram; ON- and
OFF-pathways; Voltage-dependent calcium channel

Introduction
Rod and cone photoreceptors synapse with second-order retinal neurons in a specialized plexus
known as the outer plexiform layer (OPL). In darkness, rods and cones release the
neurotransmitter, glutamate, at a continuous rate (Copenhagen & Jahr, 1989; Massey, 1990).
Light induces hyperpolarization of photoreceptors, slows calcium influx through voltage-
dependent calcium channels (VDCCs), thereby reducing the rate of glutamate release (Schmitz
& Witkovsky, 1997). Disruptions in this process reduce the efficacy of synaptic transfer of the
light response from photoreceptors to the second-order retinal neurons, the bipolar and
horizontal cells. This can be evaluated noninvasively with the electroretinogram (ERG). When
only synaptic transmission is compromised, the a-wave component, reflecting activity of rod
and cone photoreceptors (Lamb, 1996), is spared, while the b-wave, reflecting predominantly
rod or cone depolarizing bipolar cell (DBC) activity (Robson & Frishman, 1995, 1998; Kofuji
et al., 2000; Sharma et al., 2005), is reduced. This “negative” ERG pattern has now been
reported in mice with mutations in genes encoding mGluR6 (Masu et al., 1995), nyctalopin
(Pardue et al., 1998), the G-protein subunit GαO1 (Dhingra et al., 2000, 2002), the β2 subunit
of VDCCs (Ball et al., 2002), the presynaptic cytomatrix protein bassoon (Dick et al., 2003),
or calcium-binding protein 4 (Haeseleer et al., 2004). The wide variety of proteins essential
for normal synaptic transmission is suggestive of the intricacy of the synaptic complex linking
photoreceptors and DBCs.

In humans, negative ERGs have been observed in two forms of X-linked congenital stationary
night blindness (CSNB; Miyake et al., 1986). The incomplete form, CSNB2, is caused by
mutations in the Cacna1f gene, encoding the α1F subunit of VDCCs (Bech-Hansen et al.,
1998; Strom et al., 1998; Boycott et al., 2001; Wutz et al., 2002). In the outer retina, expression
of the α1F subunit has been localized to the OPL where it is concentrated on the presynaptic
side in the terminals of the photoreceptors at their “active zones,” which are specialized to
mediate continuous calcium-dependent neurotransmitter release (Morgans et al., 2001).

Here we describe the identification and characterization of a mouse with a spontaneous loss-
of-function mutation in the Cacna1f gene. Affected mice have ERG abnormalities that are
similar to those observed in CSNB2 patients, and have been named nob2 (no b-wave 2). In the
nob2 retina, synaptic structures in the OPL are disorganized and horizontal and rod bipolar
cells extend ectopic neurites into the outer nuclear layer (ONL) and beyond. In spite of this
extensive dendritic remodeling, retinal ganglion cell (RGC) receptive fields are normal at
photopic adaptation levels, although changes in spontaneous and light-evoked activity are seen
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in ON-center cells. Our results indicate that the nob2 mouse is a new model of CSNB2 and
should provide insight into the pathophysiological processes associated with this disorder in
humans and the subsequent effect of these abnormalities on visual processing. Further, the
nob2 mouse can be used to explore the role of presynaptic calcium influx and neurotransmitter
release in ribbon synapse development.

Materials and methods
Animals

Wild-type (WT) and nob2 mice used in this study were obtained from The Jackson Laboratory
(Bar Harbor, ME), either directly or as the progeny from breeders shipped to the institutions
involved. In some experiments, we also studied nob mice, which have a mutation in the nyx
gene and are a model of complete CSNB (CSNB1; Pardue et al., 1998; Gregg et al., 2003a).
nob mice were generated in a breeding colony maintained at the Cleveland VA Medical Center.
In all facilities, mice were maintained on a 12-h light/12-h dark cycle and were provided food
and water ad libitum. All of the experiments that assessed the visual response properties of
RGCs were conducted at the University of Louisville. All procedures involving animals were
approved by the individual institute’s Institutional Animal Care and Use Committee and were
conducted in accordance with the Institute for Laboratory Animal Research Guide for Care
and Use of Laboratory Animals.

Positional cloning
The nob2 mouse was initially identified in a recombinant inbred strain, AXB6, established
between A/J and C57BL/6J strains (AXB6/PgnJ) and maintained at the Jackson Laboratory.
nob2 was discovered as part of an ERG-based screen for spontaneous retinal mutants (Chang
et al., 2002). All other recombinant inbred strains from the panels (AXB, BXA) had normal
b-waves, indicating that the defect in nob2 was the result of a rare spontaneous mutation in the
AXB6 line. To determine the chromosomal location of the nob2 gene, affected AXB6 mice
were crossed to CAST/EiJ mice. When male nob2 mice were used, all F1 mice were unaffected,
consistent with a recessive inheritance pattern. When female nob2 mice were mated to CAST/
EiJ males, all F1 female offspring had normal ERGs, while all F1 male offspring were affected,
indicating that nob2 was an X-linked trait. For genetic mapping, F1 nob2/CAST/EiJ females
were crossed to CAST/EiJ males. The phenotype of a total of 200 F2 male mice was determined
by ERG recording and these mice were genotyped using microsatellite markers across the X
chromosome.

