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Abstract

The temporal resolution of the visual system progressively increases with light intensity. Under
scotopic conditions, temporal resolution is relatively poor, and may be limited by both retinal and
cortical processes. Rod photoresponses themselves are quite slow because of the slowly
deactivating biochemical cascade needed for light transduction. Here, we have used a transgenic
mouse line with faster than normal rod phototransduction deactivation (RGS9-overexpressors) to
test whether rod signaling to second-order retinal neurons is rate-limited by phototransduction or
by other mechanisms. We compared electrical responses of individual wild-type and RGS9-
overexpressing (RGS9-o0x) rods to steady illumination and found that RGS9-ox rods required 2-
fold brighter light for comparable activation, owing to faster G-protein deactivation. When
presented with flickering stimuli, RGS9-ox rods showed greater magnitude fluctuations around a
given steady-state current amplitude. Likewise, in vivo electroretinography (ERG) and whole-cell
recording from OFF-bipolar, rod bipolar, and horizontal cells of RGS9-0x mice displayed larger
than normal magnitude flicker responses, demonstrating an improved ability to transmit frequency
information across the rod synapse. Slow phototransduction recovery therefore limits synaptic
transmission of increments and decrements of light intensity across the first retinal synapse in
normal retinas, apparently sacrificing temporal responsiveness for greater overall sensitivity in
ambient light.
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1. Introduction

The visual system evolved to signal temporal contrast. In humans, the frequency at which
changes in light intensity can no longer be discerned, called the critical flicker fusion
frequency (CFF), increases with mean intensity. In dim light activating only rods, the CFF is
relatively low (3-8 Hz); in brighter light that activates cones, higher frequencies (> 50 Hz)
can be perceived (Hecht and Shlaer, 1936; Kelly, 1964; Conner and MacLeod, 1977). This
dramatic difference in the temporal resolution of vision under scotopic versus photopic
conditions may arise from differences in the photoresponse kinetics of rods and cones
(Schnapf and Copenhagen, 1982; Bialek and Owen, 1990; Hess, 1990) or from the
differences in temporal properties of circuits within the retina or beyond (Stockman et al.,
1991; Snowden et al., 1995; Hess et al., 1996). Determining the site and specific
biochemical process that limits the temporal resolution of rod vision has been difficult in
part because of the concurrent activation of multiple parallel pathways in the retina (Wassle,
2004; Thoreson, 2007; Li et al., 2010).

Rods form direct chemical synapses with depolarizing rod bipolar cells (DBCgs; primary
rod pathway), and they form gap junctions with cones, which synapse with cone bipolar
cells (secondary pathway; Tsukamoto et al., 2001; Deans et al., 2002). Infrequently, rods
signal directly to both depolarizing (Pang et al., 2010) and hyperpolarizing, or OFF-, bipolar
cells (HBCs; Tsukamoto et al., 2001; Li et al., 2010; Pang et al., 2012) to form the tertiary
rod pathway. Paired whole cell recordings have shown that voltage changes in rods can be
transmitted to HBCs nearly ten-fold faster than to their depolarizing counterparts (Li et al.,
2010). These rod signaling pathways each vary in synaptic morphology and degree of
convergence (Volgyi et al., 2004), as well as subtype-specific postsynaptic ion channels that
further shape the time courses of bipolar cell responses (DeVries, 2000; Ivanova and Muller,
2006; Ichinose et al., 2014). Therefore it is unclear whether accelerating the time course of
rod phototransduction signaling would affect the light responses of all, or indeed any,
downstream bipolar cells receiving rod input.

To investigate this question, we examined retinal responses of mice with faster than normal
rod phototransduction deactivation. 4-fold overexpression of the RGS9 complex (RGS9-0x)
has little effect on the amplitude of the single photon response, but accelerates recovery and
shortens the integration time of the flash response by speeding G-protein deactivation
(Krispel et al., 2006; Gross and Burns, 2010). Using ERG and whole-cell recordings, we
show that speeding rod deactivation decreases steady-state rod responses to continuous light
but improves transmission of high-frequency information to second-order neurons, including
both rod bipolar and OFF-bipolar cells. This indicates that slow rod recovery normally limits
signaling across the first retinal synapse, sacrificing temporal responsiveness for greater
overall sensitivity in ambient light.

2. Materials & Methods

All mice were cared for and handled with approval of UC Davis Institutional Animal Care
and Use Committee and in accordance with NIH Guidelines. Mice were reared in 12h/12h
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cyclic light and dark-adapted overnight prior to an experiment. All mice were between five
and eleven weeks of age at the time of recording. RGS9-overexpressing mice were those
described previously (Krispel et al., 2006), in which overexpression of a transgene encoding
RIAP is driven by the rhodopsin promoter, resulting in over-expression of the entire RGS9
complex selectively in rods. The line used in this study corresponds to Line 2, which shows
4-fold RGS9 complex overexpression (Krispel et al., 2006). Control animals consisted of
both wild-type (c57BI6/J, Jackson Labs) and transgene-negative littermates.

