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Spectral and Temporal Sensitivity of Cone-Mediated
Responses in Mouse Retinal Ganglion Cells

Yanbin V. Wang,"> Michael Weick,? and Jonathan B. Demb'?
"Department of Molecular, Cellular, and Developmental Biology, and 2Department of Ophthalmology and Visual Sciences, University of Michigan, Ann
Arbor, Michigan 48105

The retina uses two photoreceptor types to encode the wide range of light intensities in the natural environment. Rods mediate vision in
dim light, whereas cones mediate vision in bright light. Mouse photoreceptors include only 3% cones, and the majority of these coexpress
two opsins (short- and middle-wavelength sensitive, S and M), with peak sensitivity to either ultraviolet (360 nm) or green light (508 nm).
The M/S-opsin ratio varies across the retina but has not been characterized functionally, preventing quantitative study of cone-mediated
vision. Furthermore, physiological and behavioral measurements suggested that mouse retina supports relatively slow temporal pro-
cessing (peak sensitivity, ~2-5 Hz) compared to primates; however, past studies used visible wavelengths that are inefficient at stimu-
lating mouse S-opsin. Here, we measured the M/S-opsin expression ratio across the mouse retina, as reflected by ganglion cell responses
in vitro, and probed cone-mediated ganglion cell temporal properties using ultraviolet light stimulation and linear systems analysis.
From recordings in mice lacking rod function (Gnatl ~'~, Rho "), we estimate ~70% M-opsin expression in far dorsal retina, dropping
to <5% M-opsin expression throughout ventral retina. In mice lacking cone function (Gnat2?), light-adapted rod-mediated responses
peaked at ~5-7 Hz. In wild-type mice, cone-mediated responses peaked at ~10 Hz, with substantial responsiveness up to ~30 Hz.
Therefore, despite the small percentage of cones, cone-mediated responses in mouse ganglion cells are fast and robust, similar to those in

primates. These measurements enable quantitative analysis of cone-mediated responses at all levels of the visual system.

Introduction

The visual system represents an important model for studying the
architecture and function of the CNS. There are obvious advan-
tages to studying this system in mouse, which offers genetic tools
for probing neural circuit function (Nirenberg and Meister, 1995;
Kim et al., 2008; Okawa et al., 2010; Borghuis et al., 2011; Wei et
al,, 2011; Yonehara et al., 2011), but there are also potential dis-
advantages. For example, the mouse’s small eye supports rela-
tively poor spatial acuity (Stone and Pinto, 1993; Hiibener, 2003;
Prusky and Douglas, 2004; Niell and Stryker, 2008; Umino et al.,
2008). Furthermore, the mouse is nocturnal with a rod-
dominated retina (97% of photoreceptors) (Carter-Dawson and
Lavail, 1979; Jeon et al., 1998), suggesting that the cone system
may be underdeveloped. Indeed, cells of the retina, thalamus,
superior colliculus, and cortex show relatively sluggish temporal
tuning, peaking at ~2-5 Hz (Porciatti et al., 1999; Grubb and
Thompson, 2003, 2005; Niell and Stryker, 2008; Pandarinath et
al., 2010a,b; Wang et al., 2010). Behavioral experiments show
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similar sensitivity (Umino et al., 2008; Pandarinath et al., 2010a).
On the other hand, some properties of the mouse’s cone system
resemble the primate’s, including the cone threshold, dark noise,
and Weber adaptation (Naarendorp et al., 2010). Cones partly
compensate for their small number by having 10-fold more re-
lease sites than rods (Tsukamoto et al., 2001). Furthermore,
mouse cone bipolar cells outnumber rod bipolar cells, and the 11
cone bipolar pathways resemble those found in higher mammals
(Wiissle et al., 2009). Thus, mouse is potentially a useful model
for human cone-mediated vision, especially the temporal com-
ponents of vision, and for diseases that affect cone function. To
fully evaluate this model requires a thorough understanding of
how to stimulate the cones.

Mouse cones comprise two populations: genuine S cones
(~5%) and coexpressing cones (~95%) (Rohlich et al., 1994;
Applebury et al., 2000; Haverkamp et al., 2005; Nikonov et al.,
2006). Genuine S cones express only S-opsin, with peak sensitiv-
ity to UV light (360 nm) (Jacobs et al., 1991), and make synapses
selectively with S-cone bipolar cells (Haverkamp et al., 2005).
Coexpressing cones express both S-opsin and M-opsin (508 nm)
in a dorsal-ventral gradient (see Fig. 1A,B). Across the entire
retina, the M/S-opsin ratio is ~1/3 to ~1/5, based on measure-
ments of total mRNA and full-field electroretinography (ERG)
(Lyubarsky et al., 1999; Applebury et al., 2000; Jacobs et al., 2004).
Thus, the mouse cone system predominantly expresses S-opsin.
Since S-opsin sensitivity drops >100-fold at wavelengths longer
than 425 nm, efficient stimulation requires UV light (see Fig. 1C).

Here, we characterized functionally M/S cone opsin ex-
pression ratio across mouse retina, as reflected in ganglion cell
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responses. Over a large region of retina, >95% of the pho-
topigment is S-opsin. This characterization enables systematic
study of cone-mediated responses at multiple levels of the
visual system. With sufficient cone stimulation, using UV
light, ganglion cell responses proved to be fast and robust,
similar to responses measured in primate cells.

Materials and Methods

Mouse strains

Mice of either sex from four strains were used. Wild-type mice
(C57BL/6; aged 6—7 months) were purchased from the Jackson Lab-
oratory. The Rho™’~ mouse (aged 1-1.5 months) has a mutation in
the rhodopsin gene, causing rod dysfunction, and was generated on
the C57BL/6 background (Humphries et al., 1997). The Gnatl ™/~
mouse (aged 3—-7 months) has a mutation in the rod transducin «
subunit gene, causing rod dysfunction, and was generated originally
on the BALB/c background (Calvert et al., 2000). The Gnat2?/?
mouse (aged 5 months) has a naturally occurring missense mutation in
the cone transducin o subunit gene, causing cone dysfunction, and was
found in the ALS/Lt] strain (Chang et al., 2006). Rho ™/~ mice were from
a colony at University of Michigan established by Dr. Paul Sieving (Na-
tional Eye Institute, Bethesda, MD). Gnatl ~/~ and Gnat2?" mice were
kindly provided by Dr. Alapakkam Sampath (University of Southern
California, Los Angeles). Gnatl ~/~ mice originated in the laboratory of
Dr. Janice Lem (Tufts University, Medford, MA), and Gnat2® mice
originated in the laboratory of Dr. Bo Chang (Jackson Laboratory, Bar
Harbor, ME). The Gnatl /"~ and Gnat2*/ mice were backcrossed onto
a C57BL/6 background for >5 generations before establishing a colony
of homozygous animals.

