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Abstract 30 

 The detection of temporal variations in amplitude of light intensity, or temporal contrast 31 

sensitivity (TCS), depends on the kinetics of rod photoresponse recovery. Uncharacteristically 32 

fast rod recovery kinetics are facets of both human patients and transgenic animal models with 33 

a P23H rhodopsin mutation, a prevalent cause of retinitis pigmentosa. Here, we show that mice 34 

with this mutation (RhoP23H/+) exhibit an age- and illumination-dependent enhancement in TCS 35 

compared to controls. At retinal illumination levels producing ≥1000 R*/rod/s or more, P30 36 

RhoP23H/+ mice exhibit a 1.2 to 2-fold increase in retinal and optomotor TCS relative to controls in 37 

response to flicker frequencies of 3, 6, and 12 Hz despite significant photoreceptor degeneration 38 

and loss of flash ERG b-wave amplitude. Surprisingly, the TCS of RhoP23H/+ mice further 39 

increases as degeneration advances. Enhanced TCS is also observed in a second model 40 

(rhodopsin heterozygous mice, Rho+/-) with fast rod recovery kinetics and no apparent retinal 41 

degeneration. In both mouse models, enhanced TCS is explained quantitatively by a 42 

comprehensive model that includes photoresponse recovery kinetics, density and collecting 43 

area of degenerating rods.  Measurement of TCS may be a non-invasive early diagnostic tool 44 

indicative of rod dysfunction in some forms of retinal degenerative disease. 45 

  46 
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Significance Statement 47 

Retinal degeneration in humans causes loss of retinal cells, loss of retinal function, and eventual 48 

blindness. Understanding the retinal and visual changes that occur early in retinal degenerative 49 

disease is critical for improving therapeutic strategies and treatment outcomes. We show here 50 

an enhanced ability to detect flickering lights that develops during early retinal degeneration in a 51 

mouse model of a human disease. This surprising gain-of-function was caused by a 52 

pathological acceleration of the temporal properties of rod photoresponses. In humans, 53 

advanced rod dysfunction is currently diagnosed using full-field ERG and perimetry. 54 

Measurement of retinal or visual sensitivity to flickering lights such as used here could prove 55 

useful as a rapid test for early rod dysfunction in retinal degeneration.  56 
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Introduction 57 

 Retinitis pigmentosa (RP) is an inherited retinal degenerative disease affecting ~1:4000 58 

people worldwide (Pagon, 1988; NEI: nei.nih.gov).  RP is characterized by progressive rod and 59 

cone photoreceptor degeneration resulting in gradual vision loss and eventual blindness. 60 

Clinical features and progression of RP are variable due to the large degree of genetic 61 

heterogeneity underlying the disease (reviewed in Hartong et al., 2006; Verbakel et al., 2018). A 62 

major cause of RP arises from mutations in rhodopsin (Athanasiou et al., 2018), the light 63 

sensitive protein in rod photoreceptors. The most prevalent is a proline to histidine substitution 64 

at position 23 (P23H), accounting for ~15% of autosomal dominant RP (adRP) cases in North 65 

America (Dryja et al., 1990; Sung et al., 1991).  66 

 The heterozygous P23H rhodopsin knock-in mouse (RhoP23H/+: Sakami et al., 2011) 67 

recapitulates key features of the adRP phenotype: slow, progressive loss of rod photoreceptors 68 

and scotopic flash ERG function followed by secondary loss of cone photoreceptors, and 69 

photopic flash ERG function (Sakami et al., 2011; Chiang et al., 2015). Even before major rod 70 

degeneration is apparent, the photoresponses of RhoP23H/+ rods exhibit uncharacteristically fast 71 

recovery kinetics (Sakami et al., 2014).  Such accelerated rod recovery kinetics have also been 72 

reported in human patients with adRP (Wen et al., 2011, 2012), and in other animal models with 73 

disease causing rhodopsin mutations: RhoP347L/S/+ pigs (Kraft et al., 2005), RhoG90D/+ mice 74 

(Sieving et al., 2001; Woodruff et al., 2007), RhoE150K mice (Zhang et al., 2013) and reduced 75 

rhodopsin expression: Rho+/- mice (Lem et al., 1999; Calvert et al., 2001). Yet, the impact that 76 

the acceleration of rod recovery kinetics has on visual performance during retinal degeneration 77 

has not been examined. 78 

 The ability to detect temporal variations in light, temporal contrast sensitivity (TCS), has 79 

been studied in mice at both the retinal and behavioral levels and is strongly dependent on the 80 
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response kinetics of rod photoreceptors (Umino et al., 2019). Deceleration of rod photoresponse 81 

kinetics by genetic elimination of RGS9 (Chen et al., 2000; Lyubarsky et al., 2001; Keresztes et 82 

al., 2004) leads to a profound loss in both retinal and behavioral TCS of mice (Umino et al., 83 

2012). Conversely, acceleration of the rod photoresponse kinetics by genetic overexpression of 84 

RGS9 (Krispel et al., 2006; Burns and Pugh, 2009; Chen et al., 2010; Chen et al., 2012) leads 85 

to a significant increase in retinal and behavioral TCS (Umino et al., 2019). The increase in TCS 86 

occurs only under mesopic light levels, where both rods and cones are active, but is absent at 87 

dim (scotopic) light levels (Umino et al., 2012; Peinado Allina et al., 2017; Umino et al., 2019). 88 

At mesopic light levels rods operate near their saturation limit with compressed response 89 

amplitudes (Umino et al., 2019). Acceleration of their response kinetics leads to shorter 90 

integration times (Krispel et al., 2006) and loss of sensitivity to steady background illumination 91 

(Fortenbach et al., 2015). This causes an increase in their response bandwidth, a shift in their 92 

compressive response attenuation, and thus the increase in TCS (Umino et al., 2019). Whether 93 

the link between photoresponse kinetics and TCS extends to mice with disease-causing 94 

rhodopsin mutations that speed up rod photoresponse kinetics is unknown.  95 

  Here, we investigated retinal and optomotor TCS in RhoP23H/+ mice, a knock-in model 96 

that exhibits progressive degeneration and accelerated rod recovery kinetics (Sakami et al., 97 

2011; Sakami et al., 2014). We used heterozygous (RhoP23H/+) rather than homozygous 98 

(RhoP23H/P23H) mice because (1) most human patients are heterozygous for this mutation and (2) 99 

RhoP23H/P23H mice exhibit very rapid retinal degeneration, unlike the RhoP23H/+ mice or humans 100 

with this form of RP (Sakami et al., 2011). To distinguish effects on TCS arising from 101 

degeneration or faster photoresponse kinetics, we also compared TCS in RhoP23H/+ mice with 102 

that of hemizygous Rho+/- mice which exhibit accelerated rod recovery kinetics but minimal 103 

retinal degeneration (Lem et al., 1999; Calvert et al., 2001). We measured retinal TCS using in 104 

vivo flicker ERGs (Krishna et al., 2002; Shirato et al., 2008; Umino et al., 2019), behavioral TCS 105 
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using optomotor assay (Prusky et al., 2004; Umino et al., 2008; Umino et al., 2012) and rod 106 

photoresponse kinetics using transretinal ERGs (Vinberg and Koskelainen, 2010). Despite 107 

ongoing degeneration, retinal and behavioral TCS of RhoP23H/+ mice were significantly enhanced 108 

compared to controls as late as postnatal day 90 (P90). In addition, Rho+/- mice exhibited 109 

enhanced TCS prior to significant retinal degeneration. In both mouse models, enhanced TCS is 110 

explained quantitatively by a comprehensive model that includes photoresponse recovery 111 

kinetics, density and collecting area of degenerating rods. Thus, altered photoresponse kinetics 112 

lead to an increase in TCS at mesopic light levels, establishing this paradigm for genetically 113 

modified mice, both benign and pathological. Together, our results suggest that measurement of 114 

TCS may be a useful, non-invasive diagnostic tool for diseases that lead to acceleration of rod 115 

photoresponse recovery kinetics. 116 

 117 

  118 
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Materials and methods 119 

Animals 120 

 The following strains of mice (male and female, 1-4 months old) were maintained on a 121 

C57BL/6J background (Jackson Laboratory): P23H rhodopsin knock-in (RhoP23H/+: Sakami et al., 122 