Polymerase chain reaction (PCR) genotyping
DNA was isolated from tail snips as previously reported (Buffone & Darlington, 1985). For
PCR amplification, 25 ng DNA was used in a 10-μl volume containing 50 mM KCl, 10 mM
Tris-HCl, pH 8.3, 2.5 mM MgCl2, 0.2 mM oligonucleotides, 200 μM dNTPs, and 0.02 U
AmpliTaq DNA polymerase. The reactions were initially denatured for 3 min at 94°C, and
then subjected to 40 cycles of 15 s at 94°C, 1 min at 51°C, 1 min at 72°C, and a final 7-min
extension at 72°C. PCR products were separated by electrophoresis on 3% MetaPhor (FMC,
Rockland, ME) agarose gels, stained with ethidium bromide, and visualized under UV light.
Initially a scan of the X chromosome using microsatellite (Mit) DNA markers was carried out
on pooled DNA samples (Taylor et al., 1994). After detection of linkage on the X chromosome,
microsatellite markers were scored on individual DNA samples. To test the Cacna1f gene as
a candidate, four pairs of PCR primers were used to amplify the entire open reading frame of
the gene from cDNA. PCR products were sequenced directly using standard fluorescent-based
sequencing methods. Total RNA was isolated from retinas of newborn mice using TRIZOL
LS Reagent (Invitrogen Life Technologies, Carlsbad, CA) and the SuperScript™
preamplification system (Invitrogen Life Technologies) was used to synthesize first strand
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cDNA. The genomic DNA fragment containing the transposon insertion in exon 2 that is
illustrated in Fig. 1a and flanking DNA was amplified using the Accuprime DNA polymerase
as described by the manufacturer (Invitrogen Life Technologies). The PCR fragment
containing the transposon insertion was sequenced by fluorescent cycle sequencing.

Histology
Mice were killed by CO2 administration and the eyes were removed and immersion fixed
overnight. For light microscopy the eyes were fixed at 4°C in Bouin’s fixative, rinsed in
phosphate-buffered saline, dehydrated, and embedded in paraffin. Sections 6-μm thick were
cut on a RM 2135 microtome (Leica Microsystems, Wetzlar, Germany), mounted onto slides,
rehydrated, and stained using hematoxylin and eosin.

Preparation of retinal sections for immunohistochemistry
Mouse eyecups or isolated retinas were prepared as described previously (McCall et al.,
2002). Freshly dissected eyecups or retinas were fixed for 5–60 min by immersion in 4% (w/
v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB). They were then washed in PB,
cryoprotected through a graded sucrose series, and frozen in OCT-20% sucrose (2:1) (Barthel
& Raymond, 1990; Sakura Finetek, Torrance, CA). Sections 18-μm-thick were cut on a
cryostat, mounted onto Super-Frost glass slides, air-dried, and stored at −80°C until used.

Immunofluorescent staining
Sections were brought to room temperature, and incubated in a blocking solution [5% (v/v)
normal horse serum, 0.5% (v/v) Triton X-100 in PB] for 30 min. This solution was replaced
and sections were incubated with primary antibody diluted in blocking solution for either 1–2
h at room temperature or overnight at 4°C. Primary antibodies and dilutions were as follows:
monoclonal anti-α1F (4G2; Morgans et al., 2005, at 1:2); anti-Ctbp2/Ribeye (BD Biosciences
Pharmingen, San Diego, CA, at 1:5000); anti-Protein Kinase Cα (PKC; Sigma, St Louis, MO,
at 1:5000); anti-calbindin D-28K (Chemicon, Temecula, CA, at 1:1000); anti-Neurokinin-3
receptor (NK3R; Grady et al., 1996, at 1:500); rhodamine-labeled PNA (Vector Labs,
Burlingame, CA, at 1 μg/ml); and anti-mGluR6 (Neuromics, Minneapolis, MN, at 1:1000).
After washing in PB three times for 20 min, sections were incubated in fluorescent secondary
antibodies at room temperature for 1 h. Secondary antibodies were: 1:500 dilution of CY3
conjugated goat anti-mouse (Jackson ImmunoResearch, West Grove, PA) for α1F; 1:1000
dilution of Alexa 488 conjugated goat anti-mouse (Ribeye); and 1:1000 dilution of Alexa 488
or Alexa 568 goat anti-rabbit (mGluR6, PKC, calbindin, NK3R; Invitrogen Life Technologies,
Carlsbad, CA). Slides were washed three times in PB and then coverslipped with Crystal/Mount
mounting medium (Biomeda, Foster City, CA). Immunostained sections were imaged on either
a Zeiss LSM 510 META or an Olympus FV300 confocal microscope. Images presented are
all maximum projections of stacks of confocal sections, adjusted for contrast and brightness
with Adobe Photoshop.

Electroretinography
After overnight dark adaptation, mice were anesthetized with ketamine (80 mg/kg) and
xylazine (16 mg/kg). Eye drops were used to anesthetize the cornea (1% proparacaine HCl)
and to dilate the pupil (1% mydriacyl, 2.5% phenylephrine HCl, 1% cyclopentolate HCl). Mice
were placed on a temperature-regulated heating pad throughout the recording session.

ERGs were recorded using a stainless-steel electrode that was coiled in a small loop and made
contact with the corneal surface through a thin layer of 0.7% methylcellulose. Needle electrodes
placed in the cheek and the tail served as reference and ground leads, respectively. Responses
were differentially amplified (0.05–1500 Hz), averaged, and stored using a UTAS E-3000
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signal averaging system (LKC Technologies, Gaithersburg, MD). Stimulus flashes were first
presented to the dark-adapted eye, and ranged in intensity from −3.6 log cd s/m2 to 2.1 log cd
s/m2. Stimuli were presented in order of increasing intensity. The number of successive
responses averaged together decreased from 20 for low-intensity flashes to 2 for the highest
intensity stimuli. The duration of the interstimulus interval (ISI) increased from 4 s for low-
intensity flashes to 90 s for the highest intensity stimuli. A steady rod-desensitizing adapting
field was then presented within the ganzfeld bowl. After allowing a 7-min period of light
adaptation, cone ERGs were recorded to flashes superimposed upon an adapting field. Flash
intensity ranged from −0.8 log cd s/m2 to 1.9 log cd s/m2 and responses to 100 flashes presented
at 2.1 Hz were averaged at each intensity level.

The major components of the ERG were measured conventionally. 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. The implicit time of the b-wave was measured from
the time of flash presentation to the peak of the b-wave. To derive RmP3, representing the
maximum a-wave amplitude, the leading edge of the dark-adapted a-wave was fitted with a
model of rod phototransduction (Pugh & Lamb, 1993), as described elsewhere (Nusinowitz et
al., 2003).