2.2 Suction Electrode Recording

Under infrared light, mice were sacrificed by CO, narcosis and decapitation, and the retinas
removed and stored in L-15 media supplemented with 10 mM dextrose on ice. Suction
electrode recordings were performed at 34—-36°C in bicarbonate-buffered Locke’s as
previously described (Krispel et al., 2006). While Ames medium was used for whole-cell
recording to preserve inner retina health, rod response kinetics in Ames are considerably
slower than when recorded in Locke’s (Gross and Burns, 2010; Azevedo and Rieke, 2011).
Locke’s was therefore selected to be most conservative in assessing the impact of accelerate
rod recovery of RGS9-ox rods.

Current responses were sampled at 200 Hz and low-pass filtered with an 8-pole Bessel filter
set to a corner frequency of 30 Hz. The degree of dark current suppression by a given
background intensity (2.9 to 6,100 R* s™1) was measured by delivering a saturating flash
(940 R* s71) after the onset of the steady light and comparing the amplitude of the evoked
response to the amplitude of a saturating flash response in darkness. For flicker experiments,
rods were stimulated with a square wave stimulus (100% contrast, 500 nm, 10 nm FWHM)
with varied frequency (1-20 Hz). Wild-type and RGS9-0x rods were presented with mean
flicker intensities of 180 and 430 R* s71, respectively.

2.3 Corneal Electroretinography (ERG)

Dark-adapted mice were set up for recording under very dim red light, anesthetized using
0.8-5% isoflurane (1 L/min), and maintained on a heated pad to help to regulate body
temperature. Pupils were dilated with tropicamide, and a silver-wire loop electrode coated
with methylcellulose solution was placed in electrical contact with the corneal surface. A
subcutaneous electrode placed at the forehead served as reference. Differential signals were
amplified and low-pass filtered at 1 kHz using a BMA-200 AC/DC Bioamplifier (CWE
Incorporated). To determine the average degree of rod dark current suppression by a steady
light, a saturating white xenon flash (L10211-04-04; Hamamatsu) was delivered on steady
backgrounds produced by a high-power 500-nm LED (Thor Labs). The maximal a-wave
amplitude on the background was then compared to the maximal a-wave amplitude in
darkness. RGS9-overexpressing mice required a 2.6-fold brighter steady light to achieve the
same steady-state level of a-wave amplitude suppression as wild-type mice. This was similar
to the 2.3-fold intensity difference required while recording from individual rods (see
Results).

Mice were presented with a sinusoidal stimulus (40% contrast) generated by a high-power
500-nm LED at varied intensities and frequencies (1-20 Hz). During a recording session,
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each frequency and intensity was repeated a total of five times and those responses lacking
significant electrical artifacts were subject to further analysis. ERG flicker responses were
binned according to the degree of a-wave suppression at each mean flicker intensity (10%,
30%, 60% =+ 5%) for subsequent Fourier analysis and averaging.

2.4 Whole-Cell Recording

Dark-adapted animals were sacrificed by cervical dislocation and decapitation, and eyecups
with associated retinas were stored in the dark at 32°C in bicarbonate-buffered Ames
medium (A1420, Sigma) equilibrated with 5% CO»/95% O,. Each retina was hemisected,
then separated from the posterior pole and embedded in low-melting point agarose (A0701,
Sigma). After solidifying, the agar block was cut into 200 um slices using a vibrating
microtome (Leica VT100S).

Methods and solutions for whole-cell recording were as described previously (Arman and
Sampath, 2010). The internal solution contained (in mM): 125 K-aspartate, 10 KCI, 10
HEPES, 10 EGTA, 0.1 CaCl,, 1 MgATP, 0.2 NagGTP, and 0.1 Alexa-488 (A10436, Life
Technologies). All chemicals were purchased from Sigma (St. Louis, MO) unless otherwise
indicated. For 7 of 14 OFF-bipolar cells, EGTA and CaCl, were substituted with (in mM) 5
EDTA and 0.5 CaCl,. No significant difference between these two populations was
observed as measured by peak current response (p = 0.63), peak voltage response (p = 0.44),
resting potential (p = 0.18), or response latency (p = 0.58), so the populations were pooled
during subsequent analysis.

The liquid junction potential between the internal solution and bicarbonate-buffered Ames
(95% O,, 5% CO,) was measured via an agar salt bridge (4% agarose in 3 M KCI) at 37°C
and found to be 5.7 + 0.1 mV (n=3). This inherent offset was not taken into account during
voltage-clamp experiments, but was used to correct the reported average resting potential
values (Table 1).

Light-evoked current responses from rod bipolar, OFF-bipolar, and horizontal cells were
recorded in voltage-clamp (Vhoiging = ~60mV) and current-clamp modes (Inoiding = 0 PA) in
Ames medium bubbled with 95% O,/5% CO, and warmed to 35-37°C. Flashes and
sinusoidal flickering stimuli were presented at varied intensities and frequencies (100%
contrast, 5-50 R* rod~1 s71, 1-20 Hz) using a band-pass filtered LED (Thor Labs; 500 nm,
10 nm FWHM). Rundown occurred in the majority of DBCrs and only those cells with a 15
pA or 5 mV maximal response were subject to further analysis. Latency was calculated as
the time from the onset of a saturating flash (40 R* rod~1 flash) to the time to reach half the
maximal response amplitude during voltage-clamp recording.