2011), rhodopsin hemizygote (Rho+/-: Lem et al., 1999), cone photoreceptor function loss 3 123 

(GNAT2cpfl3/cfpl3: Chang et al., 2006), and double mutant RhoP23H/+::GNAT2cpfl3/cpfl3 (crossed in our 124 

lab).  Littermate age-matched Rho+/+ and Rho+/+::GNAT2cpfl3/cpfl3 mice were used as controls.  125 

Mice were housed on a 14/10-h light/dark cycle and were provided food and water ad libitum.  126 

All experiments were performed during the day between Zeitgeber Times 2-10. All procedures 127 

were in compliance with both the Guide for the Care and Use of Laboratory Animals and the 128 

ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved 129 

by the Institutional Animal Care and Use Committee at [Author University]. 130 

Spectral Domain Optical Coherence Tomography (SD-OCT) imaging 131 

 Three-dimensional images of the retina were acquired using spectral domain optical 132 

coherence tomography (Envisu-R system: Bioptigen/Leica Microsystems) fitted with a mouse 133 

retina probe (50-degree field of view and 2.5 um lateral resolution).  Prior to the procedure, mice 134 

were anesthetized by intraperitoneal (IP) injection of a ketamine/xylazine mixture (90 mg/kg and 135 

9 mg/kg, respectively). Pupils were dilated with 1% tropicamide and corneas were kept moist 136 

with GenTeal lubricant eye gel.  Acquired mages were centered on the optic nerve, covering a 137 

retinal area of 1.4 x 1.4 mm2.  Radial volume scans (1000 A-scans/B-scan, 4 B-scans/volume, 138 

40 frames/B-scan) were performed to obtain high resolution images along both the Nasal-139 

Temporal and Dorsal-Ventral axis of the retina. For each image, frames were averaged, and 140 

horizontal and vertical scale bars were set using calipers in Bioptigen Porter Reader 2.2 141 
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software.  ImageJ software was used to measure the outer nuclear layer (ONL) thickness at 100 142 

m intervals starting at 200 m away from the center of the optic nerve head. 143 

In vivo Electroretinograms (ERGs) 144 

 In vivo ERGs were measured using a Ganzfeld ColorDome stimulator and Espion E2 145 

system (Diagnosys).  Mice were dark-adapted overnight, and all procedures were performed 146 

under dim red or infrared illumination.  Mice were anesthetized with a ketamine/xylazine mixture 147 

(90 mg/kg and 9 mg/kg, respectively) and pupils were dilated with 1% tropicamide. Mouse body 148 

temperature was held at 37 C using a heating pad. A reference electrode was placed in the 149 

mouth and an intradermal ground electrode was placed next to the tail. A drop of 2.5% 150 

hypromellose GONAK solution (AKORN) was applied to the eye. Recordings were performed 151 

with gold loop electrodes placed in contact with the cornea. Following setup, mice were dark-152 

adapted an additional 10 minutes prior the start of the recordings.  153 

 Scotopic (dark-adapted) flash ERG stimuli consisted of brief (4 ms duration) green (~530 154 

nm) flashes of variable intensity ranging from -5 to 2 log cd*s/m2. To minimize the effects of light 155 

adaptation, flashes were presented from dimmest to brightest and the time between flashes 156 

increased with intensity. The a-wave (measured from the baseline to the a-wave trough) and b-157 

wave (measured from the a-wave trough to the b-wave peak) response amplitudes were 158 

analyzed offline using Diagnosys software tools and plotted with SigmaPlot (Systat, Software 159 

Inc). Flicker ERGs were evoked by a green (~530nm) sinusoidal stimulus at varying levels of 160 

mean luminance (-2 to 2 log cd/m2), temporal frequency (1.5, 3, 6, 12, and 24Hz), and contrast 161 

(100%, 75%, 50%, 25%, and 0%). For each background intensity, the sequence began with a 3-162 

minute light-adaption period. This was followed by flicker stimulation at 100%, 75%, 50%, 25%, 163 

and 0% contrast at each temporal frequency. Each flicker trial was ~4 seconds in duration for 164 

1.5 Hz flicker stimulation and ~2 seconds in duration for 3, 6, 12, and 24 Hz flicker stimulation. 165 
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The response is an average of 30 trials at each condition.  Conversion from luminance to rate of 166 

rhodopsin excitation was performed by assuming that 1 (scot) cd/m2 generates 800 R*/rod/s and 167 

the pupil area was 4 mm2 (Lyubarsky et al., 2004; Umino et al., 2019). A Fourier transform 168 

analysis was performed to determine the fundamental magnitude (F0) of the response at each 169 

condition. Flicker ERG data was analyzed offline and plotted using SigmaPlot software.  170 

Determination of retinal temporal contrast sensitivity (retinal TCS) 171 

 To determine retinal TCS, we plotted the fundamental magnitude as a function of the 172 

percent contrast of the sinusoidal stimulus on a log-log axis.  Plots of fundamental magnitude vs 173 

flicker contrast of P30 Rho+/+ control and RhoP23H/+ mice were linear on a log-log axis and 174 

average slope values ranged between 1.35 and 1.75, commensurate with a mild expansion of 175 

the responses to high contrasts. Using these plots, we determined TCS as the inverse of the 176 

contrast necessary to reach a threshold level of 10 Vs. The contrast required to elicit this 177 

threshold magnitude is considered the threshold contrast. Retinal TCS is the inverse of this 178 

threshold contrast and was determined for each individual mouse at each temporal frequency. 179 

Retinal TCS was then plotted as a function of temporal frequency to obtain retinal TCS functions 180 

(eg. Figure 2D-G). All retinal TCS measurements were performed at a mean background 181 

illumination of 2 cd/m2 (~1250 R*/rod/s for control mice). 182 

Determination of optomotor temporal contrast sensitivity (optomotor TCS) 183 

 Visual acuity and optomotor contrast sensitivity of mice were determined by measuring 184 

their optomotor responses to a rotating sine wave grating stimulus using the OptoMotory© 185 

system (Prusky et al., 2004). The optomotor response is a reflexive head movement of mice 186 

tracking the direction of movement of the rotating stimulus. Mice were placed on a pedestal at 187 

the center of a testing chamber formed by four computer monitors which displayed the stimulus: 188 
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vertically oriented, sinusoidal patterned gratings rotating in a clockwise or counter-clockwise 189 

direction The observer was blinded to the genotype of the animal and the direction of the 190 

stimulus rotation and selected the direction of rotation based on the head movements of the 191 

mice, receiving auditory feedback indicating whether the selected direction was correct or 192 

incorrect. Trial durations were 5 seconds. A computer program controlled contrast of the 193 

stimulus following a staircase paradigm (Umino et al., 2006) that converged to a threshold value 194 

arbitrarily defined as 70% correct responses (Prusky et al., 2004).  195 

 Contrast sensitivity was defined as the reciprocal of the threshold contrast value. 196 

Contrast sensitivity was measured at temporal frequencies ranging from 0.4-12 Hz by varying 197 

the speed of rotation (0.5-48 degrees/s) at a constant spatial frequency of 0.236 cycles/degree. 198 

Sensitivity each mouse and each condition was the average of four independent trials. All 199 

measurements were performed at the unattenuated maximal luminance of the OptoMotry© 200 

system (~70 cd/m2 or equivalently, ~1500 R*/rod/s for control mice).  201 

Ex vivo Transretinal ERGs 202 

 Ex vivo ERGs (Vinberg et al., 2014) were performed using a commercially available 203 

ERG adapter/specimen holder (Xenotec Inc, Occuscience) connected to the Espion E2 system 204 

and ColorDome Ganzfeld stimulator (Diagnosys).  Ex vivo ERGs were performed as described 205 

previously (Vinberg et al., 2014; Vinberg and Kefalov, 2015).  Briefly, the specimen holder was 206 

prepared by filling the electrode channels with electrode solution (140 mM NaCl, 3.6 mM KCl, 207 

2.4 mM MgCl2, 1.2 mM CaCl2, 3 mM HEPES, 0.01 mM EDTA, adjusted to a pH of 7.4-7.5 using 208 