Extracellular in vivo single-unit retinal ganglion cell recording
Visual responses were recorded extracellularly from the optic nerve of WT and nob2 mice, in
vivo, under photopic conditions, using previously published procedures (Sagdullaev & McCall,
2005). Mice were anesthetized with ketamine (127 mg/ml) and xylazine (12 mg/ml), and
anesthesia was maintained throughout the course of the experiment with hourly supplemental
injections of the original dose diluted to 42%. Mice were placed in a stereotaxic (David Kopf
Instruments, Tujunga, CA) and body temperature was maintained at 37°C with a thermostat-
controlled heating pad (CWE Instruments, Ardmore, PA). Eyedrops (1% mydriacyl, 2.5%
phenylephrine HCl) were used to dilate the right pupil and to paralyze accommodation and a
clear, plano, plastic contact lens (Sagdullaev et al., 2004) was placed over each eye to prevent
corneal drying. A small craniotomy was performed and the cortex overlying the optic nerve
was removed using vacuum suction. Tungsten electrodes (40–70 MΩ impedance) were inserted
into the optic nerve and a reference electrode was inserted into the skin on the back of the neck.
Action potentials from single RGC axons were isolated, amplified (X3+Cell, slope/height
window discriminator/amplifier, FHC, Bowdoinham, ME) and digitized at 21 kHz
(Power1401, Cambridge Electronics Design, Cambridge, UK). Ganglion cell responses were
played in real time over an audiomonitor (AM7, Grass Instruments, Quincy, MA) and displayed
on both an oscilloscope (Tektronix 2215, Richardson, TX) and a computer monitor, and stored
for future analysis using Spike2 software (Cambridge Electronic Design, Cambridge, UK).

The receptive-field center of each isolated RGC was mapped onto a tangent screen positioned
between 10–20 cm from the mouse’s eye using a handheld Pantoscope (Keeler Instruments,
Broomall, PA). Once the sign and extent of the receptive-field center was determined, a
Ganzfeld stimulator (Advanced Illumination, Rochester, VT), which contained 64 light
emitting diodes and whose size could be adjusted with an iris diaphragm (Edmund Industrial
Optics, Barrington, NJ), replaced the tangent screen and the aperture was adjusted to be slightly
smaller than the size of the cell’s receptive-field center. A computer program, Superscope II
2.17.1 (GW Instruments Inc., Somerville, MA) was used to synchronize stimulus presentation
and response acquisition (Power1401, Cambridge Electronic Design).

After a 2-min adaptation period to a 30-cd/m2 spot, each RGC was stimulated with a spot of
optimal size and fixed duration (4s) whose intensity changed. For ON-center cells, the spot
intensity increased in 0.25–0.5 log intensity steps from the adaptation level to 1680 cd/m2. For
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OFF-center cells the intensity decreased similarly from the adaptation level to 0 cd/m2.
Between the stimuli the screen returned to 30 cd/m2. The duration of the ISI needed to maintain
responses independent of the preceding stimulus was empirically determined and ranged from
10 s for the smallest intensity steps to 60 s for the largest intensity steps. Table 1 shows the
exact intensities and ISIs for both increments and decrements. To account for differences in
the total number of spikes that occur between transient and sustained RGC responses, the mean
spike rate over the first 0.5 s after stimulus onset was used as a metric of the cell’s response.
For each RGC studied, the background firing rate was measured as the mean firing rate over
10 s after a 2-min adaptation period and prior to the presentation of the stimuli. This background
rate was subtracted from each of the visually evoked responses. To compare across cells with
different peak firing rates, responses were normalized relative to the maximum response for
that cell. Responses were plotted against log (normalized intensity) for ON-center cells and
−log (normalized intensity) for OFF-center cells, where normalized intensity is the ratio of
stimulus intensity to the intensity of the adapting spot (30 cd/m2). A Hill equation was fit to
each data set (GraphPad Prism 4.03, San Diego, CA), and the semisaturation constant (log
EI50) and the Hill exponent (h) parameters were derived.

Results
nob2 is caused by a mutation in the Cacna1f gene

The nob2 mutation was mapped between the microsatellite markers, DXMit123 and
DXMit124, a region that includes Cacna1f. Sequence analysis revealed an insertion of a
transposable element (Mus musculus transposon ETn) in exon 2 of the Cacna1f gene (Fig. 1a).
This insertion results in an out-of-frame insertion, which is predicted to produce a stop codon
after synthesis of only 32 amino acids. In view of these results, nob2 mice have been renamed
Cacna1fnob2. In this manuscript, however, affected mice will continue to be referred to simply
as nob2, regardless of their gender (i.e., Cacna1fnob2/Cacna1fnob2 or Cacna1fnob2/Y). To
examine whether the α1F subunit protein was expressed in the nob2 retina, we reacted retinal
cross sections with an antibody against the C-terminal 177 amino acids of rat α1F, which
recognizes α1F in the OPL and inner plexiform layer (IPL) of WT mice (Morgans et al.,
2005). As can be seen in Fig. 1b, there is no expression of α1F in either synaptic layer in the
nob2 retina, which confirms that this spontaneous mutation results in a null allele. As can be
seen by comparing the hematoxylin and eosin-stained transverse retinal sections from WT and
nob2 (Fig. 1c), adult nob2 mice exhibit a disorganized OPL. In contrast, the lamination pattern
of the rest of the nob2 retina appears normal, despite the absence of expression of the α1F
subunit in the IPL.