Tissue preparation

Mice were housed in a 12 h/12 h light/dark cycle. On the day of the
experiment, each animal was dark adapted for 1 h and then anesthetized
with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine
(10 mg/kg). All procedures were performed in a room illuminated with
dim red light. A marker was used to dot the dorsal side of each cornea.
Under anesthesia, the animal was decapitated and both eyes were re-
moved. All procedures conformed to the National Institutes of Health
guidelines for use and care of animals in research and were approved by
the University Committee on Use and Care of Animals at the University
of Michigan. The eyes were dissected under an infrared dissecting micro-
scope. The intact eye was oriented according to the approximate dorsal
side marked on the cornea, and then a slit was made at the left side of the
horizontal stripe underneath the optic nerve that marks the nasal-
temporal axis (Wei et al., 2010). The eye cup was then dissected from the
cornea and lens, and the retina was isolated from the retinal pigment
epithelium. The retina was mounted flat on filter paper, ganglion cell side
up, and maintained in darkness at room temperature in oxygenated
(95% O, and 5% CO,) Ames medium (Sigma) until the time of record-
ing. In some experiments (Rho™’~ retinas), the retina was cut in half
along the horizontal meridian, and each half was mounted separately.

Electrophysiology
At the time of recording, the retina, attached to the filter paper, was
placed in a chamber on the stage of an Olympus BX51WI microscope and
superfused (~6 ml/min) with oxygenated (95% O, and 5% CO,) Ames
medium heated to 33-35°C with an in-line heater (TC-344B; Warner
Instruments). The retina and electrode were visualized at 60X [numeri-
cal aperture (NA), 0.9] using a cooled CCD camera (Retiga 1300, Qcap-
ture software; Qimaging Corporation). We targeted the largest cell
bodies in the ganglion cell layer (~20 wm diameter), which biases the
recordings to one of three cell types (see Results). A glass electrode (tip
resistance, 3—6 M{)) was filled with Ames medium, and a seal was estab-
lished for loose-patch extracellular recording of action potentials, mea-
sured as currents under voltage clamp (V,,4 = 0 mV). Data were
sampled at 10 kHz and stored on a computer using a MultiClamp 700B
amplifier and pClamp 9 software (Molecular Devices).

We recorded the x—y coordinates of the cell’s position and the optic
disc and the orientation of the slit marking the horizontal axis. From
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these, we could calculate the cell’s vertical position along the dorsal—
ventral axis, relative to the optic disc. In the experiments with Rho ™/~
mice, the retina was first cut in half along the horizontal meridian (see
above, Tissue preparation), and thus estimates of dorsal-ventral position
were less accurate than those in other experiments.

Light calibration

We express light intensity in either photoisomerizations (R*) per rod
(brief flash stimuli) or photoisomerizations per rod (or cone) per second
(balancing experiment and white-noise stimulus). We measured light
projected through the objective lens at the focal plane on the stage. Light
intensity was measured with a radiometer (in watts per square millime-
ter; Model S370; United Detector Technology), and the spectrum was
measured with a spectrometer (Model USB4000-UV-VIS; Ocean Op-
tics). The photoisomerization rate was computed based on the spectral
sensitivity of the photoreceptors (Jacobs et al., 1991; Govardovskii et al.,
2000) (see Fig. 1C) and using a collecting area of 0.85 um * for rods and 1
wm? for cones (Lyubarsky et al., 2004; Naarendorp et al., 2010). In esti-
mating light intensity, we included a factor for the reflectance off the
white filter paper underneath the retina: 39% reflectance for the green
light-emitting diodes (LEDs) and 55% reflectance for the UV LEDs.

Light stimulation

In some experiments, the retina was stimulated by the green channel of a
miniature organic LED (oLED) display (eMagin; SVGA Rev. 2). Stimuli
were programmed in Matlab on a Macintosh computer using the Psy-
chophysics Toolbox, as described previously (Manookin et al., 2010). In
other experiments, the retina was stimulated by either the green channel
(peak, 530 nm) of red/green/blue LEDs (NSTM515AS), or the combined
output of four UV LEDs (peak, 370 nm; NSHU-550B; Nichia America)
(see Fig. 1C). Green and UV LEDs were diffused and windowed by an
aperture in the microscope’s fluorescence port. Intensity was controlled by
pClamp 9 software via a custom noninverting voltage-to-current converter
using operational amplifiers (TCA0372; ON Semiconductor). For all meth-
ods of stimulation, the gamma curve was corrected to linearize output. For
most experiments, stimuli were projected through a 4X objective (NA, 0.13)
centered on the cell body and focused on the photoreceptors. For experi-
ments using the Rho™ /™ retina, light from the LEDs was projected through
the 60X (NA, 0.9) objective.

Stimuli were either flashes (20 or 200 ms) of variable intensity light or
Gaussian white noise. The white-noise stimulus was a flickering spot (300 or
1000 wm diameter) with either a dark background or a background equal to
the mean intensity of the spot. Spot intensity was generated randomly from
a Gaussian distribution. The contrast of the stimulus is defined by the SD of
the Gaussian, which in this case was one-third of the mean. This is the highest
contrast that can be achieved while allowing the distribution to extend +3
SDs from the mean. In some conditions, the white noise was presented on
the oLED at a frame rate of 60 Hz; in this case, the power of stimulus fre-
quencies up to 30 Hz was relatively flat (Zaghloul et al., 2005). In other
conditions, the white noise was presented using the UV or green LEDs; in
this case, the output was limited to a 0-30 Hz bandwidth, and stimulus
power was approximately constant over this range. The stimulus comprised
10 cycles of 10 s each. The first 7 s were unique in each cycle, and the last 3 s
were repeated across cycles. The linear—nonlinear (LN) model, described
below, was generated based on the unique data, and its predictive ability was
tested on the average response of the repeated data.

Analysis
The linear—nonlinear model. We used an LN cascade model to interpret a
cell’s responses to the white-noise stimulus. The model consists of a
linear filter that determines the cell’s temporal sensitivity and a time-
independent or “static” nonlinearity that converts the filtered stimulus
into a firing rate (see Fig. 4A). The nonlinearity accounts for the spike
threshold and saturation in the firing response. The LN model provides a
compact description of the response and allows quantitative comparison
of contrast sensitivity across conditions varying in mean luminance or
contrast (Chichilnisky, 2001; Kim and Rieke, 2001; Baccus and Meister,
2002; Zaghloul et al., 2005).

A linear filter (F) can be computed in the Fourier domain by cross-
correlating the stimulus [s(t), described by deviations from a mean of
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zero| and the response [r(t), in spikes/s] and dividing by the power
spectrum of the stimulus:

(1)

where 5(w) is the Fourier transform of s(¢), #(w) is the Fourier transform
of r(#), an asterisk denotes the complex conjugate, and S(w) is the power
spectrum of the stimulus calculated from the autocorrelation
[§* (w)5(w)]. Since the stimulus power was flat or nearly flat (see above),
we computed the filter from the numerator in Equation 1. The filter in
the time domain, F(t), was calculated by taking the inverse Fourier trans-
form of F(w). This filter is proportional to the spike-triggered average
stimulus (the average stimulus preceding each spike) (Chichilnisky,
2001).