NaOH).  Mice were euthanized by cervical dislocation following an IP injection of a 209 

ketamine/xylazine solution (see above).  Eyes were enucleated and retinas were dissected in 210 

fresh retina perfusion solution consisting of bicarbonate-containing Ames’ solution (Ames’ media 211 

(Sigma Aldrich, A1420) and 1.9 g of NaHCO3 (Sigma Aldrich, S8875)) bubbled with 95% O2/5% 212 
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CO2 and warmed to 37  C. Dissected retinas with retinal pigment epithelium removed were 213 

mounted photoreceptor side up on the domes of the specimen holder. The specimen holder was 214 

placed inside the ColorDome Ganzfeld stimulator, the recording electrodes were connected, 215 

and the retinas were perfused with retina perfusion solution bubbled with 95% O2/5% CO2 and 216 

warmed to 37  C at a flow rate of ~1.2 mL/min.  To isolate photoreceptor responses, a mixture 217 

of blockers was added to the perfusion solution.  The mixture contained 50 M of DL-AP4, 20 218 

M of DNQX, and 100 M of BaCl2 per 100 mL of retina perfusion solution, to block 219 

postsynaptic ON bipolar cell, OFF bipolar cell, and glial responses, respectively (Vinberg et al., 220 

2014; Vinberg and Kefalov, 2015).  Recordings were started ~30 min after blockers were added.   221 

 The dominant time constant ( D) of the ex vivo ERG was determined as described 222 

previously (Vinberg and Koskelainen, 2010). A series of flashes of increasing intensity were 223 

presented in darkness (see Figure 7A-C). We measured the time it took for saturated 224 

photoresponses (dark traces in Figure 7A-C) to recover to a threshold value of ~60% (Tsat). Tsat 225 

was then plotted as a function of the natural logarithm of the flash intensity and the slope of this 226 

relationship reflects the D of the ex vivo ERG (Vinberg and Koskelainen, 2010).  227 

 The amplification factor (A) of the ex vivo ERG responses was determined by fitting the 228 

responses using a model (equation 1) as described by Lamb and Pugh, 1992. 229 

( ) =  ( − )                                         (1) 230 

where R(t) is the response at a given time (t), ϕ is the stimulus intensity in R*/rod, A is the 231 

amplification factor representing the gain of the phototransduction cascade, t is time, and teff is 232 

the sum of all delays in activation. Analysis was performed only for responses to dim flash 233 

responses up to ~100 R*/rod (Lamb and Pugh, 1992). Fits were performed at the early phase of 234 

the responses (t<75 ms, normalized amplitude < 0.2) and produced an R2>0.9 in all cases. 235 
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 To measure isolated photoreceptor responses to flicker, a 75% contrast sinusoidal 236 

flickering stimulus of increasing mean illumination (-2 to 0 log cd/m2) was then presented at 237 

flicker frequencies of 3, 6, and 12 Hz. Each flicker trial was 1.6 seconds in duration for 3 and 6 238 

Hz flicker stimulation and 0.8 seconds in duration for 12 Hz flicker stimulation. The response is 239 

an average of 30 trials for each condition. A Fourier transform analysis was performed to 240 

determine the fundamental magnitude (F0) of the response at each condition. Flicker ERG data 241 

was analyzed offline using SigmaPlot software. 242 

 We calibrated the stimuli of our ex vivo ERG system in terms of rates of 243 

photoisomerizations/rod/s following the procedure described by Vinberg et al. (2014). We found 244 

that, for control retinas, the sensitivities of normalized a- and b-wave dark adapted flash 245 

intensity-response functions measured ex vivo were ~7 times more sensitive compared to those 246 

measured with in vivo conditions. Thus, for a given luminance value, the equivalent rate of 247 

photoisomerizations/rod/s for the ex vivo ERGs is estimated as the product of the conversion 248 

factor (7x) multiplied by the number of in vivo photoisomerizations/rod/s at that luminance. As 249 

described above, the in vivo rate for control retinas was estimated as per Lyubarsky et al. 250 

(2004), assuming an end-on rod collecting area = 1 m2 and expressed in terms of R*/rod/s in all 251 

plots. 252 

Estimation of the steady state circulating current suppression 253 

 A saturating flash ERG protocol, similar to that described by (Lyubarsky et al., 1999), 254 

was used to estimate the steady state circulating current suppression of rod photoreceptors 255 

(Icirc). A series of in vivo flash ERG responses were obtained using a brief flash stimulus (4 ms 256 

duration, ~530 nm) of ~1776 cd*s/m2 (producing ~105 R*/rod/s, bright enough to elicit a 257 

saturating a-wave amplitude (Lyubarsky and Pugh, 1996)). The flash stimulus was presented 258 

first in dark-adapted conditions and then at increasing levels of mean background illumination (-259 
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2 to 2 log cd/m2). Increasing the background illumination reduces the circulating current and 260 

thus, the a-wave response to the saturating flash decreased in amplitude with increasing 261 

background illumination (Figure 8), reflecting a smaller reduction in circulating current by the 262 

flash.  To quantify the suppression of circulating current evoked by background illumination 263 

(Icirc), the following analysis was applied (Lyubarsky et al., 1999): 264 

Icirc= 1 – (R/Rdark)                              (2) 265 

Where R is the a-wave response to a saturating flash at a given background illumination level 266 

and Rdark is the a-wave response to a saturating flash in darkness.  This data was fit with a 267 

hyperbolic saturation function to determine the half-saturating intensity (I50CS) for each 268 

transgenic mouse line and respective controls (Figure 8).  269 

Model equations 270 

 A sinusoidally modulated flicker input is given by the following: 271 ( ) = [1 + ( )]   (3), 272 

where C is the modulation contrast, I is the mean retinal irradiance (in photons/rod/s) originating 273 

from a monochromatic green (530 nm) LED light source, w = 2 f0, is the flicker in radians and f0 274 

is the flicker frequency in Hz. The response recorded with the in vitro transretinal ERG was 275 

modeled in terms of a linear-non-linear system, where the flicker response is given by equation 276 

14 in Umino et al. (2019) and modified to account for differences in rod collecting areas and 277 

ONL thickness in RhoP23H/+, Rho+/- and Rho+/+ retinas: 278 ( ) = ( )( )    (4) 279 

where 280 = √       (5)  281 
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is the attenuation factor of the first order linear filter,  is its time constant, =   is the rate, 282 

and  283 

= (ℎ )      (6) 284 

is the inverse of the response integration time. 285 

A is the end-on rod collecting area given by (Lyubarsky et al., 2004): 286 

 ( ) = π 1 − 10 ( )       (7) 287 

where f = 1.3 is the light funneling by the inner segment, q = 0.63 is the quantal efficiency, L is 288 

the rod outer segment length, d is its diameter, and ΔD(λ) (in od/ m) is the specific axial density.  289 

We calculated the end-on collecting area of RhoP23H/+ and Rho+/- rods at P30 using equation 7 290 

and the parameter values listed in Table 1. K is a scaling factor that depends on the 291 

extracellular resistance and the number of rods in the retina, which we assume is proportional to 292 

fONL, the fractional thickness of the ONL (relative to that of control retinas). Hence,   293 =      (8). 294 

Hence, the maximal magnitude of the flicker response (Equation #13 in (Umino et al., 2019)) 295 

can be expressed as a function of retinal irradiance (I), collecting area (A) and response 296 

integration time (δ). 297 

∆ = ( )      (9) 298 

Where = = ℎ  and K is same as in equation 8.  299 

 300 

At steady state, without contrast flicker, C=0, equation 4 simplifies to: 301 
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=           (10) 302 

From equation 10 we derive an expression for the irradiance level I50% that elicits a half maximal 303 

response in steady state ( = 0.5),    304 

% =        (11). 305 

Assuming that the magnitude of the response to steady lights is proportional to the suppression 306 

of the rod circulating currents (Icirc) by those steady lights, and that transgenic (T) and control (C) 307 

mouse lines have the same EC50 value (Umino et al., 2019), then, from equation 11 we derive 308 

the following relations: 309 

=  % = %    (12) 310 

%% =  =     (13).  311 

Equation 13 indicates that the ratio of the I50% values in transgenic and control retinas is 312 

proportional to the ratios of the response kinetics, the amplification factors, and the collecting 313 

areas in control and transgenic retinas. As a first approximation we assume that 1) the kinetics 314 

are proportional to the dominant time constant ( D, Fig. 7) and do not change with state of light 315 

adaptation or bleaching, and 2) that transgenic and control retinas have matching amplification 316 

factors (ho). Collecting areas (AC and AT) are estimated using previously published values (see 317 