ERGs are abnormal in nob2 mice
To evaluate overall retinal function, ERGs were recorded to full-field flashes using stimulus
conditions that isolated rod- or cone-driven activity (Pardue et al., 1998). The b-wave
component, reflecting activity of rod DBCs (Kofuji et al., 2000), was reduced in dark-adapted
ERGs from nob2 mice (red traces, Fig. 2a) compared to those obtained from B6AF1/J WT
controls (black traces, Fig. 2a) throughout the stimulus range. The b-wave was not abolished,
however, as nob2 responses were consistently more positive than those obtained from nob mice
(blue traces, Fig. 2a) that completely lack a dark-adapted b-wave (Pardue et al., 1998). The
nob2 responses also included high-frequency oscillatory potentials superimposed upon the b-
wave. While diminished in comparison to WT, the presence of oscillatory potentials in nob2
ERGs provides additional evidence that light-evoked activity reaches the inner retina
(Wachtmeister, 1998; McCall et al., 2002). The maximum amplitude of the initial cornea-
negative a-wave, reflecting the light-induced closure of sodium channels along the rod outer
segment (Lamb, 1996), was similar in all mice tested (Figs. 2a & 2b), which is consistent with
the absence of photoreceptor degeneration in these mice (Fig. 1c; Pardue et al., 1998). Between
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−1.2 and 0.0 log cd s/m2, however, a-waves were actually larger in nob2 and nob mice than in
B6AF1/J WT mice. This apparent enhancement occurs because normally the b-wave
component truncates the a-wave (Hood & Birch, 1992). In nob2 mice, the implicit time of the
dark-adapted ERG b-wave was delayed (Fig. 2c).

CSNB in humans is a nonprogressive disorder (Greenstein et al., 1988). Thus, we examined
whether the dark-adapted ERG abnormalities of nob2 mice also were stable and recorded ERGs
at 3, 7, and 15 months of age. To compensate for the reduction in overall amplitude that occurs
in older WT mice (Li et al., 2001), values are expressed as a percentage of the mean for age-
matched WT mice recorded under the same conditions. At each age tested, the maximum a-
wave amplitude, represented by the RmP3 values, from nob2 mice were not different from
those of WT animals (Fig. 2d). In addition, the relative amplitude of the nob2 b-wave was
diminished to the same extent at all ages examined (Fig. 2d).

The nob2 mutation also affects the cone pathway. Light-adapted ERGs from nob2 mice (red
tracings in Fig. 3a) were consistently reduced in amplitude and had slower kinetics than those
of B6AF1/J WT controls (black traces in Fig. 3a). In comparison to nob responses (blue traces
in Fig. 3a), however, nob2 responses were more positive and had faster kinetics. Although cone
ERGs of nob2 and nob mice had distinct waveforms, their overall peak-to-trough amplitudes
were similar (Fig. 3b). The implicit time of the cone ERG b-wave was delayed in both nob2
and nob mice, although the magnitude of this delay was less pronounced in nob2 responses
(Fig. 3c). These data predict that deficits should be expected within the ON-pathway, mediated
by either rods or cones. Unfortunately, the rodent ERG cannot easily be used to predict whether
this mutation affects the OFF-pathway (Sharma et al., 2005).

Anatomical abnormalities in nob2 mice
Since the ERG b-wave abnormalities of nob2 mice are likely to reflect a synaptic defect
between photoreceptors and DBCs, we examined the morphology of dendrites of these
postsynaptic cells. On the postsynaptic side, DBC and horizontal cell dendrites form an
invagination in each rod spherule or multiple invaginations in each cone pedicle. These
invaginations are associated with pre-synaptic structures referred to as synaptic ribbons, which
are thought to facilitate the constant release of glutamate that occurs in the dark (von Gersdorff,
2001). Because of the disorganization of the nob2 OPL that we observed at the light-microscope
level, we also examined the localization of specific elements in the presynaptic terminals using
immunohistochemistry and confocal microscopy. To examine the morphology of the entire
rod bipolar cell, we reacted retinal sections with antibodies to PKCα Fig. 4a). Similar to
previous reports (Greferath et al., 1990; Haverkamp & Wässle, 2000), dendrites of WT rod
bipolar cells terminate in short tufts uniformly in the OPL. In comparison, in nob2 retina the
rod bipolar cell dendrites extend beyond the OPL into the outer nuclear layer (ONL) and, in
many cases reach the retinal pigment epithelium (Fig. 4b). To examine the structure of
horizontal cells we reacted retinal sections with an antibody to calbindin (Peichl & Gonzalez-
Soriano, 1994; Haverkamp & Wässle, 2000). In WT retinas, calbindin-positive horizontal cell
processes define a dense layer within the OPL (Fig 4c). Inthe nob2 retina, the horizontal cell
dendrites, like those of bipolar cells, extend across the ONL to the retinal pigment epithelium
(Fig. 4d). Careful examination of confocal images indicated that every rod bipolar and
horizontal cell showed these ectopic dendrites. By comparison the inner retina of the nob2
mouse appears qualitatively normal. The cell bodies of the rod bipolar and calbindin-positive
amacrine cells are appropriately located in the inner nuclear layer (INL) of the nob2 retina and
their axon terminals and processes laminate normally within the IPL. To assess the status of a
subset of cone hyperpolarizing bipolar cells (HBCs) in the nob2 retina, we used an antibody
against NK3R (Hirano & Brecha, 2002; Haverkamp et al., 2003). The dendritic arbors of this
class of HBCs in the nob2 mice are indistinguishable from WT (Figs. 4e & 4f). Thus, it appears
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that the dendrites of the NK3R-positive HBCs are unaffected by the lack the α1F in
photoreceptors.

To better define alterations in the relationship between photoreceptors and second-order
neurons, we examined the expression pattern of one postsynaptic (mGluR6) and two
presynaptic markers [Ribeye and peanut agglutinin (PNA)] in transverse retinal sections.
Ribeye (also referred to as Ctbp) is a component of the presynaptic ribbon complex and is
present in both rod and cone terminals (Schmitz et al., 2000), whereas PNA recognizes cone
photoreceptor terminals only (Blanks & Johnson, 1983). The postsynaptic marker, mGluR6,
is expressed on the dendritic tips of both rod and cone DBCs (Masu et al., 1995; Sterling &
Matthews, 2005). Figs. 5a and 5b show double labeling for Ribeye (green) and PNA (red) in
the OPL of WT and nob2 mice, respectively. In the WT retina, Ribeye is confined to the OPL
and resembles a series of arcuate or horseshoe-shaped structures, typical of synaptic ribbon
morphology (Schmitz et al., 2000; tom Dieck et al., 2005). In the nob2 retina, Ribeye expression
is altered significantly (Figs. 5b). Most horseshoe-shaped structures are missing from what
remains of the OPL and are replaced by small diffuse punctate staining both in the residual
OPL and throughout the ONL, where the bipolar and horizontal cells extend their ectopic
processes. Cone terminals, as shown by PNA labeling, are restricted to the OPL in WT retina
(Fig. 5a) and also to the residual OPL of the nob2 retina (Fig. 5b). Inthe nob2 retina, however,
the pattern of PNA staining is disorganized (Fig. 5b), an effect that may be secondary to the
gross disorganization of the OPL.