The linear prediction of the firing rate [r; ()] was generated by con-
volving the filter and the stimulus:

r(t) = fF(T)S(t — 7)dT. (2)

The linear prediction was plotted against the measured firing rate, at
each time point, to generate the static nonlinearity, and data were
binned along the x-axis (100 bins) (see Fig. 4A). In some cases, we
compared responses in multiple conditions, each of which generated
a filter and nonlinear function. To simplify the comparison of multi-
ple LN models, we described the effect of mean luminance as a change
in the L filter followed by a common N function. This was possible,
because the LN model is unique only up to a scale factor. Thus, the
y-axis of the L filter and the x-axis of the N function can be scaled by
the same factor without changing the output of the model (Chander
and Chichilnisky, 2001; Kim and Rieke, 2001; Baccus and Meister,
2002). For each cell’s responses to stimuli of different mean lumi-
nances, the nonlinearities were scaled to align with each other, and
then the y-axis of linear filters were scaled by the same factors. We
used a nonparametric scaling procedure to align the nonlinearities, as
described previously (Beaudoin et al., 2007).

Validating the LN model. To generate the LN output we first fit the
nonlinear function with a cumulative Gaussian (Chichilnisky, 2001):

flx) = aC(Bx + ), (3)

where Cis the cumulative normal density and the parameters correspond
to a maximum response (), response gain (), and response threshold
(y). This N function served as the “input—output” relationship that
transformed the L prediction into the LN prediction (7 ):

rin(t) = N[”L(t)]' (4)

We computed the squared correlation (r?) between the LN prediction
and the average response to the repeated stimulus (see Fig. 4 B); the r?
value represents the proportion of variance in the response explained by
the model prediction. Across all conditions, r?was 0.72 = 0.012 (mean =
SEM; n = 74 conditions), similar to the value for spiking responses in
previous studies (Zaghloul et al., 2003; Beaudoin et al., 2007).

We presented white noise using either the UV LEDs or the oLED
monitor described above. For the UV LEDs, the stimulus was an ~1 mm
diameter spot focused on the photoreceptors through the 4X lens, and
the background was dark. For the oLED monitor, the stimulus diameter
could be varied, and the background could be either dark or equal to the
mean luminance of spot modulation. Preliminary experiments showed
that for rod-mediated responses (Gnat2%™ retina), the presence of the
background was necessary to determine the saturation level of the rods.
For example, the response was strongly suppressed when stimulating
with a mean luminance of 5200 R*/rod/s (see Fig. 4C). However, the
same spot presented with a dark background generated an inverted filter
(i.e., an OFF cell’s negative filter changed to a positive filter) (see Fig. 4 E).
The inverted filter’s peak was 23 = 4% (mean * SEM; n = 13) of the
filter’s peak at 520 R*/rod/s. The inverted filter was most likely caused by
saturation of the receptive field center combined with stimulation of the
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receptive field surround by scattered light. This inverted filter was absent
after a bleaching stimulus described below, suggesting that both center
and surround regions were suppressed by the bleach. For the UV LED
stimulus, we were not able to generate a background. Thus, in wild-type
retinas, the UV stimulus at high mean luminance generates a cone-
mediated center response that could be combined with a rod-mediated
surround response. However, the cone-mediated response could be iso-
lated following the bleach.

We compared filters generated by a 300-um-diameter spot (i.e., the
expected size of the receptive field center, equivalent to ~10° of visual
angle) (Stone and Pinto, 1993; Sagdullaev and McCall, 2005) and a
1-mm-diameter spot (i.e., the size of the UV LED stimulus). The two
filters showed similar time courses: the zero-cross time (see Fig. 4 F) was
0.4 = 3.8 ms (mean = SEM) longer for the I-mm-diameter spot. Fur-
thermore, the amplitudes were similar: the amplitude for the 0.3-mm-
diameter spot was 0.98 * 0.14 of the amplitude for the 1-mm-diameter
spot. Thus, the 1-mm-diameter stimulus largely reflects the response of
the receptive field center. A 300- wm-diameter region on the retina would
stimulate ~30,000 rods and ~1,000 cones (Carter-Dawson and Lavail,
1979; Jeon et al., 1998).

The cell’s temporal frequency (TF) tuning was shown by plotting the
Fourier amplitudes of the linear filter (see Fig. 4 D). The Fourier ampli-
tudes were fit with a function comprising two half Gaussians (modified
from Grubb and Thompson, 2003):

Q(w) =b,+ (a— b)) + e 7 forw < p, (5)

Q(w) = b, + (a—by) + e P9 forw > p, (6)
where Q is the Fourier amplitude at each temporal frequency (w), p is
peak temporal frequency, a is the amplitude at the optimal temporal
frequency, and the half Gaussians each have their own standard deviation
(s, and s,) and baseline level (b, and b,). From this function, we deter-
mined the temporal frequency at which sensitivity peaked (TF,.,.) and
the frequency at which sensitivity fell by 50% from the peak (TF) (see
Fig. 4D).

Opsin percentage model

Ganglion cell spike responses were measured to various intensity flashes
of green and UV light. For each light stimulus, intensity—response curves
were fit with a Naka—Rushton equation:

n

R(I)=A " o” (7)

where R is the spiking response at each intensity (I), A is the maxi-
mum response amplitude, o is the half-saturation value, and n defines
the slope. The two curves were fit simultaneously with common A and
n values but unique o values (0 e, Opy). The sensitivity to green
light depends on the proportion of M- and S-opsin in the population
of ~1000 cones mediating the ganglion cell’s response:

Dgreen = B(MR;/[,green + SRZ‘,green)) (8)
where D,,..,, is the cell’s sensitivity to green light, B is a proportionality
constant that relates opsin expression to ganglion cell sensitivity, M is the
proportion of M-opsin in the cones mediating the cell’s response, S is the
proportion of S-opsin in those cones (where S = 1 — M), and
Ry, green and R ., ave the isomerization rates of a pure M or S cone to the
green light, respectively (i.e., based on the light intensity, spectrum, and
cone collecting area described above). Similarly, for UV light, the cell’s
sensitivity is described by the following equation:

Dyy = B(MRK/I,UV + SR;,UV)' 9)

For both green and UV light, the sensitivity was defined as 1/ from
Equation 7:

Dgreen _ Oyy (10)

DUV O-green
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Coexpression of two cone opsins in mouse retina. 4, Schematic model illustrating two cone populations across the retina. Genuine S cones comprise ~5% of the population (outlined

in cyan circles); these cones express purely S-opsin and are defined by their synaptic connection with S-cone bipolar cells (Haverkamp et al., 2005). Coexpressing cones show a gradient of mostly
M-opsin expression in the dorsal retina to mostly S-opsin expression in the ventral retina (green to gray to magenta). 0D, Optic disc. B, Three possible patterns of M/S-opsin coexpression in cones
across the retina (diameter, 5 mm) in which the total M/S-opsin ratiois 1/3. For M-opsin expression to be dominant in the dorsal retina, it must decline sharply in the ventral retina (curve a), whereas
lower peak M-opsin expression generates a shallower gradient (curves b and c). C, Spectral sensitivity of mouse photoreceptors from a standard template (lines) and the spectra of the light stimuli
(filled regions): green LED (green), UV LED, (magenta), and the green channel of the oLED monitor (blue). The black dashed line indicates rhodopsin’s 50% enhanced sensitivity to UV light, relative

to the template, as measured by rod-mediated responses below.