Table 2).  318 

With knowledge of the collecting areas and kinetics (Table 2), we can rearrange Equation 13 to 319 

estimate the steady light levels (IT) that suppress the circulating currents in transgenic retinas: 320 

=       (14). 321 
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 322 

Quantification and statistical analysis 323 

 Quantification of ONL thickness measurements of Rho+/+, RhoP23H/+, and Rho+/- mice was 324 

performed using a two-way repeated measures analysis of variance (two-way RM ANOVA) with 325 

nominal factors being genotype (or age) and retinal location. If significant interactions were 326 

detected, Holm-Sidak’s procedure for pairwise multiple comparisons was performed to 327 

determine where the significant interactions occurred. A similar analysis was applied to quantify 328 

flash ERG a- and b- wave amplitudes (nominal factors being genotype (or age) and flash 329 

intensity), flicker ERG amplitude, retinal TCS, and behavioural TCS of Rho+/+, RhoP23H/+ and 330 

Rho+/- mice (nominal factors being genotype and temporal frequency (or mean illumination)). 331 

One-way ANOVAs were performed to quantify the changes in ONL thickness of RhoP23H/+ mice 332 

with age in each of the four retinal quadrants and the dominant time constants of recovery of 333 

Rho+/+, RhoP23H/+, and Rho+/- mice. When necessary, logarithmic transformations of the data 334 

were performed prior to statistical analysis to fulfil normality and equal variance requirements for 335 

the ANOVAs. To determine whether our model could explain the enhanced photoresponses of 336 

RhoP23H/+ and Rho+/- retinas recorded with the transretinal ERG, we applied maximum likelihood 337 

estimation (Millar, 2011). The responses to 3, 6, and 12 Hz flicker were evaluated independently 338 

and the corresponding values of h0, the single free variable in the model, and fit coefficients are 339 

listed in Table 3. Data analysis was performed with SigmaStat software (Systat Software, San 340 

Jose, CA). In all plots, filled symbols display mean ± SEM of the data and in some cases the 341 

error bars are smaller than the symbols. Numbers of mice and p-values are indicated in the 342 

figure legends.  343 

   344 

  345 
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Results 346 

A gradual reduction in ONL thickness and flash ERG responses in RhoP23H/+ mice.  347 

 RhoP23H/+ mice exhibit a rapid rate of photoreceptor degeneration between P15 and P30 348 

followed by a more gradual rate of degeneration at later time points (Sakami et al., 2011; 349 

Chiang et al., 2015). The rate of degeneration in animal models with this mutation depends 350 

critically on housing illumination levels and daily light exposure (Naash et al., 1996; Organisciak 351 

et al., 2003; Walsh et al., 2004; Paskowitz et al., 2006; Tam and Moritz, 2007; Orlans et al., 352 

2019). We used optical coherence tomography (OCT) to obtain images of Rho+/+ and RhoP23H/+ 353 

retinas in vivo and assessed the degree of photoreceptor loss by measuring the thickness of the 354 

ONL along the dorsal-ventral (Figure 1A, B) and nasal-temporal (data not shown) axes. The 355 

ONL thickness of Rho+/+ control mice was relatively constant (55-60 m) across all retinal 356 

locations and did not change significantly from P30 to P120 (Figure 1B: p=0.786 for dorsal-357 

ventral axis, p=0.352 for nasal-temporal axis, two-way RM ANOVA). In contrast, the ONL 358 

thickness of P30 RhoP23H/+ mice was reduced by 30-40% compared to controls at all retinal 359 

locations (Figure 1B: p<0.001, two-way RM ANOVA) and decreased gradually with age (Figure 360 

1A, B), as described previously (Sakami et al., 2011).  361 

 We next examined the relationship between ONL thickness and scotopic flash ERG 362 

sensitivity of RhoP23H/+ mice. Both the photoreceptor driven ERG a-waves and the bipolar cell 363 

driven b-waves of RhoP23H/+ mice were significantly reduced in amplitude compared to those of 364 

Rho+/+ controls (Figure 1C-D: p<0.001, two-way RM ANOVA), in agreement with previous 365 

reports (Sakami et al., 2011; Leinonen et al., 2020). We compared flash ERG responses at 1 366 

cd*s/m2, the dimmest flash that elicited robust a- and b-wave responses in RhoP23H/+ mice at all 367 

the time points of our study (Figure 1D: arrows), with the ONL thickness. ONL thickness was 368 

measured at 500 m from the nerve head and averaged across all quadrants. ERG response 369 

amplitudes and ONL thickness values were normalized relative to those of age-matched control 370 
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mice to account for losses that can be attributed to natural aging (Li et al., 2001; Gresh et al., 371 

2003; Kolesnikov et al., 2010). Plots of normalized ERG responses vs the normalized ONL 372 

thickness (Figure 1E) show two features: (1) a larger initial reduction in a-wave responses 373 

(~60%) compared to that of b-wave responses (~30%), suggesting a relative preservation of 374 

bipolar cell driven b-wave responses in RhoP23H/+ mice, in agreement with a recent report 375 

(Leinonen et al., 2020), and (2) a gradual reduction in flash ERG signals concomitant with the 376 

reduction of ONL thickness.  377 

A frequency-dependent enhancement in the flicker ERG of RhoP23H/+ mice. 378 

 We compared flicker ERG responses of Rho+/+ and RhoP23H/+ mice at P30, the time point 379 

at which retinal degeneration in RhoP23H/+ mice is least severe (Figure 1). We chose a mesopic 380 

illumination rather than a rod isolating scotopic illumination because, in mouse, rod 381 

photoresponse kinetics control temporal contrast sensitivity under mesopic (Umino et al., 2019), 382 

but not under scotopic conditions (Umino et al., 2012; Peinado Allina et al., 2017; Umino et al., 383 

2019). We measured flicker ERG responses to a sinusoidal stimulus (mean illumination: 2 384 

cd/m2, 75% contrast) at multiple temporal frequencies (1.5-24 Hz) (Figure 2). The responses of 385 

Rho+/+ control and RhoP23H/+ mice to a low flicker frequency of 3 Hz had a similar waveform, but 386 

with a slight increase in amplitude and an advance in the phase of the response of RhoP23H/+ 387 

mice (Fig. 2A). By contrast, the responses of RhoP23H/+ mice to intermediate frequencies of 6 and 388 

12 Hz were larger than those of Rho+/+ control mice (Figure 2B, C).  389 

 We measured the retinal temporal contrast sensitivity functions (TCSF, see Methods) to 390 

determine the frequency dependent differences in mesopic flicker ERG responses of P30 Rho+/+ 391 

and RhoP23H/+ mice (Figure 2D). All measurements were performed at 2 cd/m2, the light level at 392 

which enhanced flicker ERG responses were observed in P30 RhoP23H/+ mice (Figure 2A-C). At 393 

P30, the retinal TCS functions of Rho+/+ mice were low pass shape while those of RhoP23H/+ mice 394 

exhibited a slight attenuation in the responses to low frequencies (Figure 2D). RhoP23H/+ mice 395 
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exhibited enhanced TCS compared to controls at intermediate temporal frequencies of 3, 6, and 396 

12 Hz (Figure 4B: p<0.001, two-way RM ANOVA) but not at the low (1.5 Hz) and high (24 Hz) 397 

ends of the frequency spectrum (p=0.618 and 0.936 for 1.5 and 24 Hz, respectively, two-way 398 

RM ANOVA).  399 

 400 

Early loss in retinal TCS of RhoP23H/+ mice to low temporal frequencies.  401 

We determined how the retinal TCS functions of RhoP23H/+ mice changed as 402 

degeneration progressed.  By P60, retinal TCS of RhoP23H/+ mice remained strong and 403 

significantly higher than that of control mice at intermediate temporal frequencies of 3, 6, and 12 404 

Hz (Figure 2E: p<0.01, two-way RM ANOVA). This strong and enhanced TCS occurred despite 405 

the additional ~10-15% decline in ONL thickness and flash ERG responses observed in 406 