Figs. 5c–5f compare the expression patterns for Ribeye and PNA with that of the postsynaptic
marker, mGluR6. In WT mice (Fig. 5c), mGluR6 puncta (red) align with the horseshoe-shaped
structures defined by Ribeye (green) expression. In the nob2 retina (Fig. 5d), however, the
morphology of the Ribeye-positive profiles is altered and the overall density of structures
stained for Ribeye and mGluR6 are reduced. While there remain cases in which a close
apposition of staining between Ribeye and mGluR6 in nob2 mice is maintained, this association
is reduced compared to WT retina. It remains to be determined whether these associations
represent ectopic synapses, as has been observed in bassoon knockout (KO) mice (Dick et al.,
2003).

To determine if the dendrites of the cone DBCs colocalize with cone terminal profiles, we
double labeled sections with an antibody to mGluR6 and with PNA. Fig. 5e shows a
representative section through the OPL of a WT mouse retina. Both mGluR6 (red) and PNA
(green) colocalize at the cone terminals (yellow); the additional punctate staining of mGluR6
represents rod bipolar cell dendritic tips. In the section from the nob2 mouse, while cone
terminals appear less organized, mGluR6-positive profiles continue to colocalize with cone
terminals (Fig. 5f, yellow). Thus, both the ERG and morphological analyses point to a major
disruption in the signaling patterns subserved by DBCs. In contrast, our morphological data
suggest little impact on the cone-to-HBC pathway.

ON-center RGCs visual responses are altered in nob2 mice
Abnormalities in both rod- and cone-mediated vision have been documented in patients with
CSNB1 and CSNB2 (Miyake et al., 1986), although quantitative characterizations of either
central or peripheral vision have yet to be published. Our ERG results indicate that ON-pathway
signaling through both rod and cone pathways should be compromised, while OFF cone
pathway signaling might be spared. To compare the outcome of this potential alteration in
signaling through the independent ON and OFF cone pathways, we examined basic receptive-
field structure and visual response properties of RGCs in nob2 mice under light-adapted
conditions. Responses of 24 RGCs from nob2 mice and 27 RGCs from WT mice were
characterized by their responses to spots of light. Regardless of genotype, all RGCs could be
classified as either ON-center (n = 13, 16; nob2, WT, respectively) or OFF-center (n = 11, 11;
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nob2, WT, respectively). In addition, every RGC had a discrete receptive-field center that could
be localized and mapped subjectively with hand-mapping techniques and there were no gross
abnormalities evident between WT and nob2 cells or when ON- and OFF-center cells were
compared separately.

We determined both the spontaneous activity to a photopic adapting stimulus (30 cd/m2) and
the evoked activity to stimulus increments or decrements from that adaptation level for the
same ON- and OFF-center RGCs in both WT and nob2 mice. When we compared the
spontaneous activity for ON-center cells, we found a significant difference between nob2 and
WT mice. The spontaneous activity of ON-center cells in nob2 mice was less than half that in
WT mice (14.8 ± 1.5 spikes/s vs. 31.6 ± 5.8 spikes/s; Student’s t-test; P = 0.017). In contrast,
spontaneous rates for OFF-center cells were similar between the two groups (nob2 vs. WT, 9.8
± 1.6 spikes/s vs. 6.0 ± 1.7 spikes/s; Student’s t-test; P = 0.13). These results suggest that steady
state excitation through the ON-pathway is decreased in nob2 mice compared to WT, whereas
the cone-driven OFF-pathway remains unaffected. This is consistent with the reduced
amplitude of the cone ERG b-wave throughout the range of intensities tested. To examine
whether the range of intensities over which RGC responses could be evoked was also altered,
we measured the responses of ON-center cells to optimally sized spots over a range of
incremental stimuli increasing from the adapting level (30 cd/m2) up to a maximum of 1680
cd/m2. Similarly, responses of OFF-center cells were measured to decrements from the
adapting level. Responses from a representative nob2 ON-center RGC are shown in Fig. 6a.
The normalized responses of the cells were plotted as a function of intensity to produce
intensity–response functions. Mean response functions for all nob2 (n = 13) and WT (n = 16)
ON-center cells are compared in Fig. 6b. There is a significant decrease in the range of
intensities over which ON-center RGCs in nob2 mice can encode intensity changes. When a
Hill equation was fit to the individual data sets, the intensity needed to reach a half-maximum
response (log EI50) was almost three times higher in WT than in nob2 cells (log EI50 = 0.86 ±
0.14 vs. 0.42 ± 0.03; ANOVA; P = 0.004). In addition, nob2 ON-center cell responses saturated
well before our highest intensity spot, an effect that we rarely observed in WT ON-center cells.
These results indicate that the dynamic range and thus the ability of nob2 ON-center cells to
encode increments in intensity is dramatically reduced and predict that their increment
thresholds would be significantly altered. In contrast, the intensity–response functions of OFF-
center cells were similar in WT and nob2 animals (log EI50 = 0.47 ± 0.04 vs. 0.39 ± 0.03;
ANOVA; P > 0.05; Fig. 6c). This differential affect on the ON-pathway of the nob2 retina is
consistent with the alterations seen in the ERG b-wave and in the propensity for second-order
retinal neurons to develop ectopic neurites.