From Equations 8—10, we can compute the percentage of M-opsin as
follows:

* *
o—gxeenRS,green - O—UVRS,UV

O-UV(RI*VI,UV - R;,UV) - O-green(RK/[,green - R;,green)

M,, = X 100.

(11)

For both green and UV light, intensity—response curves were measured
either in a single set of trials (Rho /", a few Gnatl "/~ cells) or were
averaged over repeated sets (typically two to three repeats, most
Gnatl ™'~ cells). This averaging had minimal impact on the estimate of
M,,: for those cells where we had multiple repeats (n = 33 Gnatl ™/~
cells), M, changed by only 1.2 = 5.9% (mean * SD) when analyzing
data from the first set of trials versus the average data from multiple sets.
Thus, the signal-to-noise ratio was high enough for a single set of trials to
estimate M, and did not limit our ability to measure the change in M,, as
a function of dorsal-ventral position.

Results

We made loose-patch recordings of action potentials from 133
ganglion cells by targeting the largest cell bodies in the ganglion
cell layer (~20 wm diameter). The targeting of large somas biases
the recordings to one of three cell types: ON a/transient cells,
OFF a/transient cells, or OFF delta/sustained cells (Pang et al.,
2003; Murphy and Rieke, 2006; Margolis and Detwiler, 2007;
van Wyk et al., 2009). All cells could be unambiguously clas-
sified as either the ON or OFF type based on the response to
brief flashes or white-noise stimuli. In separate experiments,
three-dimensional reconstructions from confocal microscope
images showed that all cells with large somas stratified in one of
three distinct strata of the inner plexiform layer, similar to the
corresponding cell types in the guinea pig retina (Manookin etal.,
2008, 2010; see also Margolis and Detwiler, 2007; van Wyk et al.,
2009). For the OFF cells recorded here, response properties were
relatively uniform, and therefore we distinguish only ON from
OFF cells below where relevant.

Rod-mediated responses generate empirical estimates of
rhodopsin sensitivity to green and ultraviolet light

The following experiments aim to distinguish rod- from cone-
mediated responses in wild-type retina. Most mouse cones show
peak sensitivity to UV light, suggesting that UV stimulation will

be useful for studying cone-mediated vision (Jacobs et al., 1991;
Nikonov etal., 2006). However, rods are also sensitive to UV light
because of rhodopsin’s “beta band” of absorption in the UV
range (Govardovskii et al., 2000) (Fig. 1C). Thus, distinguishing
rod- from cone-mediated responses to UV light requires a quan-
titative estimate of the rod’s relative sensitivity to UV and visible
wavelengths. The template for rhodopsin’s spectral sensitivity
predicts that rods should be 27% as sensitive to our UV LED
stimulus as to our green LED stimulus (Fig. 1C) (Govardovskii et
al.,, 2000), and we tested this prediction by measuring ganglion
cell responses in the Gnat2?" retina (Chang et al., 2006). This
retina lacks cone function, and thus the response should be me-
diated by rods. In a “balancing experiment,” a green light stimu-
lus (1.8 R*/rod/s) turned off as a UV light turned on to different
intensities. When the UV light matches the green light in photoi-
somerizations per rod per second, there should be no response at
the transition, whereas when the UV light drives higher or lower
photoisomerization rates, there should be “on” or “off” re-
sponses (Fig. 2A1-A3). For each cell, we determined the “balance
point” when both the onset and offset of the UV light evoked no
response. The balance point across cells suggested that the rho-
dopsin sensitivity to UV light relative to the green light was 52 +
3% (mean = SEM; n = 13) higher than predicted by the standard
template (Fig. 2A1-A3).

As a second test of rhodopsin’s sensitivity to UV light, we
recorded responses to brief flashes of green or UV stimuli at
several intensities (Fig. 2 BI-B3). The responses at the two wave-
lengths should match when equated for photoisomerizations per
rod. Consistent with the result above, the ganglion cells showed
48 * 8% (n = 9) higher sensitivity to UV light than predicted by
the standard template. We thus conclude that rhodopsin sensi-
tivity to the UV light stimulus is ~50% higher than predicted
[i.e.,rods are 41% (27% X 1.5) as sensitive to our UV stimulus as
to our green stimulus]. This relatively high sensitivity to UV light
is consistent with previous in vivo ERG recordings of rod-
mediated responses (Lyubarsky et al., 1999) (Fig. 2C). This en-
hanced UV sensitivity was taken into account below when
calculating photoisomerization rates for rhodopsin.

To assess the absolute sensitivity of Gnat2" cells in our prep-
aration, we replotted the flash response data on a modified pho-
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Figure 2.  Rod-mediated ganglion cell responses in the Gnat2®™ retina show higher than ex-
pected sensitivity to UV light. A7, ON ganglion cell spike responses in the balancing experiment. The
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toisomerizations per rod per second), there was no response at the transition. When the UV light
generated fewer photoisomerizations than the green, there was an “off” response (decreased firing
rate), whereas when the UV light generated more photoisomerizations than the green, there was an
“on” response (increased firing rate). Responses to UV light onset and offset were measured during
times indicated by the magenta and green boxes, respectively. A2, The change in firing rate, from the
maintained rate, is plotted versus the estimated ratio of photoisomerizations to the green versus UV
lights according to the rhodopsin template (Govardovskii et al., 2000). Responses are from the single
set of trials plotted in A7. Responses during the transition (magenta) and afterward (green; boxed
responses in A1.) were fit with polynomials. The balance point refers to the intersection of the fitted
lines. A3, Histogram of balance points across cells (n = 13). The average balance point was 1.52
0.03 (mean == SEM), indicating that rhodopsin is ~52% more sensitive to UV light than predicted
by the template. The balance point for each cell was averaged over repeated measurements
(typically 2-3 repeats). BT, ON ganglion cell responses to brief (20 ms) green and UV light
flashes of variable intensity (dimmest to brightest; trials 1 to 12). Responses were measured
during the period indicated by the magenta and green boxes. B2, The firing rate, above the
maintained rate, following each flash (see boxed responses in BT) and averaged over two
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toisomerizations per rod axis, taking into account the estimated
50% elevation in UV sensitivity described above. On average (n =
9 cells), the response to UV and green light now overlapped (Fig.
2D). Furthermore, the absolute sensitivity of the rod-mediated
ganglion cell responses was similar to previous measurements in
the wild-type retina (Dunn et al., 2006). Thus, the Gnat2®"3
rod-mediated ganglion cell responses are apparently similar in
sensitivity to the wild-type retina, consistent with ERG record-
ings (Chang et al., 2006).