RhoP23H/+ mice during this time period (Figure 1). By P90, retinal TCS of RhoP23H/+ mice exhibited 407 

considerable loss in sensitivity to 1.5, 3, and 6 Hz but not in the responses to 12 Hz (Figure 2F: 408 

1.5 Hz, p=0.028; 3 Hz: p=0.742 and 6 Hz: p=0.018, 12 Hz, p<0.001, two-way RM ANOVA). By 409 

P120, we no longer observed any significant differences in the TCS of RhoP23H/+ mice compared 410 

to controls (Figure 2G: p>0.05, two-way RM ANOVA). The retinal TCS functions of Rho+/+ 411 

control mice retained their characteristic low-pass shape but demonstrated a uniform, mild 412 

reduction in sensitivity to all temporal frequencies. The losses in sensitivity followed the time 413 

course of the age-dependent reduction in both flash and flicker ERG magnitude that we 414 

observed in control mice (Figure 1). By contrast, retinal TCS functions in RhoP23H/+ mice 415 

demonstrated an early, gradual loss in sensitivity to low flicker frequencies (1.5, 3 and 6 Hz) that 416 

became a more sharply tuned bandpass with a peak at 12 Hz by P90.  417 

 To relate TCS to the degree of retinal degeneration we plotted normalized retinal TCS of 418 

RhoP23H/+ mice as a function of normalized ONL thickness (Figure 2H).  We normalized the 419 

retinal TCS and ONL thickness of RhoP23H/+ mice relative to that of age-matched control mice to 420 
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account for the natural losses associated with aging. The normalized retinal TCS to 1.5 Hz 421 

flicker was similar in P30 RhoP23H/+ and control mice (normalized retinal TCS ~ 1) and declined 422 

gradually with age and ONL thickness.  In response to 3 Hz flicker, TCS of P30 RhoP23H/+ mice 423 

was initially enhanced by ~1.25-fold compared to controls and, surprisingly, remained relatively 424 

stable at P60 even though the ONL thickness was reduced by 55% compared to controls. 425 

Beyond that point, TCS to 3 Hz flicker decreased gradually with increasing age and further 426 

reduction in ONL thickness.  Lastly, in response to 6 and 12 Hz flicker, TCS of P30 RhoP23H/+ 427 

mice was enhanced by ~1.25 and ~1.75 fold compared to controls, respectively.  Remarkably, 428 

TCS increased further, to ~1.5 and ~2.25 fold by P60 when the ONL thickness was reduced by 429 

55% compared to controls. In the case of 12 Hz flicker, TCS continued to increase reaching a 430 

normalized enhancement of ~2.3 fold at P90, when the ONL thickness was reduced by 70-75% 431 

compared to controls. Thereafter, retinal TCS declined sharply and by P120, when the ONL 432 

thickness is reduced by almost 80% compared to controls, TCS to 12 Hz flicker remained ~1.5-433 

fold higher than controls. These results demonstrate a progressive, frequency-dependent 434 

enhancement in normalized retinal TCS as the retina degenerates. The point at which 435 

normalized TCS declines depends on temporal frequency, but can be as late as P90, when the 436 

ONL thickness is reduced by 70-75%.  437 

Cone photoresponses do not mediate the increase in TCS in RhoP23H/+ mice.  438 

A possible explanation for the increased TCS in RhoP23H/+ mice is cone 439 

overcompensation or altered rod-cone interactions (Okado et al., 2017), producing larger flicker 440 

ERG responses. However, RhoP23H/+ mice on a transgenic background with disrupted cone 441 

responses (GNAT2cpfl3/cpfl3 mice: Chang et al., 2006; Allen et al., 2010; Brown et al., 2011; 442 

Pasquale et al., 2019) also exhibited increased retinal TCS compared to controls at P30 (Figure 443 

2I). Note that the residual cone activity in GNAT2cpfl3/cpfl3 mice does not mask rod responses 444 

under the mesopic illumination conditions (~1500 R*/rod/s) used in this study (Umino et al., 445 
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2019; Pasquale et al., 2020). These results show that cone photoresponses do not play a 446 

dominant role in enhancing TCS in RhoP23H/+ mice. 447 

Behavioral TCS is enhanced in RhoP23H/+ mice. 448 

 We determined whether the increases in retinal TCS of RhoP23H/+ mice translates into 449 

enhanced behavioral TCS. The early retinal degeneration present in RhoP23H/+ mice prevented 450 

us from training mice sufficiently to perform operant visual tasks. Therefore, we measured 451 

behavioral TCS using the optomotor reflex assay (Prusky et al., 2004; Umino et al., 2008) in 452 

P30-45 Rho+/+ control and RhoP23H/+ mice (Figure 2J). The illumination level of the optomotor 453 

assay (70 cd/m2 eliciting approximately 1500 R*/rod/s) was chosen to approximate the level of 454 

retinal illumination of the flicker ERGs (1250 R*/rod/s, Figure 2). Other stimulus parameters are 455 

listed in the figure legend. RhoP23H/+ mice exhibited a frequency-dependent enhancement in 456 

behavioral TCS compared to controls (Fig. 2J: significant genotype and genotype x frequency 457 

interactions: p<0.001, two-way RM ANOVA). Optomotor TCS to 1.5, 3, 6, and 12 Hz was 458 

approximately 2-fold higher in RhoP23H/+ mice than in control mice (p<0.001). By contrast, 459 

optomotor TCS at the low end of the frequency spectrum (0.4 Hz and 0.8 Hz) was not 460 

significantly changed between RhoP23H/+ and controls (p=0.478 and p=0.971, respectively), in 461 

line with recent findings (Leinonen et al., 2020). These enhanced optomotor responses to 462 

intermediate and high frequencies are similar to the enhanced retinal TCS measured with flicker 463 

ERGs (Figures 2D-E). Thus, enhanced retinal activity detected with the flicker ERG translates 464 

into an improvement in a visual reflex behavior.  465 

Enhanced retinal TCS without retinal degeneration in Rho+/- mice. 466 

 Enhanced retinal TCS in RhoP23H/+ mice could arise from degenerative/ remodeling 467 

processes (Leinonen et al., 2020). To examine TCS in the absence of retinal degeneration, we 468 

measured retinal TCS in a rhodopsin heterozygous mouse model (Rho+/- mice: Lem et al., 469 

1999), which has reduced rod collecting areas (see Table 1) and accelerated rod recovery 470 
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kinetics but no degeneration before ~P90-P120 (Figure 3A-C and Lem et al., 1999; Calvert et 471 

al., 2001; Liang et al., 2004). Similar to RhoP23H/+ retinas, retinal TCS of Rho+/- mice exhibited a 472 

slight bandpass shape, peaking at 6-12 Hz (Figure 3D) but were larger compared to controls at 473 

intermediate flicker frequencies (Figure 3D: 3, 6, and 12 Hz, p<0.001, two-way RM ANOVA), but 474 

not at 1.5 or 24 Hz (p=0.102 and p=0.073, respectively; two-way RM ANOVA). The retinal TCS 475 

functions of P30 Rho+/- mice are similar in shape but slightly larger in magnitude than those of 476 

P30 RhoP23H/+ mice (compare with Figure 2D). At P120, retinal TCS of Rho+/- mice remained 477 

significantly higher than that of control mice (Figure 3E: 1.5 Hz, p= 0.02; all other frequencies, 478 

p<0.001, two-way RM ANOVA). In fact, retinal TCS did not change as mice aged from P30 to 479 

P120. These results are in contrast to those in P120 RhoP23H/+ mice, where there was a 480 

prominent age-dependent decrease in retinal TCS coincident with the severe degeneration by 481 

this age (Figure 2G). Similar to RhoP23H/+ mice, optomotor TCS to 1.5, 3, 6, and 12 Hz was ~2-482 

fold higher in Rho+/- mice than in control mice (Figure 3F: p<0.001, two-way RM ANOVA). 483 

Together, these results demonstrate that increased retinal and optomotor TCS occurs in the 484 

absence of retinal degeneration in Rho+/- mice and may be related to changes in collecting area 485 