Following recording, a subset of slices were fixed in 4% paraformaldehyde/PBS for 5-10
minutes at room temperature. Slices were blocked in 5% donkey serum for 1-2 hours and
incubated overnight at 4°C in a solution containing 1X PBS, 0.5% BSA, 0.5% Triton X-100,
and a 1:500 dilution of primary antibodies. Primary antibodies included: rabbit anti-Alexa
Fluor 488 (A11094, Invitrogen) and mouse anti-calretinin (MAB1568, Millipore). After
rinsing with PBS three times for five minutes each, the slices were incubated with secondary
antibodies (dilution = 1:300). Secondary antibodies included: donkey anti-rabbit 488
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(A21206, Invitrogen) and donkey anti-mouse 594 (A21203, Invitrogen). All DBCgs had
deep and confined axonal branching consistent with rod bipolar cells (Strettoi et al., 2010).
OFF-bipolar (all subtypes were considered) and horizontal cells were identified based upon
cell body location, axon terminal location, and the polarity of their electrical responses.

2.5 Light Calibrations

2.6 Analysis

3. Results

For suction electrode recordings, light from a tungsten-halogen bulb was attenuated with
calibrated neutral density filters and band-pass filtered at either 500 nm or 520 nm (10 nm
FWHM). Lamp power was determined using a calibrated silicon photodiode (UDT
Instruments, Baltimore, MD) and converted into photon flux. A stepper motor controlled the
shutter at frequencies specified by a command voltage output driven by custom written
acquisition software in Igor Pro, and the duration and frequency of flicker confirmed by a
photodiode mounted in the light path. For whole-cell recording, a 500 nm band-pass filtered
(10 nm FWHM) high-power Luxeon white light-emitting diode (Thor Labs, Newton, NJ)
was driven by a custom-made constant-current generator. The linearity of the output
intensity (R2 > 0.99) and frequency response of the LED was confirmed using a calibrated
photodiode (UDT Instruments, Baltimore, MD). Light intensities were converted into the
number of activated rhodopsins per rod per second (R* rod=! s71) by multiplying the photon
flux (photons pm=2 s™1) by the effective collecting area of rods (0.5 pm?; Field and Rieke,
2002).

For ERG recordings, retinal illumination was likely non-homogeneous and therefore
accurate calibration was very difficult. The average degree of rod activation was estimated
empirically by measuring the degree of a-wave suppression at different mean flicker
intensities and using this percent suppression to average results across animals.

The discrete Fourier transform (lIgor Pro, Wavemetrics) was used to compute a magnitude
spectrum for flicker responses collected between 2-5 seconds from stimulus onset. The
fundamental magnitude at the stimulus frequency was divided by the maximal response
amplitude to yield the normalized fundamental magnitude (NFM). Maximal responses could
not be obtained from horizontal cells, which did not saturate even at very high intensities,
presumably due to the contribution of cones; these cells were instead hormalized using the
amplitude obtained by a 40 R* rod~ flash. NFMs across cells at a given frequency and
intensity were then averaged. For the ERG analysis, the NFM was determined for each
repetition, and the normalized fundamental magnitudes were then averaged for each
recording session and then across animals. Statistical significance as reported in the figures
and Results was calculated using Student’s t-test (two-tailed assuming equal variances;
Microsoft Excel).

3.1 Overexpressing the RGS9 complex in rods improves the rods’ response to flicker

Because steady illumination induces several mechanisms of adaptation that decrease
sensitivity and accelerate the kinetics of rod responses (Pugh et al., 1999; Fain et al., 2001),
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we first needed to determine the intensity that would equally stimulate wild-type and RGS9-
ox rods. Using suction electrodes, we recorded the responses of wild-type (WT) and RGS9-
ox rods to steady light of varying intensities (Figure 1A). At each given light intensity, the
steady-state responses of RGS9-ox rods were smaller than those of WT rods, due to faster
than normal G-protein deactivation and thus lower steady-state levels of phosphodiesterase
(PDE) activation. As a result, the steady-state response-intensity relationship for RGS9-o0x
rods was shifted to the right of that of WT rods (Figure 1B). On average, a 2.3-fold brighter
intensity was needed to elicit a half-maximal response in RGS9-ox rods, consistent with the
roughly 2-fold shorter integration time of RGS9-ox dim flash responses (Gross and Burns,
2010). Thus, in order for WT and RGS9-0x rods to have equivalent levels of intracellular
calcium with comparable calcium-dependent adaptation mechanisms engaged, RGS9-0x
rods require a 2-fold brighter intensity than WT rods (referred to hereafter as an equivalent
intensity).