Functional estimate of cone opsin distribution across the
mouse retina

Most mouse cones (~95%) coexpress both M- and S-opsins in a
dorsal-ventral gradient (Fig. 1A), and the total M/S ratio across
the retina is ~1/3 to ~1/5 (Rohlich et al.,1994; Lyubarsky et al.,
1999; Applebury et al., 2000; Jacobs et al., 2004). Thus, for most of
the retina, cone-mediated responses should show strong sensitiv-
ity to UV light (Fig. 1). To measure the relative percentage of the
M- and S-opsins along the dorsal-ventral axis, we recorded
ganglion cell responses to the green and UV light stimuli in
two strains with rod dysfunction: Rho™’~ (Humphries et al.,
1997) and Gnatl~’~ (Calvert et al., 2000). For each ganglion cell,
we presented 200 ms flashes of either green or UV light at several
intensities and fit each curve with a Naka—Rushton equation; the
relative sensitivity to the two lights was determined by the differ-
ence in the half-saturation intensity for each light (see Materials
and Methods).

For both the Gnat1 ™/~ and Rho™’™ retinas, there was a dra-
matic shift in spectral sensitivity across the retina. Cells in the
dorsal retina showed stronger sensitivity to green light, whereas
those in the ventral retina showed stronger sensitivity to UV light
(Fig. 3A). Based on the relative sensitivities to green and UV light,
we calculated the percentage of M-opsin across the cone popula-
tion driving the ganglion cell’s response and plotted this percent-
age against the ganglion cell’s position along the dorsal-ventral
axis (see Materials and Methods) (Fig. 3B). In both strains, the M
percentage was ~70% in the dorsal retina (2 mm dorsal to the
optic disc) but dropped to less than ~5% in the ventral retina (2
mm ventral to the disc), with a steep decline in M percentage
beginning at ~1 mm dorsal to the optic disc (Fig. 3C). Thus, the
cones in the majority of the ventral retina apparently express
>95% S-opsin.

We fit a modified Naka—Rushton equation to describe the
percentage of M-opsin (M,,) as a function of dorsal-ventral po-
sition ( p, in mm, starting in the ventral retina, at —2 mm from
the disc):

<«

repeats. Responses to UV and green light are each plotted versus the estimated photoisomer-
izations perrod (Govardovskii et al., 2000) and fit with a Naka—Rushton equation (see Materials
and Methods) that differed only in the half-saturation constant (o). This cell showed higher
sensitivity to UV light than to green light. B3, Histogram of relative o-values for green versus UV
light. The average ratio was 1.48 == 0.08, consistent with the balancing experiment. For each
cell, responses were typically averaged over two repeats. €, Rhodopsin template (Govardovskii
etal., 2000) is plotted on previously published ERG measurements from the mouse eye in vivo
(dark-adapted, rod-mediated A wave) (Lyubarsky et al., 1999). The ERG measurements are
consistent with a ~50% elevation in UV light sensitivity relative to the template (green dashed
line showing 1.5-fold increase), consistent with the above results. Data from Lyubarsky et al.
(1999) are reproduced with permission from the Society for Neuroscience and the senior author
of the article (Dr. E. N. Pugh). D, Ganglion cell responses to UV and green light align after
correcting for rhodopsin UV sensitivity. Responses were normalized to the maximum firing rate
and averaged across cells. Error bars indicate =1 SD across cells.
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Figure 3.  Estimated ratio of M/S-opsin expression as a function of retinal position.

AT-A4, Ganglion cell spike responses to various intensities of green and UV light at
different positions of the Gnat7~/~ and Rho "~ retinas. For each cell, responses to each
stimulus were fit with a Naka—Rushton equation that differed only in their half-saturation
(o) values. The ratio of o values was used to calculate the M/S-opsin ratio (see Materials
and Methods). Responsesin A7, A3 and A4 show measurements from a single set of trials,
whereas A2 is an average of four sets. B, Schematic diagram of a mouse retina with a cut
at the horizontal position. Labeled points indicate the position of cells in 4. C, Calculated
M-opsin percentage as a function of the dorsal—-ventral position of ganglion cells. The line
was fit to the Gnat7 "~ data (black points).

(p+ 2"

M%(p) = Mmaxm

+ Miyins (12)

where M,,, is the maximum M percentage minus the minimum
M percentage, M,, is a half-saturation value, M,, is the exponent
describing the slope of the function, and M,,,;, is the minimum M
percentage. The best fitting parameters were M, . = 80, M, =
3.2, M,, = 6.4, and M,,;, = 0.8. This equation was fit to the
Gnatl™’ cells, where the dorsal-ventral positions were recorded
with relatively high accuracy (see Materials and Methods). How-
ever, the general pattern was very similar in the Rho™ '~ cells.
Notably, of the 35 total cells recorded in the ventral retina, all
expressed <10% M-opsin contribution, and 86% (30/35) ex-
pressed <5% M-opsin contribution. In the following experi-
ments, we used the fitted curve to estimate photoisomerizations per
cone per second based on the dorsal-ventral position of each cell.

Rod-mediated responses support bandpass temporal filtering
and show light adaptation

The mouse strains described above allow us to assess the temporal
properties of isolated rod- or cone-mediated ganglion cell re-
sponses. We started by characterizing responses in Gnat2?™ cells
using white-noise stimulation and an LN cascade analysis. In this
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analysis, the cell’s response is modeled by a temporal filter and a
static nonlinearity (Fig. 4 A). The filter describes the cell’s tempo-
ral sensitivity to the stimulus, and the nonlinearity describes how
the filtered stimulus (i.e., a linear model) is converted into a firing
rate. The nonlinearity captures the threshold and saturation in
the firing response (see Materials and Methods). The LN model is
useful because it provides a compact functional description that
captures most of the variance in the response (Fig. 4 B). We mod-
eled the effect of increasing mean luminance as a change in the
linear filter followed by a constant nonlinearity (see Materials and
Methods).

Rod-mediated responses showed biphasic filters, indicating
bandpass temporal frequency tuning at both levels of mean lumi-
nance (Fig. 5A) (Zaghloul et al., 2005). The response adapted at
the higher mean luminance by becoming faster, which we quan-
tified by the filter’s zero-cross time (Fig. 4C). Across cells, the
10-fold increase in mean luminance shortened the zero-cross
time from 105 * 5 ms (mean = SEM) to 91 * 4 ms (difference of
14 = 4 ms; p < 0.01; n = 12) (Fig. 5C). We also plotted the
Fourier transform of the linear filter to generate a temporal
frequency-tuning curve (Fig. 5B). The peak amplitude shifted
from 5.1 = 0.3 Hz to 6.9 = 0.3 Hz with the increase in mean
luminance (Fig. 5D). Thus, the temporal tuning of the light-
adapted, rod-mediated response was sufficient to explain the
temporal tuning of downstream circuits and behavior shown
previously (see Introduction). The responses at the light levels
tested (52 and 520 R*/rod/s) likely depend on both the rod bipo-
lar pathway and additional pathways for rod signaling (Murphy
and Rieke, 2006): rod synapses with certain types of cone bipolar
cells (Soucy et al., 1998; Tsukamoto et al., 2001; Li et al., 2010)
and rod gap junctions with cones, which then signal through the
cone bipolar circuits (Deans et al., 2002; Abd-El-Barr et al., 2009).
A previous study of the Gnat2”/ retina also suggested that rod—
cone gap junctions were functional despite the lack of cone pho-
totransduction (Altimus et al., 2010).