(Table 1) and/or rod accelerated response kinetics (Calvert et al., 2001). 486 

 487 

Flicker ERG responses of RhoP23H/+ mice are enhanced at high luminance levels but reduced at 488 

low luminance levels. 489 

 6 Hz flicker elicits enhanced responses in RhoP23H/+ mice when presented at 2 cd/m2 490 

(Figure 2). We compared the fundamental magnitude of the ERG responses to 6 Hz flicker over 491 

a range of background intensities spanning the scotopic to mesopic range in P30 Rho+/+ and 492 

RhoP23H/+mice (Figure 4A). In these conditions, the intensity-magnitude response functions of 493 

both control and RhoP23H/+ mice exhibited non-monotonic relationships with background 494 

illumination. In each case, the fundamental magnitude of the flicker ERG responses grew 495 

steadily with background illumination, reached a peak, and then declined gradually with further 496 
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increases in background illumination (Figure 4A). However, compared to control mice, the 497 

intensity-response curves of RhoP23H/+ mice were displaced rightward (responses peak in 498 

amplitude at illumination levels of 0.5 and 4 cd/m2, respectively) and slightly upward (peak 499 

response magnitudes are ~40 V and ~50 V, respectively). These responses demonstrate two 500 

well defined illumination ranges: 1) <1 cd/m2, where the absolute magnitudes of RhoP23H/+ 501 

responses are below control responses and 2) >1 cd/m2, where RhoP23H/+ responses are above 502 

control responses (Figure 4A: p<0.05, two-way RM ANOVA). Hence, the 6 Hz flicker responses 503 

of P30 RhoP23H/+ mice are enhanced compared to controls only at relatively bright, mesopic 504 

background illumination levels (>1 cd/m2) but are attenuated at lower illumination levels.  505 

 The right shift of the magnitude functions in RhoP23H/+ rods could result from a shift in 506 

sensitivity due to the lower amounts of rhodopsin in their rod outer segments relative to control 507 

rods (Sakami et al, 2011; 2014 and Chiang 2014). To investigate this possibility, we compared 508 

ERG responses to 6 Hz flicker of P30 Rho+/+ and Rho+/- mice. Rho+/- mice exhibit reduced 509 

rhodopsin expression in their outer segments (Table 1) but without any overt retinal 510 

degeneration at this time point (Figure 3A). Similar to RhoP23H/+ retinas, the responses of Rho+/- 511 

retinas were significantly higher than controls at background intensities >1 cd/ m2 (Fig. 4B). 512 

However, in contrast to RhoP23H/+ retinas, the responses of Rho+/- and control retinas were 513 

similar at background intensities <1 cd/m2 (Fig. 4B). Given that rods in both RhoP23H/+ and Rho+/- 514 

have similar collecting areas (Table 1), we conclude that the differences in the magnitude 515 

response functions of RhoP23H/+ and Rho+/- retinas (relative to control) cannot be explained 516 

exclusively in terms of changes in their collecting areas. Other factors, such as changes caused 517 

by degeneration or in rod photoresponse kinetics may determine magnitude response 518 

alterations. 519 

To determine whether the increase in TCS can be traced to the contrast responses of 520 

rod photoreceptors, we measured isolated photoreceptor responses of P30 RhoP23H/+, Rho+/-, 521 

and their littermate control mice, in response to flickering stimulus using an ex vivo transretinal 522 
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ERG preparation (Sakami et al., 2014; Vinberg et al., 2014; Vinberg and Kefalov, 2015; see 523 

methods). We found enhanced and phase shifted responses of RhoP23H/+ and Rho+/- 524 

photoreceptors relative to controls in response to 75% contrast, 3, 6, and 12 Hz flickers 525 

presented at a background level eliciting ~1500 R*/rod/s (Fig. 5A). The magnitude response 526 

functions (Figure 5B) to 3 and 6 Hz flickers exhibited a non-monotonic relationship with 527 

illumination intensity. However, the responses to 12 Hz grew monotonically with illumination 528 

intensity. For RhoP23H/+ retinas, the crossover at 6 Hz is at approximately 800 R*/rod/s and in 529 

agreement with the values determined for the in vivo ERG (Figure 4A). The magnitudes of the 530 

Rho+/- and control responses to 6 Hz flicker diverged from the control values at low intensities 531 

and did not crossover (Fig. 5C), following the same trend that was observed under in vivo 532 

conditions (Fig. 4B). These results indicate that changes in the photoreceptors other than 533 

collecting area determine how the TCS magnitude functions respond to the genetic 534 

manipulations of RhoP23H/+ and Rho+/- mice.  535 

 536 

Analysis of the mechanisms underlying the increase in the magnitude of the flicker responses in 537 

RhoP23H/+ and Rho+/- photoreceptors 538 

The magnitude response functions of Rho+/- and RhoP23H/+ mice may be shaped by other 539 

factors: a) changes in the photoresponse kinetics (Sakami et al, 2014), b) changes in the 540 

number of rods due to degeneration and thinning of the outer nuclear layer (our Fig. 1 and 541 

Sakami et al, 2011; 2014), or c) changes in sensitivity (Sakami et al, 2014). To understand the 542 

relative contribution of each of these factors to the flicker responses, we applied a linear/non-543 

linear model that captures the major features of the isolated ERG responses driven by rod 544 

photoreceptors (Umino et al., 2019). This model has two stages: a linear filter (associated with 545 

the temporal response of the rods) followed by a static non-linearity (associated with the 546 

suppression of the circulating current in rods) (Fig. 6A, and equations 4 and 9 in Methods).  547 
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Each of the candidate TCS-modulating factors controls a different aspect of the flicker 548 

magnitude function. The rod collecting area (Ac) controls the position of the magnitude function 549 

along the intensity axis (Fig. 6B). As collecting area values decrease, the probability of 550 

absorbing incident photons also decreases and the functions shift to the right. The 551 

photoresponse kinetics ( ) control the magnitude of the flicker responses at high, but not low, 552 

background intensities (Fig. 6C). This is because faster kinetics (smaller ) extend the 553 

bandwidth of the filter (increasing the relative magnitude of the responses to high frequencies; 554 

see Methods eq. 5 and Umino et al, 2019 for details) and also reduces the integration time of 555 

the photon response (see Methods eq. 6). The remaining two factors in the model play 556 

straightforward roles. The number of photoreceptors, as inferred from the thickness of the outer 557 

nuclear layer (fONL), scales the magnitude of the responses (Fig. 6D), while the multiplicative 558 

factor ho, which represents the sensitivity of the rod photoresponse, controls the activation 559 

range but without changing the peak magnitude of the responses (Fig. 6E).  560 

The parameter values are readily determined with this simple model. fONL is measured 561 

directly from Fig. 1, and Ac is estimated from published reports (Tables 1 and 2). The filter time 562 

constant follows from the dominant time constant ( D) of rods (Umino et al, 2019). As a measure 563 

of the relative position of the non-linearity, we use I50CS, the sensitivity of the suppression of the 564 

circulating currents by steady background lights (Umino et al, 2019). The only free variable in 565 

the model is the amplification factor (ho). Next, we measured and quantified the photoresponse 566 

sensitivity and kinetics of Rho+/- and RhoP23H/+ retinas to determine the values of the remaining 567 

parameters in the model.  568 

 569 

Faster rod photoresponse recovery kinetics in RhoP23H/+ and Rho+/- mice.  570 

We used the ex vivo transretinal ERG preparation to isolate and measure rod 571 

photoresponses (Sakami et al., 2014; Vinberg et al., 2014; Vinberg and Kefalov, 2015; see 572 
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methods) and characterize the photoresponse kinetics. The responses of P30 RhoP23H/+ and 573 