To assess the abilities of rods to signal changes in illumination, we presented flickering light
(100% contrast, 1-20 Hz) at intensities producing comparable dark current suppression in
WT and RGS9-o0x rods, and recorded the resulting changes in outer segment currents
(Figure 1C). Fourier analysis was used to extract the magnitude of the response fluctuations
at each stimulus frequency (Figure 1D). At low frequencies of flicker (1-8 Hz) about a mean
intensity of 180-430 R* s~ (39% dark current suppression), RGS9-ox rods showed greater
amplitude current modulation than WT rods (Figure 1C-D; p = 0.00038, 0.00039, 0.011,
and 0.021 for 1, 3, 5, and 8 Hz, respectively), with the greatest difference apparent at 3 Hz.
At higher frequencies (10-15 Hz), the current modulation magnitudes of the two populations
became indistinguishable (Figure 1C-D; p > 0.05).

These results show that speeding the rate-limiting step for rod recovery improves the ability
of the outer segment to signal fluctuations in light intensity. If the kinetics of the rod outer
segment photoresponse limits the temporal resolution of the visual system under scotopic
conditions, the improved ability to follow flicker in the RGS9-0x rod should be successfully
transmitted across the first retinal synapse. We therefore turned to electroretinography as a
first step in evaluating the consequences of faster rod responses on retinal circuit function.

3.2 Improved ERG flicker response in RGS9-ox retinas

Electroretinography (ERG) measures light-evoked changes in electrical potential across the
retina in vivo. Under scotopic conditions, these voltage changes are dominated by the
summed responses of bipolar cells (Stockton and Slaughter, 1989; Abd-El-Barr et al., 2009).
To examine the consequences of greater rod flicker modulation on the corneal ERG, a
sinusoidally modulating stimulus (40% contrast) was presented at light intensities producing
equivalent rod steady-state activation, as measured by the fractional suppression of the a-
wave component of the ERG (see Materials & Methods; Pugh Jr et al., 1998). At light
intensities suppressing 8.6% of the maximal rod a-wave, the amplitude of the voltage
modulations were largest for low frequencies and fell as the frequency increased (Figure
2A), similar to the behavior observed in individual rods. At this dim light intensity
(estimated from Figure 1B to be an equivalent intensity of ~10-20 R* rod~1 s71), ERGs of
RGS9-0x mice showed greater voltage modulation than WT mice at 5 Hz (p = 0.024; Figure
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2B). At higher light intensities that suppressed 30.5% of the maximal a-wave (~50-150 R*
rod~1 s71; Figure 1B), the overall degree of modulation observed in both the WT and RGS9-
ox ERGs increased (Figure 2B), with the RGS9-ox magnitudes far exceeding those of WT
mice from 5-15 Hz (p = 0.035, 0.021, 0.012, and 0.0010 for 5, 8, 10, and 15 Hz,
respectively). As the intensity increased further (64% a-wave suppression or ~400-800 R*
rod~1 s71; Figure 2C), the magnitude of the fluctuations decreased and the difference
between the RGS9-ox and WT mice disappeared presumably because rods, the only cell
type overexpressing RGS9, were approaching saturation. Furthermore, cones begin
responding to light at ~100 R* rod=1 s™1 (Naarendorp et al., 2010) and complicate
comparisons between the two mouse lines as photopic conditions are approached.

These results suggest that acceleration of rod photoresponse recovery improves the ability of
rods to signal rapid changes in intensity to the rest of the retina, and show that this ability
depends strongly on light intensity. Because of the relative insensitivity of the ERG
recordings to very dim intensities, and because the moderate and higher light intensities used
here likely also produced concurrent cone activation that could reduce apparent differences
between RGS9-ox and WT mice, we next performed whole-cell recording from acute retinal
slices to further investigate the impact of accelerated rod recovery on rod-driven retinal
neurons.

3.3 OFF-bipolar, rod bipolar, and horizontal cells signal higher frequency flicker in RGS9-

ox retinas

Hyperpolarizing, or OFF-, bipolar cells display faster response kinetics than depolarizing, or
ON-, bipolar cells (Li et al., 2010; Burkhardt, 2011) due to differences in both glutamate
receptor type (Kim and Miller, 1993; Nakanishi, 1994; Gerber, 2003) and synaptic
morphology (DeVries et al., 2006). Although direct chemical synapses between rods and
HBCs are relatively infrequent (Tsukamoto et al., 2001), the faster response kinetics of
HBCs persist regardless of whether driven by rod or cone input (Li et al., 2010). Thus,
HBCs in principle should be best suited to faithfully follow the faster responses observed in
RGS9-overexpressing rods. We therefore recorded flicker responses from individual
voltage-clamped HBCs that were presented with a sinusoidal stimulus (100% contrast, 1-20
Hz) with average intensities between 5-50 R* rod~1 s71 (Figure 3). At the dimmest light
intensity, HBC responses of WT retinas showed greatest modulation in response to low
frequency flicker, the magnitude of which decreased sharply at frequencies higher than 5 Hz
(Figure 3A). At equivalent low levels of rod activation (WT, 5 R* rod~1 s71; RGS9-0x, 10
R* rod~1 s71), the HBCs of RGS9-0x retinas displayed higher magnitude modulation than
those of WT retinas at 8 and 10 Hz (p = 0.034 and 0.031, respectively). At 5-fold brighter
light intensities (Figure 3B; WT, 25 R* rod~1 s71; RGS9-0x, 50 R* rod~1 s71), the
magnitude of the fluctuations increased in both lines of mice, but HBCs of the RGS9-
overexpressor again showed greater magnitude modulation, which reached statistical
significance at 8 Hz (p = 0.035).