Rod-mediated responses were nearly saturated at a mean lu-
minance of 5200 R*/rod/s (see Materials and Methods) (Fig. 4C).
However, stimulating at this mean luminance for several minutes
did not cause substantial bleaching of rhodopsin, as the responses
at lower mean luminance could be subsequently remeasured.
Rod-mediated responses could be bleached by exposing the tissue
to a green LED stimulus that generated ~1.6 X 10° R*/rod/s for
2 min (Fig. 5A, pink line). As expected, light responses never
recovered following the bleach (measured up to 1 h after bleach;
n = 10) (Wang and Kefalov, 2009).

Cone-mediated responses show high temporal

frequency tuning

We measured the temporal properties of pure cone-mediated
responses in the Gnatl ’~ retina. White-noise responses were
generated using a UV LED stimulus in the ventral retina, where
most cones express >95% S-opsin (Fig. 3C). Responses could be
measured with a mean luminance of 140 R*/cone/s (Fig. 6A).
These responses were relatively slow, with a zero-cross time of
122 = 5 ms (mean * SEM; n = 4). Increasing the mean lumi-
nance to brighter levels (2000 and 12,000 R*/cone/s) shortened
the zero-cross time substantially, to 81 = 6 ms at the highest
mean (Fig. 6C). Filters were biphasic in time and showed band-
pass tuning in the frequency domain (Fig. 6 A, B).

We tested the effect of the rod bleaching stimulus used above
(i.e., bright green light) on the primarily S-cone-mediated re-
sponse of ventral Gnatl /" cells. The bleaching light had only a
small impact on the cone-mediated response (Fig. 6 E-H). The
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primary effect was a lengthening of the
zero-cross time (Fig. 6G) (increases of
11 = 3,9 * 2,and 5 = 2 ms at the low,
middle, and high mean luminances, re-
spectively; n = 4). This may be caused by a
bleaching of the small percentage of
M-opsin expressed by the coexpressing
cones in ventral retina (Lyubarsky et al.,
1999; Nikonov et al., 2006). These results
suggest that the bleaching stimulus could
be used in the ventral wild-type retina to
bleach rods and isolate an unbleached
cone-mediated responses driven by S-opsin
stimulation.

Cone-mediated responses in the wild-
type retina are fast and robust

In the ventral wild-type retina, where the
cones express primarily S-opsin, we stud-
ied temporal properties of ganglion cell
responses across three levels of mean lu-
minance. White-noise modulation of the
UV stimulus at the two lower light levels
should generate a mixed rod- and cone-
mediated response, whereas modulation
at the brightest level should saturate the
rods and generate a pure cone-mediated
response (Fig. 7A). The response became
faster with increasing mean luminance, as
indicated by a shorter zero-cross time and
a higher values of TF,., (Fig. 7A,B).
Across cells, the filter’s zero-cross time de-
creased to 53 = 4 ms (n = 6) at the highest
mean luminance, with an average TF,,
of 10.7 = 2.3 Hz (mean = SEM; n = 6)
(Fig. 7C,D). Some individual cells showed
a TF . above 10 Hz (Fig. 7B).

The rods were bleached using the
bright green stimulus described previ-
ously (Fig. 5A), and the cone-mediated
responses were studied in isolation. Re-
sponses at the lowest mean luminance
were suppressed after the bleach, suggest-
ing a strong contribution from rods in the
initial, unbleached condition. At the inter-
mediate level, the response became faster,
reflecting the cone contribution, whereas at
the highest level, the responses were largely
unaffected by the bleach (Fig. 7E-H ). Thus,
cone-mediated responses in the ventral
wild-type retina can be routinely isolated
from the rod-mediated response in vitro by
a bleaching green light. The isolated cone-
mediated response in the wild-type retina
showed a TF,,,, 0f 10 = 1 Hz (n = 10). The
amplitude dropped to half the peak (TFs,)
at 22 = 2 Hz (Fig. 7D,H). At 30 Hz, the
response was, on average, still within a log,
unit of the peak amplitude (Fig. 7H). Thus,
mouse cones show substantial responsive-
ness up to 30 Hz, so long as cones are stim-
ulated sufficiently given the local opsin
distribution (Figs. 1, 3).
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Figure 4.  Linear—nonlinear model describes the temporal tuning of the receptive field center in ganglion cells. A, Linear—

nonlinear model. The stimulus is shown in contrast units, where the mean luminance is zero and the SDis 1 (range, —3.3to +3.3;
black to white). The stimulus is filtered to generate a linear prediction, and the linear prediction is passed through a nonlinear
function to generate the model output (in spikes per second). B, Model explains most of the variance in the response of a Gnat2™
ganglion cell (same cell as in A). Model and response represent firing rates in 20 ms bins. In this case, the 2 between model and
data was 0.76. €, LN models for a Gnat2*™ OFF ganglion cell at two light levels. Spot (1 mm diameter) centered over the cell body
was modulated by white noise while the background was maintained at the mean luminance. Filters were scaled to align the
nonlinearities (see Materials and Methods). The nonlinearities (inset) plot the linear model (arbitrary units; zero position indicated
by elongated tick) versus firing rate (from zero to maximum rate; shown in spikes per second). The response was nearly saturated
at 5200 R*/rod/s. In the 520 R*/rod/s mean condition, response speed was quantified by the zero-cross time: the time when the
filter crossed zero following the first response peak (arrow). D, Fourier transform of the filter in C. (520 R*/rod/s mean condition).
The temporal frequencies corresponding to the maximal amplitude (TF,..,,) and the half-maximal amplitude (TF5,) are indicated
by the solid and dashed lines, respectively. E, Same as C, except the spot was presented against a dark background. In this case, the
response at the mean of 5200 R*/rod/s showed an inverted sign (ON filter), suggesting a surround-mediated response to scattered
lightin the presence of a saturated center. F, A Gnat2*™ OFF ganglion cell showed similar responses to two spot sizes (background
equaled the mean luminance of spot modulation).
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Figure 5. Rod-mediated responses in Gnat2®™ ganglion cells show bandpass temporal
tuning and adapt to changes in mean luminance. A, LN models for a Gnat2™ OFF ganglion cell
at two light levels below rod saturation (mean luminance, 52 and 520 R*/rod/s). Responses
became faster and more biphasic at the higher mean. The response at 520 R*/rod/s was absent
after a bleaching stimulus (pink line) (see Results). Stimulus was a spot (1 mm diameter) with a
background equal to the mean luminance of spot modulation. B, Fourier transform of the filters
inA. Thefilterin the 520 R*/rod/s condition was normalized with a peak of +1(ON cells) or —1
(OFF cells) before scaling the 52 R*/rod/s condition (after aligning the nonlinearities) and com-
puting the Fourier transform. The response became more bandpass at the higher mean lumi-
nance. Solid lines are fitted by functions comprised of two half Gaussians (see Materials and
Methods). €, Zero-cross time at two levels of mean luminance across cells. Here and elsewhere,
individual cells are shown in a light shade, and the mean = 1SD is shown in a dark shade. D,
Averaged Fourier transform of filters measured with mean luminance of 52 and 520 R*/rod/s.
Error bars indicate =1 SEM across cells (n = 12).