Rho+/- retinas to brief flashes recovered to baseline more quickly than those of their age-574 

matched sibling controls (Figure 7A-C). Times-to-peak were 30-40 ms faster both in RhoP23H/+ 575 

and Rho+/- retinas compared to their respective controls (Fig. 7D). To quantify the recovery 576 

kinetics, we determined the dominant time constant of recovery ( D) of the ex vivo ERG  by 577 

measuring the time for the saturating responses (dark traces in Figure 7A-C) to recover to ~60% 578 

of their ‘steady’ plateau maximum (Vinberg and Koskelainen, 2010). We plotted the saturation 579 

time as a function of the natural logarithm of the flash strength (Figure 7E,F); the slope of this 580 

relationship reflects the D of the ex vivo ERG (Vinberg and Koskelainen, 2010). The D values 581 

of both groups of control mice were similar (135 ± 4.5 ms and 138 ± 8.4 ms for Rho+/+ sibling 582 

controls of RhoP23H/+ and Rho+/- mice, respectively) and comparable to D values measured by ex 583 

vivo ERG recordings (~166 ms: Vinberg and Koskelainen, 2010) as well as by in vivo paired-584 

flash ERG recordings (~125 ms: Peinado Allina et al., 2017). In contrast, the D of RhoP23H/+ and 585 

Rho+/- retinas were 55 ± 2.0 ms and 68 ± 2.2 ms, respectively, approximately 2.0 to 2.5 times 586 

faster than that of their respective control retinas (p<0.001, one-way ANOVA). These values are 587 

slightly faster than the dim flash recovery of RhoP23H/+ retinas measured at P14-16 (Sakami et 588 

al., 2014) and in line with the kinetics measured by suction electrode recordings in Rho+/- rods 589 

(Lem et al., 1999; Calvert et al., 2001).  590 

 The normalized intensity vs responses functions of P30 RhoP23H/+ and Rho+/- retinas were 591 

shifted to the right and well fit with Hill functions (Fig. 7G, H). The half saturation value (I1/2f) of 592 

the flash responses was 2.8-fold higher in RhoP23H/+ retinas relative to control values (Fig. 7I) but 593 

was only 1.6-fold higher after adjusting for the smaller collecting areas of RhoP23H/+ rods (Table 594 

1). These values are in line with previously reported losses in photosensitivity (per photon 595 

absorbed) in RhoP23H/+ rods (Sakami et al, 2014). Rho+/- retinas exhibited normal half saturation 596 
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values after adjusting for differences in collecting area (Fig. 7J), suggesting normal 597 

photosensitivity (per photon absorbed) in Rho+/- retinas.  598 

To determine whether the onset of the responses plays a role in the dissimilar 599 

photosensitivities of RhoP23H/+ and Rho+/- retinas, we measured the amplification factor (Pugh 600 

and Lamb, 1993) in their transretinal ERG recordings (see Methods). The early phase of the 601 

responses (t<75 ms, normalized amplitude < 0.2) fit with the amplification factor theory, with an 602 

R2>0.9 in all cases. Amplifications of control RhoP23H/+ and Rho+/-  littermates were 12.3 ± 0.25 603 

sec-2 and 10.9 ± 0.22 sec-2, respectively, and comparable to values obtained by others using 604 

this technique (Vinberg et al., 2014). The amplification of RhoP23H/+ retinas was 11.1 ± 0.4 sec-2 605 

after adjusting for differences in collecting area (see Table 1) and not significantly different from 606 

control (Fig. 7K, two-tailed t-test, p=0.5, n=4). Interestingly, after adjusting for collecting area 607 

differences, the amplification factor of Rho+/- mice was 15.7 ± 0.9 sec-2, approximately 1.5 fold 608 

larger than that of control mice (Fig. 7L, two-tailed t-test, p=0.003) and in line with the increase 609 

in amplification determined with suction electrode recordings (Calvert et al., 2001).  610 

 611 

Loss of sensitivity in the suppression of circulating currents by steady lights depends on 612 

collecting area and kinetics. 613 

 Rod photoresponse recovery kinetics control the sensitivity of the rod circulating currents 614 

(I50CS) to steady background illumination (Fortenbach et al, 2015). In turn, I50CS controls the 615 

dynamic range of the flicker responses (Umino et al, 2019). Here we used an in vivo saturating 616 

flash ERG protocol (see Methods and Lyubarsky et al., 1999) to determine how rod 617 

photoresponse recovery kinetics and collecting areas control I50CS in RhoP23H/+ and Rho+/- retinas.  618 

In this protocol, a bright flash (~1800 cd*s/m2) that elicits a maximal ERG a-wave amplitude was 619 

superimposed on differing levels of steady background illumination. Under these conditions, the 620 

amplitude of the a-wave provides a measure of the amount of circulating current remaining at 621 
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each background illumination level (Lyubarsky et al., 1999). Tests were performed with 622 

RhoP23H/+ and Rho+/- mice (and their respective Rho+/+ controls) at P30 (Fig. 8A, B). At dim 623 

background intensities (<3 cd/m2), the responses of RhoP23H/+ mice were significantly reduced in 624 

amplitude compared to controls (Figure 8A), most likely as a result of retinal degeneration (see 625 

Figure 1). In contrast, the maximal a-wave responses of Rho+/- mice were similar in amplitude to 626 

those of control mice at dim background intensities (Figure 8B), consistent with minimal 627 

degeneration. Additionally, as background levels increased from darkness to ~0.1 cd/m2, we 628 

observed a slight increment in the responses of RhoP23H/+ (<20%) and Rho+/- (<10%) mice. 629 

Further increases in background levels resulted in a monotonic reduction in a-wave amplitudes. 630 

The departure of the responses from the asymptote at the brightest background illumination 631 

levels (32 and 64 cd/ m2) may reflect the activation of cone responses at higher illumination 632 

levels (Lyubarsky et al., 1999). Thus, the responses at 32 and 64 cd/m2 were not included in the 633 

fits and analysis described below.  634 

 Steady state suppression of circulating currents in control retinas followed a simple, 635 

saturating trend that was well described by sigmoidal functions (see Methods) with I50CS values 636 

of ~2480 (Figure 8C, black line) and ~1800 R*/rod/s (Figure 8D, dark grey line). Circulating 637 

current suppression functions of both RhoP23H/+ and Rho+/- mice are shifted to the right relative to 638 

those of control mice. Fits with sigmoidal functions indicate I50CS values of ~10100 (Figure 8C, 639 

red lines) and ~6000 R*/rod/s (Figure D, green lines) in RhoP23H/+ and Rho+/- retinas, 640 

respectively, consistent with 4.1 and 3.3-fold losses in I50CS relative to control mice. The loss in 641 

sensitivity can be accounted by the reduced collecting areas and the dominant time constants 642 

(as a measure of rod recovery kinetics) in RhoP23H/+ and Rho+/- mice (see Methods equations 13, 643 

14, Table 2, and open symbols in Figs 8C,D).  644 

A quantitative model predicts an increase in the magnitude of flicker responses in RhoP23H/+ and 645 

Rho+/- rods 646 
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 We applied maximum likelihood estimation (Millar, 2011) to determine whether the linear 647 

non-linear model (see equation 9 in Methods and Figure 6) can explain the enhanced 648 

photoresponses of RhoP23H/+ and Rho+/- retinas recorded with the transretinal ERG (see Figure 649 

5). The fits to 3, 6, and 12 Hz flicker responses were evaluated independently and the 650 

corresponding values of h0, the single free variable in the model, are listed in Table 3. Model 651 

parameters and their values are listed in Table 2.   652 

We used this model to evaluate how collecting area, photoreceptor loss or response 653 

kinetics in RhoP23H/+ mice influence the responses of Rho+/+ mice to 6 Hz (Fig. 9A). Filled 654 

symbols and solid lines represent responses of P30 Rho+/+ and RhoP23H/+ retinas and model fits 655 

(from Fig. 5), whereas open symbols and dashed lines represent noted modelled effects.  656 

Assuming negligible degeneration (fONL = 1) and normal kinetics (  = 0.136 ms), this model 657 

predicts that a reduction in collecting area (Ac decreased from 0.87 to 0.55 m2, Table 2) would 658 

shift the magnitude responses x1.6-fold along the intensity axis (Fig. 9A, open blue diamonds). 659 