We also recorded from HBCs in voltage-following (current-clamp) mode, which allows for
participation of voltage-sensitive currents. Overall, the magnitude of the HBC flicker
responses in current clamp were larger in both WT and RGS9-o0x retinas, suggesting that
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voltage-sensitive currents amplify signaling. Although the differences between the WT and
RGS9-ox retinas were smaller, the HBCs of the RGS9-o0x retina continued to outperform
those of the WT retina between 5 and 10 Hz (p = 0.013-0.042). Together, these results show
that rod signaling to HBCs is indeed limited by slow rod recovery.

This finding then led us to ask whether depolarizing rod bipolar cells, which are thought to
be specialized for single photon detection at the expense of temporal performance (Field and
Rieke, 2002), might also show improved flicker modulation at dim light intensities. At the
dimmest equivalent intensities (WT, 5 R* rod™! s71; RGS9-0x, 10 R* rod~! s71), DBCgs
were broadly tuned, displaying a gradual decrease in modulation amplitude as the flicker
frequency increased (Figure 4A). Surprisingly, DBCRs in the RGS9-ox background
displayed a greater ability to follow flicker (reaching statistical significance for 8 Hz, p =
0.034) even at these modest intensities. With a 5-fold brighter stimulus, the magnitude of the
responses increased dramatically and the flicker responses became more low-pass in nature,
falling off steeply at frequencies above 8 Hz (Figure 4B); this is consistent with previous
reports for rod-driven visually-guided behavior in mice (Umino et al., 2008; Umino et al.,
2012). At this intensity, DBCRgs in the RGS9-ox background better followed flicker at both 5
and 8 Hz (p = 0.00040 and 0.011, respectively) and when voltage-sensitive conductances
were freely allowed to change, the differences became even more evident (5, 8, 10 Hz; p =
0.0021, 0.0017, and 0.022, respectively).

The improvement in the temporal responsivity of bipolar cells in the RGS9-ox retina
demonstrates that under normal physiological conditions, slow rod recovery limits the
ability to convey rapid changes in illumination to these cells. In addition to rod bipolar cells,
rods form invaginating synapses with horizontal cells, which play a critical role in
establishing surround inhibition (Wassle, 2004), and shape the responses of both rods and
cones (Thoreson et al., 2008; Trumpler et al., 2008). Similar to what had been observed in
both sets of bipolar recordings, horizontal flicker responses fell in magnitude at higher
frequencies, which became more pronounced at brighter intensities (Figure 5). Horizontal
cells of RGS9-o0x retinas showed greater amplitude modulation at low frequencies (1-8 Hz)
under both voltage-clamp and current-clamp conditions, and at both equivalent light
intensities. Interestingly, the contribution of voltage-sensitive conductances to the horizontal
cell flicker responses was negligible: the magnitudes of the fluctuations between current-
and voltage-clamp conditions were comparable in both WT and RGS9-ox backgrounds
(Figure 5).

4. Discussion

It has been known for nearly a century that the temporal resolution of the mammalian visual
system improves dramatically as light intensity increases (Hecht and Shlaer, 1936), but the
underlying cellular or circuit mechanisms that achieve this improvement or that limit
temporal resolution have not been determined. Here we show that speeding up the
phototransduction deactivation of rods improves the ability of rods, bipolar cells, and
horizontal cells to signal flicker. Thus, rod recovery limits the rate at which increments and
decrements of light intensity are transmitted to rod-driven bipolar cells in normal retinas.
This supports the view that the limited temporal resolution of the visual system in dim light
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may originate from the slow signaling within the rod outer segments themselves, rather than
from voltage-sensitive channels or synaptic mechanisms.

4.1 Rod deactivation limits the rate of signal transduction across the first retinal synapse

Previous studies have demonstrated that the recovery phase of the rod photoresponse does
not participate in shaping bipolar cell responses to dim flashes of light. For instance, rod
outer segment current responses reach their peak in approximately 125 ms, a time at which
the electrical responses of rod bipolar cells have nearly concluded (Armstrong-Gold and
Rieke, 2003; Sampath et al., 2005). However, here we demonstrate that when signaling
increments and decrements from a mean light intensity, deactivation of the G-protein,
transducin, limits both the ability of a rod to encode these stimuli (Figure 1) and its ability to
signal across the first retinal synapse (Figures 2-5).