Discussion
We describe anatomical and functional changes in the retina of a mouse with a spontaneous
mutation in the Cacna1f gene, which encodes the α1F subunit (Cav1.4) of the VDCC. We show
that the mutation is caused by the insertion of a transposon that results in a null allele and the
absence of expression of this VDCC subunit protein in the retina. Similar to its manifestations
in the human disease, ERG b-waves are significantly reduced under both dark- and light-
adapted conditions, while a-waves are unaffected. This indicates that the primary defect in
both mouse and human resides in altered synaptic transmission from both rods and cones to
DBCs. In addition to this defective signal transmission, the dendrites of the rod DBCs and
horizontal cells in nob2 mouse retinas extend ectopic processes throughout the outer retina,
which leads to the collapse of the OPL. In contrast, at least one class of HBCs are unaffected.
In spite of these significant changes in the structure and function of the outer retina and an
absence of expression of the α1F subunit in the inner retina, visual responses and receptive
fields of RGCs in the light-adapted nob2 retinas exhibit relatively minor changes and those are
limited to the ON-center RGCs.
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The role of the α1F subunit of the VDCCs in retinal synaptic transmission
Expression studies in heterologous systems show that α1F combines with β and α2/δ subunits
to form functional L-type VDCCs (Koschak et al., 2003; Baumann et al., 2004; McRory et al.,
2004; Hoda et al., 2005; Morgans et al., 2005). In the outer retina, the α1F subunit of the VDCC
is expressed in the OPL, and it has been localized specifically to both rod and cone
photoreceptor terminals (Morgans et al., 2005). These data, and the fact that the α1F subunit is
critical to producing a VDCC on photoreceptor terminals that does not inactivate during
sustained depolarization (Taylor & Morgans, 1998), indicate that this subunit may be the
primary VDCC α1 subunit involved in mediating tonic glutamate release from rods and cones.
The results of the current study are concordant with this hypothesis. Under dark-adapted
conditions, nob2 mice exhibit a marked reduction in the ERG b-wave, while the a-wave
component is spared. This indicates that in the absence of the α1F subunit, photoreceptors are
able to hyperpolarize in response to light but that there is a significant loss of transmission
from photoreceptors to second-order neurons. The role of the α1F VDCC subunit in the inner
retina is less clear, although its expression is widespread. As in the outer retina, it would be
expected to mediate glutamate release from the bipolar cells. The continued presence of high-
frequency oscillatory potentials in the ERG indicates that function in the inner retina of nob2
mice may be less compromised than in the outer retina in the absence of α1F. Our
characterization of visual responses and receptive fields in RGCs is consistent with this
observation and could indicate the use of, or compensation by, another α1 subunit in the inner
retina.

Role of the α1F subunit of the VDCC in synaptic development or maintenance in the outer
retina

In WT retina, central DBC dendrites and flanking horizontal cell processes invaginate into the
spherule of the rod photoreceptor. In cone pedicles, multiple invaginations form, each
containing a similar triadic configuration. In contrast, HBCs make flat synapses with cone
terminals outside of the invaginations (Haverkamp et al., 2003). In the mouse retina, the
development of the invaginating synapses is established by P14 (Blanks et al., 1974). The early
stages of synapse development appear to be genetically determined, although full maturation
is thought to depend upon activity-dependent processes that occur after eye opening (Mumm
et al., 2005). In the adult nob2 retina, every rod bipolar and horizontal cell extends ectopic
dendrites across a disrupted OPL into the ONL, and these processes sometimes reach the retinal
pigment epithelium. In addition, the morphology of the Ribeye-positive arcuate forms, which
characterize the ribbon in the pre-synaptic process (tom Dieck et al., 2005), is abnormal. Thus,
it is highly unlikely that rod spherules contain conventional invaginating synapses, although
electron microscopy will be required to definitively resolve this issue. Certainly, the apposition
of these Ribeye-positive profiles with mGluR6-positive puncta in the ONL indicates the
possibility of ectopic synapses. Whether these alterations are the result of abnormal synapse
formation or failure of synapse maintenance also remains to be determined. By contrast, the
mGluR6-positive puncta that reflect DBC synapses onto cone pedicles appear to be less
affected. It is possible that another VDCC α1 subunit may be expressed and support at least
partial synapse formation with the cone pedicle. This idea is supported by reports of α1D
expression in cone terminals (Wilkinson & Barnes, 1996; Taylor & Morgans, 1998; Morgans,
1999, Morgans et al., 2001, 2005) and is consistent with the greater ERG b-wave deficit in
mice lacking the VDCC β2 subunit (Ball et al., 2002), the only VDCC β subunit known to be
expressed in the OPL (Ball et al., 2004).

Two other mutant mice have been reported that alter neurotransmitter release from
photoreceptors and exhibit abnormal bipolar cell dendritic morphology and reduced ERG b-
waves. These mice involve the β2 subunit of the VDCC (Ball et al., 2002; Gregg et al., 2002)
or calcium-binding protein 4 (Haeseleer et al., 2004). Similar abnormalities also have been
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noted in mice lacking expression of bassoon (Dick et al., 2003) as well as in mice that lack
functional rod or cone photoreceptors (Claes et al., 2004). In comparison, mice with mutations
in the postsynaptic proteins mGluR6, nyctalopin or Gα0, do not share these morphological
abnormalities (Pardue et al., 2001; Ball et al., 2003; Masu et al., 1995; Tagawa et al., 1999;
Dhingra et al., 2000, 2002).