Rod and cone systems generate a smooth transition in
ganglion cell temporal kinetics across light levels with
similarly robust responses

We summarize the above results on the linear filter temporal
properties by plotting the filter’s zero-cross time as a function of
the photoisomerization rate in the photoreceptors driving the
response. There is a smooth transition in the temporal response
across light levels, as reflected in the Gnat2?™ and wild-type
recordings (Fig. 8 A). The zero-cross time is halved from ~100 to
~50 ms across ~2.5 orders of photoisomerization rates. The
Gnatl ™' filters showed relatively longer zero-cross times, com-
pared to wild types. This property of the Gnatl /~ ganglion cell
recordings could be explained by the relatively slow kinetics of
the Gnatl /"~ cones, as shown by single-cell recordings (Nikonov
et al., 2006).

We compared the absolute level of rod- and cone-mediated
responses by plotting firing rate as a function of the photoisomer-
ization rate of the photoreceptors driving the response. Firing
rate was quantified as the peak of the nonlinear function minus
the rate at f(x) = 0 (i.e., the maximum rate minus the estimated
rate at 0% contrast). The maximum firing rate was ~150-300
spikes per second across the ~2.5 order of photoisomerization
rates (Fig. 8 B). Furthermore, the firing rate increased slightly
with mean luminance. Thus, despite having only ~3% cone pho-
toreceptors in the retina, cone-mediated responses in mouse gan-
glion cells are robust.

Discussion

Our results provide the first characterization of cone-mediated re-
sponses in mouse retinal ganglion cells based on estimated cone pho-
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Figure 6.  Cone-mediated responses in ventral Gnat7 /" retina are resistant to bleaching
with green light. A, LN models for a Gnat7~"~ OFF ganglion cell at three light levels (mean
luminance, 140, 2000, and 12,000 R*/cone/s). B, Fourier transform of the filters in A. The filter
in the 12,000 R*/cone/s condition was normalized with a peak of +1 (ON cells) or —1 (OFF
cells) before scaling the other two conditions (after aligning the nonlinearities) and computing
the Fourier transform. Other conventions are the same as for Figure 5. €, Zero-cross time at three
levels of mean luminance across cells. D, Averaged Fourier transform of filters at three levels of
mean luminance across cells. E-H, Same as A—D after bleaching with a green light stimulus
sufficient to bleach the rod-mediated response in a Gnat2"™ retina (see Results). Blue pointsin
G show the zero-cross times from the control condition in C. There was a slightly delayed zero-
cross time at each mean luminance, possibly caused by bleaching of a small percentage of
M-opsin expression in the ventral cones.

topigment isomerization rates. To perform this characterization, we first
mapped M/S-opsin expression ratios across the retina by measuring
ganglion cells’ relative sensitivity to green and UV light (Fig. 3). Esti-
mated M-opsin expression dropped from ~70% to <5% along the
dorsal-ventral axis, with very low expression throughout the ventral
retina (Fig. 3). Ganglion cell temporal properties were characterized
with linear systems analysis (Fig. 4), and cone-mediated responses
could be isolated in a mouse with rod dysfunction (Gnat1 ) (Fig.
6) or after bleaching rods in the wild-type retina (Fig. 7). Cone-
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Figure7. Isolated cone-mediated responses in ventral wild-type retina show fast temporal
kinetics. A, LN models for a wild-type ON ganglion cell at three light levels. B, Fourier transform
of the filters in A. The filter in the brightest condition was normalized with a peak of +1 (ON
cells) or —1 (OFF cells) before scaling the other two conditions (after aligning the nonlineari-
ties) and computing the Fourier transform. Other conventions are the same as in Figure 5. (,
Zero-cross time at three levels of mean luminance across cells. D, Averaged Fourier transform of
filters at three levels of mean luminance across cells. E-H, Same as A-D after bleaching with a
green light stimulus sufficient to bleach the rod-mediated response in a Gnat2*™ retina (see
Results). Blue points in G show the zero-cross times from the control condition in C.

mediated responses showed maximal response amplitude at ~10
Hz, with substantial responsiveness up to 30 Hz. The rod system,
studied in a mouse with cone dysfunction (Gnar2#”), when light
adapted (~520 R*/rod/s mean luminance) showed maximal re-
sponses at ~7 Hz with a half-maximal drop at 10 = 0.3 Hz (Fig. 5).
Thus, over much of the retina, including the entire ventral retina,
cone-mediated responses showed characteristic properties: greater
sensitivity to UV than green light and responsiveness at temporal
frequencies above 10 Hz, given a mean luminance that generates
~10* R*/cone/s (Fig. 8C). Notably, bandpass temporal tuning and
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peak amplitude at ~7 Hz were not restricted to cone-mediated re-
sponses, as these properties were observed under conditions driven
by light-adapted rods (Figs. 5, 8C). Furthermore, cone-mediated
responses measured near cone threshold (Fig. 6C) were slower than
light-adapted rod-mediated responses (Fig. 5C), consistent with
psychophysical measurements in humans (Conner and MacLeod,
1977). Our characterization of mouse ganglion cell spectral and tem-
poral properties enables the study of cone-mediated responses at all
stages of the visual system and in behavior.

The functional map of opsin expression in coexpressing cones
A change in cone opsin distribution and opsin coexpression
along the dorsal-ventral axis is found in several mammals (Cal-
derone and Jacobs, 1995; Applebury et al., 2000; Szél et al., 2000).
For example, guinea pig retina shows such a gradient, with a zone
of M/S-opsin coexpression in a horizontal region ventral to the
optic disc and a high population of S cones in the ventral retina, as
demonstrated by immunocytochemistry (Rohlich et al., 1994).
Ganglion and horizontal cell responses recorded at dorsal and
ventral locations showed the shift in spectral sensitivity predicted
by immunostaining (Yin et al., 2006). Qualitatively similar results
in mouse in vivo were obtained by ERG measurements at lower
spatial resolution (Calderone and Jacobs, 1995) and in recordings
at the level of retina (ganglion cells) and superior colliculus
(Ekesten et al., 2000; Ekesten and Gouras, 2001). Here, we de-
scribe a continuous quantification of M-opsin percentage along
the dorsal-ventral axis of mouse retina that could be used in
subsequent studies to estimate photoisomerizations per cone per
second at any given position (Equation 12).