Rods display bandpass filtering of visual signals (Detwiler et al., 1978; Owen and Torre,
1983; Baylor et al., 1984) resulting, in part, from the attenuation of low frequency signals by
hyperpolarization-activated cyclic nucleotide-gated (HCNZ1) channels (Owen and Torre,
1983; Barrow and Wu, 2009; Della Santina et al., 2012). The roll-off observed at
frequencies above 4 Hz is consistent with the wild type rod’s dominant time constant of
recovery (tp = 246 ms; Krispel et al., 2006) and here we provide direct evidence that this
attenuation of high frequency stimuli is the result of slow deactivation of the
phototransduction cascade (Figure 1D). The three-fold acceleration in rod recovery in
RGS9-ox rods (tp = 80 ms; Krispel et al., 2006) accounts for the larger flicker amplitudes
observed below 10 Hz, while at higher frequencies, the RGS9-ox rod flicker responses
become largely indistinguishable from wild type.

OFF-bipolar and horizontal cells display significantly shorter response latencies than
depolarizing bipolar cells in salamander retinas (Burkhardt et al., 2007), and indeed that was
also the case in our recordings from the mouse retina (Table 1). This presumably arises due
to differences in synaptic machinery (Kim and Miller, 1993; Nakanishi, 1994; Gerber, 2003)
and rod signaling pathways, which were not distinguished here. Rod signaling through the
primary pathway to rod bipolar cells demonstrates exquisite sensitivity but is commonly
thought to display limited temporal performance (Stockman et al., 1991; Sampath, 2014). It
is therefore all the more surprising that, rather than being limited by a slow postsynaptic
mechanism such as bipolar cascade deactivation by RGS7/RGS11 (Cao et al., 2012), the
temporal responsiveness of rod bipolar cells is limited instead by rod photoresponse
recovery.

Recently, the impact of rod recovery on the temporal resolution of mouse vision was
assessed by ERG and the oculomotor response assay (Umino et al., 2012) by comparing
normal mice to those with faster (RGS9-o0x) rod recovery. Under single photon counting
conditions (~0.4 R* rod~1 s71), WT and RGS9-ox mice displayed no difference in their
responses to flicker measured by ERG or behaviorally. At this very dim light intensity, each
rod transmits a sparse series of single photon responses, rather than reporting changes in
luminance about a mean level. Given the limited role of rod recovery in signaling flashes to
bipolar cells, it is unsurprising that overexpression of RGS9 does not significantly impact
the temporal resolution of the visual system at these intensities. However, as we have shown
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here, rod recovery plays a significant role at brighter intensities (> 5 R* rod™ s71) both in its
ability to encode rapidly changing intensities and to signal to second-order neurons.

When making comparisons between wild-type and RGS9-ox retinas, it was important to
select mean light intensities producing equivalent steady-state rod activation, which strongly
affects the noise, dynamic range, and kinetics of rod responses. For instance, in steady light,
the flash responses of rods become smaller and faster, primarily as a consequence of reduced
intracellular calcium (Fain et al., 2001). To ensure that differing light-adapted states did not
affect our comparisons between the two lines of mice, we needed to compensate for the
faster G-protein deactivation in RGS9-ox rods by selecting intensities producing equivalent
steady-state levels of phosphodiesterase (PDE) activity, equivalent changes in calcium and
cGMP levels, and thus equivalent dark current suppression. Given that stimulus intensity
can influence noise fluctuations in rod responses, we confirmed that the variance of a subset
of DBCR responses were similar between WT and RGS9-o0x retinas stimulated at equivalent
intensities (p = 0.29 and 0.64 at the dim and bright intensities, respectively). Therefore,
stimulating at equivalent intensities results in both comparable intracellular calcium levels
and noise fluctuations, which allows for comparison of temporal properties between RGS9-
ox and WT retinas.

Retinal flicker responses are also shaped by voltage-dependent currents (Tanimoto et al.,
2012). Bipolar responses at most frequencies increased during current-clamp recording
(Figures 3-4, 6), suggesting that additional voltage-activated currents help to shape the
bipolar cells’ temporal response properties. While the specific sources of these currents are
beyond the scope of this study, determining the identities of these channels and their
distributions among various bipolar cell subtypes in the future will help to reveal the
mechanisms that shape the temporal response properties of parallel rod pathways within the
retina.