One common feature of all presynaptic mutants is that they have decreased ERG b-waves most
likely because of a reduction in glutamate release. Some, including nob2 mice or mice lacking
the VDCC β2 subunit (Ball et al., 2002), clearly also have a decrease in calcium entry. In these
mutants the abnormal calcium signaling could involve processes other than neurotransmitter
release (Ghosh & Greenberg, 1995). For example, calcium influx can activate intracellular
pathways, which can act locally at the synapse or mediate changes in nuclear gene transcription
(Rosen et al., 1994; Ghosh & Greenberg, 1995; Curtis & Finkbeiner, 1999), processes that
have the potential to alter cell surface molecules that may be critical to normal synapse
formation. In vitro studies have presented a possible link between VDCCs and photoreceptor
development in which VDCC blockade inhibits process outgrowth, varicosity formation, and
vesicle protein synthesis in developing rods (Zhang & Townes-Anderson, 2002; Nachman-
Clewner et al., 1999). These results indicate that the presence and/or activity of VDCCs is
required for normal development and synapse formation and/or maintenance in the outer retina.

It is also possible that glutamate release is a key component guiding bipolar and horizontal cell
neurites to the photoreceptor active zones. Neurotransmitters have been proposed to act as an
activity-dependent signal during synaptic development and neuronal plasticity in the retina
(Redburn & Rowe-Rendleman, 1996). In particular, glutamate has been shown to play a role
in synaptic motility (Engert & Bonhoeffer, 1999; Maletic-Savatic et al., 1999; Wong et al.,
2000; Wong & Wong, 2001) and in the growth and maintenance of dendritic spines (Passafaro
et al., 2003). Glutamate may also cell-autonomously affect presynaptic development using
local feedback loops through presynaptic α-amino-3-hydroxy-5-methylisoxazole-4-propionic
acid (AMPA)/kainate-type receptors (Chang & De Camilli, 2001). This local feedback loop
could affect the growth and/or maintenance of the photoreceptor terminal through neuronal
activity, although the presence of such presynaptic glutamate receptors in adult mice is debated
(see review by Yang, 2004) and their expression during development is unknown. Further
studies are required to determine the contributions of abnormal glutamate release, intracellular
calcium signaling, or absent VDCCs to the nob2 phenotype.

Ganglion cell response properties in nob2 mice
Our ERG and anatomical characterizations of the nob2 mouse retina indicate that the impact
of this mutation on the rod and cone pathways should differ. By definition, patients with CSNB
are night blind, but those with CSNB2 also show deficits at photopic levels (Miyake et al.,
1986). In characterizing RGC visual responses, we focused on a comparison of signaling
through the ON and OFF cone pathways. Our results indicate that center-surround organization
is unaffected in nob2 mice and that their receptive-field organization is similar to WT cells.
When we compared the spontaneous activity and responses to changes in intensity, we found
that nob2 OFF-center cells were unaffected. In contrast, ON-center cells in nob2 mice showed
both lower spontaneous activity and a change in the gain of their response to incremental light
stimuli that significantly narrowed their dynamic range. This deficit in the ON-center pathway
is consistent with the reduction in the mouse cone ERG b-wave that is known to have a major
contribution from cone DBCs (Sharma et al., 2005). In addition, our results may indicate that
the invaginating synapses characteristic of the ON-pathway are more dependent on the
presence of the α1F subunit, while the flat synapse with HBCs may normally rely on another
mechanism or substitute another α1 subunit in the absence of α1F. While the primary defect in
visual processing must occur at the first synapse in the nob2 retina, it should be noted that there
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also could be a secondary effect of the absence of α1F subunit expression in the inner retina.
Several possible α1F containing VDCC-dependent synapses in either the inner or outer retina
could be involved in the changes that we report. Further dissection and characterization of light
responses will be required to determine the sites and underlying mechanisms of action.

Comparable studies have been made of RGCs in the nob mouse (Gregg et al., 2003b,2005).
While nob RGCs could be characterized as responding to the onset of either a bright or dark
stimulus, their receptive fields show no evidence of center-surround organization (Gregg et
al., 2005).

nob2 mice provide a model for human disease
CSNB2 is a human retinal disorder that also is caused by mutations within the Cacna1f gene
(Bech-Hansen et al. 1998; Strom et al. 1998; Zeitz et al., 2005). While most CSNB disorders
are the result of null mutations, some may actually increase calcium entry but reduce overall
function by shifting the operating range (Hemara-Wahanui et al., 2005; Hoda et al., 2005). The
ERG is commonly used to confirm a diagnosis of CSNB (Fishman et al., 2001). If the nob2
mouse is an accurate model for CSNB2, then the ERG features of the mouse should match
those of human patients. The results reported here indicate that they do. Under dark-adapted
conditions, both nob2 mice and CSNB2 patients exhibit a marked reduction in the ERG b-
wave, while the a-wave component is spared. In both cases, the ERG results are stable across
age, consistent with a nonprogressive disorder. While diminished, both the b-wave and high-
frequency oscillatory potentials are retained in nob2 mice and CSNB2 patients, indicating the
retention of some inner retinal activity in the absence of α1F. While there are important
differences in the origins of the primate and mouse cone ERG (Sieving et al., 1994; Sharma et
al., 2005), these responses also indicate the presence of inner retinal activity in the absence of
α1F. A recent publication has described a KO mouse for α1F (Mansergh et al., 2005). Like the
nob2 mouse, α1F-KO mice do not express the α1F subunit protein in the OPL, have a thinner
than normal OPL, and develop ectopic neurites from DBCs and horizontal cells. However, the
functional deficits reported in α1F-KO mice are more severe than those we report here for
nob2 mice. For example, cone-driven RGC responses are preserved in nob2 mice, while in the
α1F-KO mice under similar stimulation conditions, light-evoked responses were not observed
in the superior colliculus, which is a central target of RGCs. In addition, in α1F-KO mice, cone
ERGs were absent and under dark-adapted conditions the α1F-KO a-wave was reduced and
oscillatory potentials were absent. It is not clear if these functional abnormalities noted in the
α1F-KO mutant are stable across age. Nevertheless, these functional abnormalities appear to
distinguish α1F-KO mice from patients with CSNB2 and raise the possibility that the α1F-KO
mouse develops cone photoreceptor dysfunction or degeneration, a possibility discussed by
Mansergh et al. (2005) and consistent with recent reports linking some Cacna1f mutations with
progressive retinal disorders (Nakamura et al., 2003; Jalkanen et al., 2004; Hope et al., 2005).