We consider several factors that limit our ability to estimate
opsin coexpression. First, cone bipolar cells mediating ganglion
cell responses may not collect inputs selectively from coexpress-
ing cones. A mixed input from coexpressing (~95%) and genu-
ine S cones (~5%) could introduce an error in our estimate of
S-opsin expression in the coexpressing cones. However, this error
should be minor given the small number of genuine S cones and
the likelihood that their input to bipolar cell types other than the
S-cone bipolar cells is weak (Haverkamp et al., 2005; Li and
DeVries, 2006). There is evidence for a small and insensitive
rhodopsin-dependent but Gnatl-independent response in rods
(Allen et al., 2010). This putative rod-mediated response in the
Gnatl ™~ cells would enhance the apparent M-opsin percentage
at each location (i.e., given the similarity in spectral sensitivity
between rhodopsin and M-opsin); but any contribution from
this putative mechanism must be small, because estimated
M-opsin percentage was very low in ventral retina, and the
Gnatl™’~ and Rho™’/~ data were similar. Furthermore, we as-
sumed that M-opsin sensitivity to UV light was explained by the
standard template, consistent with single-cone recordings in an
“S-opsin knockout” (Daniele et al., 2011). If instead M-opsin
showed a ~50% elevated sensitivity to UV light, as we estimated
for rhodopsin, the M-opsin percentage at every retinal position in
the Gnatl ~'~ retina would increase; however, this increase
would be small (from ~70 to ~81% in dorsal retina and essen-
tially no change in ventral retina). Finally, our cone opsin mea-
surements viewed through the output of ganglion cells (~300
wm diameter receptive field center) (Stone and Pinto, 1993; Sag-
dullaev and McCall, 2005) limits the spatial resolution of the
measurement. Thus, the gradient in opsin coexpression in the
cone population may be slightly steeper than we measured; how-
ever, simulations suggest that this effect would be small. We con-
clude that the above factors should only minimally affect the
estimated M-opsin expression in Figure 5C.
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‘ pending on retinal position). In rare cases,
cells in the lateral geniculate nucleus
showed peak tuning at >10 Hz (Grubb
and Thompson, 2003, 2005). These
measurements were made using a con-
ventional computer monitor (mean lumi-
nance, 50 cd/m?) that would stimulate
S-opsin weakly; thus, the few cells with
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Figure 8.

Our results are consistent with immunostaining, suggesting a
dramatic switch in opsin coexpression over a ~0.5 mm distance on
the retina (Haverkamp et al., 2005). Our measurement of opsin gra-
dient in two transgenic animals should be useful for studying the
wild-type C57BL/6 mouse. The two models used (Rho /" and
Gnatl~’") were generated on different genetic backgrounds (see
Materials and Methods) but showed similar gradients in opsin co-
expression (Fig. 3C) suggesting minimal strain differences, consis-
tent with immunostaining (Szél et al., 1992).

Our results suggest that the M/S ratio across the entire retina
should be ~1/2.8 (i.e., based on integrating the fitted curve in Fig.
3C). This ratio is close to estimates based on measures of total
mRNA (~1/3) (Applebury et al., 2000) and full-field ERG (~1/3
to ~1/5) (Lyubarsky et al., 1999; Jacobs et al., 2004). A behavioral
study suggested ~20% M-opsin expression in the midventral
retina (Naarendorp et al., 2010). However, this is likely an over-
estimate, because an ~1/3 M/S ratio across the retina requires
<20% M-opsin expression in the ventral retina to generate a
gradient (Fig. 1B). It is therefore likely that the apparent ~20%
M-opsin expression in the behavioral study is explained by the
stimulus extending to the dorsal retina, either because of unmea-
sured variability in eye position or effects of light scatter.

Temporal frequency tuning in the mouse visual system

Temporal frequency tuning of ganglion cells limits the temporal
resolution at all subsequent stages of the visual system. Record-
ings at multiple levels of the visual system and behavior suggested
that mouse vision is relatively sluggish, with peak temporal tun-
ing near ~2-5 Hz and a cutoff frequency of typically <10 Hz
(Porciatti et al., 1999; Krishna et al., 2002; Grubb and Thompson,
2003, 2005; Niell and Stryker, 2008; Umino et al., 2008; Pandari-
nath et al., 2010a, b; Wang et al., 2010). However, estimated
stimulation of mouse cones was commonly based on photom-
eteric measurements of visible light (in candelas per square me-
ter). It now seems likely that sluggish responses at presumed
levels of photopic (i.e., cone-mediated) vision can be explained
by responses mediated by rods and weakly stimulated cones (de-

Rod and cone systems generate a smooth transition in ganglion cell temporal kinetics across light levels and drive
similarly robust responses. A, There is a gradual speeding of the response (shortened zero-cross time) over a 2.5 log-unit increase
in photoisomerization rate. Rod-mediated responses are shown for the Gnat2%™ retina. Cone-mediated responses are shown for
the Gnat7 ™/~ retina and for the wild-type retina after saturating or bleaching the rods. A mixed rod- and cone-mediated response
is shown for the wild-type retina before bleaching or saturating, and for these points, we indicate the range of photoisomerization
rates with a horizontal bar (rod photoisomerization rate on the left; cone photoisomerization rate on the right). There is a smooth
transition in the kinetics between the rod- and cone-mediated responses. Gnat7~”~ ganglion cell responses were slower than
wild-type cone-mediated responses, consistent with previous cone recordings (Nikonov et al., 2006). The dashed line was fit by eye
to the wild-type and Gnat2%™ cells. Error bars indicate = 15D across cells. B, The firing rate was relatively stable overa 2.5 log-unit
increase in photoisomerization rate. Plotted is the maximum firing rate in the nonlinear function minus the estimated firing rate at
0% contrast [i.e., firing rate at f{x) = 0 of the nonlinear function]. Despite having a small percentage of cone photoreceptors
(~3%), firing rate increases slightly in the range of cone-mediated responses. Error bars indicate 21 SD across cells. ¢, Temporal
tuning extends to higher frequencies under cone-mediated conditions. Functions show the average, normalized responses of
light-adapted rod-mediated responses (Gnat2™, 520 R*/rod/s mean) (from Fig. 50) and cone-mediated responses (wild-type,
12,000 R*/cone/s mean after the bleaching stimulus) (from Fig. 7H). Error bars indicate =1 SEM across cells.

peak tuning >10 Hz likely received input
from ganglion cells positioned in the far
dorsal retina, where cone-mediated re-
sponses can be well stimulated by visible
light.

Cone-mediated responses in mouse
ganglion cells at a mean luminance that
generated  ~2000-12,000 R*/cone/s
showed fast temporal properties (Figs. 7,
8). The cells comprised three types with
large cell bodies, including ON and OFF
alpha cells, and can be compared to pri-
mate M and P cells (i.e., thalamic relay
cells in the magnocellular and parvocellu-
lar layers of the lateral geniculate nucleus
or their presynaptic ganglion cells). Tem-
poral tuning functions of primate M and
P cells show peak amplitudes between
~10-20 Hz, and linear filters show a corresponding zero-cross
time of ~50—60 ms (Hicks et al., 1983; Derrington and Lennie,
1984; Lee et al., 1989; Benardete and Kaplan, 1999; Hawken et al.,
1996; Chander and Chichilnisky, 2001; Solomon et al., 2010).
These temporal properties match the mouse cone-mediated re-
sponses shown here (Figs. 7, 8). Previous measurements of
mouse temporal properties to visible light showed slower re-
sponses (zero-cross times of ~100-200 ms), likely explained by
weak cone stimulation by visible light (Soucy et al., 1998; Huber-
man et al., 2008; Kerschensteiner et al., 2008; Pandarinath et al.,
2010a, b). The characteristic properties of rod- and cone-
mediated responses described here could be used to further clar-
ify how rod- and cone-pathways combine to generate responses
at multiple levels of the visual system and behavior (Deans et al.,
2002; Volgyi et al., 2004; Umino et al., 2008; Pang et al., 2010).

3 10 30
temporal frequency (Hz)
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