4.2 Rod-driven responses in rod bipolar and OFF-bipolar cells have distinct temporal
response properties

The parallel ON- and OFF- visual pathways of the retina convey responses of opposite
polarities to the cortex. Asymmetries between these pathways have frequently been reported
in ganglion cells, though how they arise is not fully understood (Schiller, 2010). Here we
report the first direct comparison of mammalian OFF- and rod bipolar cell responses to
flicker. At mean intensities as low as 5 R* rod™1 s™1, OFF-bipolar cells display greater
changes in membrane current than rod bipolar cells, even at low stimulus frequencies
(Figure 6A). Given that rod bipolar cells are known for exquisite sensitivity (Sampath,
2014), it was surprising that OFF-bipolar cells were better able to follow flicker at such dim
intensities. At 5-fold brighter intensities, rod bipolar cells respond with greater current and
voltage modulation at low frequencies while OFF-bipolar cells perform better at frequencies
above 8 Hz (Figure 6B). Unlike DBCRrs, HBCs receive input via multiple pathways that also
display differing temporal properties (Stockman et al., 1991), though little is known
mechanistically about the identities and relative strengths of these inputs. While the specific
pathways by which HBCs received rod input were not investigated here, the improved
temporal performance of HBCs over DBCs may result, in part, from a difference in temporal
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properties of these input pathways. This greater ability of OFF-bipolar cells to convey rapid
flicker is qualitatively similar to photopic bipolar recordings in salamander (Burkhardt et al.,
2007) and suggests that the different temporal properties of ON- and OFF-ganglion cells
observed in mice (Pandarinath et al., 2010) could arise at the level of the bipolar cells.

In response to both photopic flicker (Burkhardt et al., 2007) and sinusoidal variation of rod
voltage (Armstrong-Gold and Rieke, 2003), horizontal cells display larger amplitude
fluctuations than both classes of bipolar cells in salamanders. At the scotopic intensities
tested here, however, they responded with smaller amplitudes than rod bipolar and OFF-
bipolar cells (Figure 6). Previous studies have shown that rods stimulate somatic light-
responses in horizontal cells by signaling across photoreceptor gap junctions to cone
pedicles, which in turn synapse with horizontal cells (Peichl and Gonzalez-Soriano, 1994;
Thoreson et al., 2008; Trumpler et al., 2008). Given the relative insensitivity of rod signaling
to bipolar cells via this pathway (Sharpe and Stockman, 1999; Abd-EI-Barr et al., 2009), this
might account for the diminished temporal performance of horizontal cells at the stimulus
intensities investigated here.

Under photopic conditions, the transfer function of salamander ON-bipolar cells is that of a
bandpass filter with peak responses observed between 2—-3 Hz (Burkhardt et al., 2007). This
has also been observed indirectly in rod bipolar cells of mouse at mean intensities as low as
300 R* rod™1 s71 (Ke et al., 2014). Our recordings from rod bipolar cells, which were
performed at considerably lower intensities, did not display a decreased ability to follow low
frequency stimuli, suggesting that this high-pass filtering might only arise at intensities
above 25 R* rod™1s71,

4.3 Conclusions

Rods are capable of signaling at light intensities varying over five orders of magnitude
(Naarendorp et al., 2010) and the impact of their recovery kinetics on vision changes with
intensity. In dim, steady light near visual threshold, rods serve as single-photon detectors
and transmit individual photoresponses to downstream bipolar cells. When signaling a
sparse sequence of single photons, the amplitude of the responses, rather than their recovery,
dictates transmission across the non-linear threshold to rod bipolar cells (Field and Rieke,
2002; Armstrong-Gold and Rieke, 2003). At brighter intensities (> 5 R* rod™1 s™1) when
rods convey increments and decrements from a mean level of phototransduction activity, our
results show that the deactivation of the G-protein cascade limits the rods’ ability to signal
across the first retinal synapse. This indicates that the slow rod primary pathway is
principally limited by rod recovery, rather than a postsynaptic mechanism (Sharpe and
Stockman, 1999). With increasing intensity, light adaptation decreases rod sensitivity and
accelerates rod response kinetics, presumably permitting rod signaling pathways to convey
faster temporal stimuli. This fall in sensitivity is critical in extending the intensities over
which rods can signal, but occurs at intensities significantly above visual threshold.
Although speeding the integration time of the rod response ~2-fold due to RGS9-
overexpression can improve the temporal responsiveness of the rod bipolar pathway 2-fold
(Figure 4B), this also results in a 2-fold reduction in rod sensitivity (Figure 1). Thus it seems
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that rods have opted to maintain their exquisite sensitivity at the expense of an improvement
in the rate of signal transduction across the first retinal synapse.
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RGS9 regulator of G protein signaling-9

RGS9-0x RGS9-overexpressing

ERG electroretinogram

CFF critical fusion frequency

DBCgr rod bipolar cell

HBC hyperpolarizing bipolar cell

NFM normalized fundamental magnitude

WT wild-type

PDE phosphodiesterase

HCN hyperpolarization-activated cyclic nucleotide-gated
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Figure 1. Current responses of WT and RGS9-ox rods to flickering stimuli
A: Representative responses of a WT rod (black) and an RGS9-ox rod (red) to steps of light.

A saturating flash (940 R* flash~1) was presented before and during each step to measure
the remaining dark current.

B: Fraction of dark current suppressed as a function of intensity for a population of WT
(black, n=4) and RGS9-ox (red, n=7) rods. Error bars represent SEM. Curves are Michaelis
functions with half-saturating intensity values of 182 and 418 R* s~1 for WT and RGS9-ox
rods, respectively.