In contrast, the phenotype of the nob2 mouse is more consistent with the phenotype seen in
CSNB2 patients. The changes observed in the nob2 RGC function predict alterations in the
peripheral vision of CSNB2 patients since the mouse retina has been considered in many
important respects to resemble the primate retina outside of the fovea (Jeon et al., 1998).
Currently, little is known about more complex visual phenotypes of CSNB2 patients, but our
results would predict a deficit in vision mediated by the ON-center pathway under light-adapted
conditions. In particular, our results would predict that CSNB2 patients would show significant
deficits in increment, but not decrement thresholds and discriminations.

Our results also predict that CSNB2 patients will have a reduced OPL thickness, as well as
ectopic bipolar and horizontal cell dendrites. Confirmation of these anatomical abnormalities
will require examination of donor eyes from patients with CSNB2, although advances in optical
coherence tomography may soon allow the status of the OPL to be visualized in the living
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human eye (Wollstein et al., 2005). Human studies aside, further analysis of nob2 mice are
likely to contribute to our understanding of the pathophysiology of CSNB2 and synaptogenesis
in the OPL of the retina.
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Fig. 1.
(a) Diagram of Cacna1f, indicating the location of the intragenic insertion into exon 2. Exon
2 nucleotides are shown as capitals. The 6-bp duplication at the insertion site is underlined. (b)
Immunofluorescent staining for α1F is localized to the OPL and the IPL of the WT retina but
is absent in the nob2 retina. (c) Comparison of retinal anatomy in adult WT and nob2 mice. In
the nob2 retina, the OPL is disorganized but other retinal layers appear normal. GCL, ganglion
cell layer; IPL, inner plexiform layer INL, inner nuclear layer; OPL, outer plexiform layer; and
ONL, outer nuclear layer. Scale bar indicates 20 μm (b) or 40 μm (c).
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Fig. 2.
Dark-adapted electroretinograms. (a) Comparison of dark-adapted ERGs recorded from
nob2 mice (red tracings) with those obtained from WT (black tracings) or nob (blue tracings)
mice. Numbers indicate flash intensity in log cd s/m2. (b) Amplitude of the dark-adapted a-
wave (diamonds) or b-wave (circles) for nob2 (red), nob (blue), and WT (black) mice. Data
points indicate the mean ± S.E.M. response for four mice tested at 6 weeks of age. (c) b-wave
implicit times of nob2 (red circles) and WT (black circles) mice. Data points in (b & c) indicate
the mean ± S.E.M. response for four nob2 or WT mice, tested at 6 weeks of age. (d) Relative
amplitude of a-wave parameter RmP3 (open circles) or b-wave amplitude obtained to a 0.3 log
cd s/m2 stimulus (filled circles) plotted as a function of age for nob2 mice relative to the WT
mean. Data points in (d) indicate the mean ± S.E.M. Response for 5–7 nob2 mice, which are
expressed relative to the mean value obtained from 9–10 WT mice.
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Fig. 3.
Light-adapted electroretinograms. (a) Comparison of ERGs recorded from nob2 mice (red
tracings) with those obtained from WT (black tracings) or nob (blue tracings) mice. Numbers
indicate flash intensity in log cd s/m2. Amplitude (b) and implicit time(c) of the cone ERG b-
wave for nob2 (red circles), nob (blue circles) and WT (black circles) mice. Data points in (b
&c) indicate the mean ± S.E.M. response for four mice tested at 6 weeks of age.
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Fig. 4.
Bipolar and horizontal cells extend dendritic processes into the ONL in the nob2 but not WT
retina. Retinal sections from WT (a, c, & e) or nob2 (b, d, & f) retinas immunolabeled with
antibodies against the rod bipolar cell marker, PKCα (a & b), the horizontal cell marker,
calbindin (c & d), or the HBC marker NK3R (e &f). INL, inner nuclear layer; OPL, outer
plexiform layer; and ONL, outer nuclear layer. DIC images were obtained from a WT retina.
Scale bar indicates 20 μm. Mice were studied at 5 months of age.
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Fig. 5.
Synaptic abnormalities in nob2 retina. (a–f) micrographs of vertical sections through WT (a,
c, & e) or nob2 (b, d, & f) retinas immunolabeled with PNA (red)/Ribeye (green; [a & b]),
mGluR6 (red)/Ribeye (green; [c & d] or mGluR6 (red)/PNA (green; [e & f]. Scale bar indicates
10 μm (a, b) or 5 μm (c–f). Mice were studied at 5 months of age.
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Fig. 6.
Ganglion cell responses in nob2 mice. Representative raw traces from an ON-center RGC in
a nob2 mouse are shown in (a) and were obtained by recording from the optic nerve in vivo.
The cell’s response to the 30 cd/m2 adapting background is shown at the top and the responses
to increasing intensity spot stimuli from 90 cd/m2 to 1860 cd/m2 are shown from top to bottom.
A profile of the stimulus is shown at the bottom of the column. Intensity–response functions
are shown in (b) for ON- and (c) for OFF-center RGCs for nob2 and WT animals. Responses
are plotted as the mean spike rate (spikes/s) determined for the first 0.5 s of the stimulus,
expressed as a percentage of the maximum response obtained for that cell. Responses are
plotted against the log (normalized intensity) for ON-center cells and −log (normalized
intensity) for OFF-center cells), as defined in the Methods. Data points indicate mean ± S.E.M.
for 16 WT ON-center cells, 13 nob2 ON-center cells, 11 WT OFF-center cells, or 11 nob2
OFF-center cells. Curves represent the Hill equation fitted to the averaged data set, to derive
the semisaturation constant and slope. Mice were studied at 5 months of age.
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Table 1

Stimulus intensities and interstimulus intervals used for RGC intensity–response functions

Interstimulus
interval

(s)
Intensity (cd/m2)

ON-center cells
Intensity (cd/m2)
OFF-center cells

10 7.95

15 54 2.7

20 90 0.7

40 280 0.26

60 789 0.088

1860 0.028
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