C: Representative flicker responses of a WT rod (black) and an RGS9-ox rod (red). Mean
intensities were 180 and 430 R* s™1 for WT and RGS9-o0x, respectively.

D: Population average magnitude spectra at each test frequency for WT (black, n=7) and
RGS9-o0x (red, n=8) rods. A statistically significant difference was observed from 1-8 and
20 Hz (p = 0.00038, 0.00039, 0.011, 0.021, and 0.041, respectively). Throughout, error bars
represent SEM. NFM: normalized fundamental magnitude. *p < 0.05
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Figure 2. ERG flicker responses of WT and RGS9-ox mice
A-C (left): Representative corneal ERGs of WT (black) and RGS9-o0x (red) mice in

response to a 5 Hz flickering stimulus (500 nm, 40% contrast) at three intensities generating
equivalent levels of rod activation, as measured by a-wave amplitude suppression. Each
trace is the average of three recordings.

A-C (right): Population average magnitude spectra of ERGs at each fundamental test
frequency, normalized by the maximal flash b-wave amplitudes. Each data point reflects
between 2 and 6 determinations from a total of 12 RGS9-ox mice and 9 WT mice. A
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statistically significant difference was observed at 5 Hz for the lowest intensity (A: p =
0.024) and from 5-15 Hz at the intermediate intensity (B: p = 0.035, 0.021, 0.012, and
0.0010, respectively). Error bars represent SEM. NFM: normalized fundamental magnitude.
*p <0.05
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Figure 3. Responses of rod-driven HBCs to flicker
Representative light-evoked current (left) and voltage (right) responses from two

hyperpolarizing bipolar cells (red: RGS9-ox background; black: WT) to flicker (100%
contrast; 5 Hz). WT and RGS9-ox slices were stimulated at intensities generating equivalent
rod suppression (A: 5 and 10 R* rod™1 s71; B: 25 and 50 R* rod~1 s71). Population average
magnitude spectra are plotted below each sample trace for each condition. Each data point
reflects between 2 and 7 determinations from a total of 8 RGS9-ox and 6 WT HBCs. A
statistically significant difference was observed at 5, 8, and 10 Hz (A, left: p = 0.034 and
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0.031; A, right: p =0.017 and 0.039; B, left: p = 0.035; B, right: p = 0.042, 0.013, and
0.017). Error bars represent SEM. NFM: normalized fundamental magnitude. *p < 0.05
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Figure 4. Responses of rod-driven DBCRs to flickering stimuli
Representative light-evoked current (left) and voltage (right) responses from two rod bipolar

cells (red: RGS9-ox background; black: WT) to flickering (100% contrast, 5 Hz). WT and
RGS9-o0x slices were stimulated at intensities generating equivalent rod suppression (A: 5
and 10 R* rod~1 s71; B: 25 and 50 R* rod~! s™1). Population average magnitude spectra are
plotted below each sample trace for each condition. Each data point reflects between 3 and
15 determinations from a total of 7 RGS9-ox and 19 WT DBCgs. A statistically significant
difference was observed at 5 or 8 Hz at the lowest equivalent intensity (A, left: p =0.034; A,
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right: p = 0.049) and between 5-10 Hz at the brighter equivalent intensity (B, left: p =
0.00040 and 0.011; B, right: p = 0.0021, 0.0017, 0.022). Error bars represent SEM. NFM:
normalized fundamental magnitude. *p < 0.05
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Figure 5. Responses of rod-driven horizontal cells to flickering stimuli
Representative light-evoked current (left) and voltage (right) responses from two horizontal

cells (red: RGS9-o0x background; black: WT) to a flickering stimulus (100% contrast, 5 Hz).
WT and RGS9-o0x slices were stimulated at intensities generating equivalent rod activity (A:
5and 10 R* rod™1 s71; B: 25 and 50 R* rod~! s71). Population average magnitude spectra
are plotted below each sample trace for each condition. Each data point represents 3
determinations from 3 RGS9-ox and 3 WT horizontal cells. A statistically significant
difference was observed between 1-8 Hz at the lowest equivalent intensity (A, left: p
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=0.026; A, right: p = 0.0059, 0.0020, and 0.012) and between 1-5 Hz at the brighter
equivalent intensity (B, left: p = 0.016; B, right: p = 0.00041 and 0.021). Error bars represent
SEM. NFM: normalized fundamental magnitude. *p < 0.05
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::_i%ure 6. OFF-bipolar cells are more adept than rod bipolar cells at signaling flicker in very dim
ight

P?)pulation average magnitude spectra of current (left) and voltage (right) modulation at
each test frequency for WT rod bipolar (open black circles), hyperpolarizing bipolar cells
(closed black circles), and haorizontal cells (HCs; closed black diamonds) at two mean
stimulus intensities (A: 5 R* rod~1 s71; B: 25 R* rod~1 s71). Each data point reflects
between 2 and 15 determinations from a total of 19 DBCgs, 7 HBCs, and 3 HCs. Error bars
represent SEM. NFM: normalized fundamental magnitude.
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