By contrast, degeneration of the outer retina (fONL decrease from 1 to 0.6, Table 2) would scale 660 

down the magnitude of the response (Figure 9A, open blue inverse triangles), while faster 661 

kinetics ( decrease from 0.136 to 0.055 ms, Table 2) without degeneration would selectively 662 

enhance the magnitude of the responses at illumination levels > 100 R*/rod/s (Figure 9A, blue 663 

triangles). The individual changes in any one of these factors cannot explain the measured 664 

responses of RhoP23H/+ retinas (Figure 9A, red symbols). 665 

It is possible that our estimation of the collecting area in RhoP23H/+ mice is too large, for 666 

example by disruption of disk stacking. Sufficiently small Ac values can shift the magnitudes to 667 

the right, as observed for the magnitude functions of RhoP23H/+ retinas. However, in RhoP23H/+ 668 

retinas the magnitude responses are scaled down by the degeneration factor (fONL = 0.6) and fall 669 

short of explaining the responses, independent of the collecting area value (Fig. 9B). In view of 670 

the critical role that degeneration plays in the analysis, we repeated the analysis in Rho+/- 671 
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retinas, which have minimal retinal degeneration (fONL = 1.0). In this case, reductions in Ac shift 672 

the functions to the right, while preserving their magnitudes. This behavior does not match the 673 

response magnitudes observed in Rho+/- retinas, which are significantly higher than control 674 

retinas (Fig. 9C). The increase in contrast sensitivity predicted by manipulating  parameters in 675 

the model (Fig. 6C, Fig. 9A) does match the magnitude responses (Fig. 5) and highlights the 676 

significance that rod recovery kinetics play in the enhancement of flicker response magnitude in 677 

RhoP23H/+ and Rho+/- retinas. 678 

 679 

Discussion 680 

 In this study, we demonstrate that the fast rod photoresponse recovery kinetics of 681 

RhoP23H/+ mice result in enhanced retinal and behavioral TCS at mesopic light levels between 682 

the ages of P30 and P90, despite significant photoreceptor degeneration and reduced flash 683 

ERG responses. The magnitude of the increased retinal TCS depended on flicker frequency, 684 

with larger responses at high (6-12 Hz) compared to those at low (1.5-3 Hz) flicker frequencies, 685 

and was mediated by rods and not cones (Figure 2). In mouse, retinal and behavioral responses 686 

to flicker at mesopic light levels, as in this study, are driven largely by rods (Umino et al., 2019; 687 

Pasquale et al., 2020), while cones drive visual sensitivity to light increments (Naarendorp et al., 688 

2010). Enhanced retinal and optomotor TCS also preceded retinal degeneration in Rho+/- mice, 689 

a slower model of degeneration with fast photoresponse recovery kinetics. Therefore, our 690 

findings have important implications for our understanding of temporal vision during retinal 691 

degenerative processes. 692 

TCS of RhoP23H/+ mice increases as ONL thickness and flash ERG responses decrease. 693 

As retinal degeneration advanced, RhoP23H/+ mice exhibited a progressive enhancement 694 

in retinal and behavioral TCS compared to controls (Fig. 2). The increase in retinal TCS was 695 

greatest at high frequency flicker (6-12 Hz) and progressed with age, until the ONL thickness 696 
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decreased by 70% compared to controls. The increase in TCS is in stark contrast to the sharp 697 

decline in flash ERG a- and b-wave amplitudes over the same time period (Fig. 1). A recent 698 

study describes a similar relative retention of optomotor TCS of RhoP23H/+ mice at dim light levels 699 

and low temporal frequencies, hypothesized to be a result of adaptive homeostatic plasticity 700 

mechanisms allowing the maintenance of scotopic vision (Leinonen et al., 2020). However, our 701 

results suggest that the increase in TCS of RhoP23H/+ mice under mesopic conditions is driven 702 

primarily by changes in rod photoresponse properties.  703 

Enhanced TCS is associated with fast rod photoresponse recovery kinetics. 704 

Our observation that Rho+/- mice (Lem et al., 1999), a mouse model that has little retinal 705 

degeneration and little if any loss of their flash ERG responses, exhibited a significant increase 706 

in retinal TCS rules out degeneration or remodeling as a required mechanism underlying the 707 

increase in retinal TCS. Furthermore, the increase in the magnitude of the rod photoreceptor 708 

responses to flickering stimuli of both RhoP23H/+ and Rho+/- mice isolated with the ex vivo 709 

transretinal ERG confirm that retinal remodelling is not required for enhanced TCS responses.  710 

We previously demonstrated that fast rod recovery kinetics underlie enhanced TCS in 711 

R9AP overexpressing mice (R9AP95, Umino et al., 2019). Here, we show that the increase in 712 

TCS in RhoP23H/+ and Rho+/- mice is largely a result of the faster rod photoresponse recovery 713 

kinetics in these mice. We demonstrate that both RhoP23H/+ and Rho+/- mice share important 714 

response properties with R9AP95 mice, consistent with the notion that faster response kinetics 715 

underlie their increase in TCS: (1) faster response kinetics, (2) a loss in the sensitivity of the 716 

steady state circulating current suppression (I50CS), (3) an associated shift in the peak flicker 717 

responses of the full and isolated ERG, and (4) larger rod responses to temporal contrast.  718 

Once rod loss, collecting area, and response kinetics are accounted for (Figure  9), our 719 

model with both linear and non-linear components (Umino et al., 2019) successfully and 720 

quantitatively explains the increase in TCS in RhoP23H/+ and Rho+/- retinas (Figure 5). Rod loss 721 
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scales the magnitude of the response, collecting area and kinetics control the position of the 722 

magnitude functions along the intensity axis, while response kinetics determines the magntidue 723 

of the response to high intensities (Fig. 6).   724 

Our model operates under the assumption that RhoP23H/+ and control retinas share the 725 

same sensitivity values (equal h0 values for each genotype). Flash sensitivities (in the dark) 726 

differ by a factor of 1.6 (Fig. 7G, I), and including this factor into the model did not significantly 727 

improve the fits (not shown). This suggests that relatively small differences in flash sensitivity do 728 

not influence the magnitude of the flicker responses. The differences in h0 values across 729 

frequencies (Table 3) may not represent frequency dependent differences in sensitivity; rather, 730 

they more likely reflect the limited attenuation of the filter used to model the temporal responses 731 

of the rod photoreceptor. Our simple model provides valuable insights into the role of collecting 732 

area, photoreceptor kinetics and photoreceptor loss in the flicker response of rods, and more 733 

detailed model the rod photoreceptor responses with three or more integrating stages (eg. 734 

(Robson and Frishman, 2014)), is needed to meet the strong attenuation of rod responses at 735 

high temporal frequencies.  736 

Dim responses are shaped by the amplification kinetics of the forward transduction 737 

cascade and the kinetics of inactivation (Nikonov et al., 2000). Normal amplification in RhoP23H/+ 738 

retinas (Fig. 7K) suggests that the (1.6-fold) reduction in flash photosensitivity (Fig. 7I and 739 

Sakami et al. (2014)) can be attributed to their faster rod inactivation kinetics (Fig. 7E). The high 740 

amplification in Rho+/- rods (Fig. 7L) may counteract their fast inactivation kinetics (Fig. 7F) to 741 

produce normal photosensitivity values (Fig. 7J). The faster photoresponses of P30 Rho+/- rods 742 

are caused by a reduction in rhodopsin density and faster collision rates of phototransduction 743 

proteins on the outer segment disc membrane (Lem et al., 1999; Calvert et al., 2001; Makino et 744 

al., 2012). However, the density of rhodopsin in older (P90) Rho+/- mice is thought to be normal 745 

(Liang et al., 2004), suggesting that the faster recovery kinetics of rods in older Rho+/- mice are 746 

a result of an alternative mechanism(s) related to changes in the volume of the rod outer 747 
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segment, accelerated exchanges of cations, or altered expression of inactivation proteins 748 

relative to outer segment volume (Liang et al., 2004).  749 

The mechanism(s) underlying the faster photoresponses of rods in P30 RhoP23H/+ mice 750 

(Sakami et al., 2014; Figure 7) are also unclear. Photoreceptors of P30 RhoP23H/+ mice have 751 

reduced rhodopsin expression and reduced outer segment volume (Sakami et al., 2011 and 752 

2014), which could contribute to the faster photoresponse recovery kinetics via similar 753 

mechanisms as described for P90 Rho+/- rods (see above). Another possibility is that the fast 754 

recovery kinetics in RhoP23H/+ mice could be a result of a change in Ca2+ dynamics, which act to 755 

accelerate photoresponse recovery in light-adapted conditions (Pugh and Lamb, 1993). In 756 

addition, the upregulation of ER stress responses observed in degenerating P23H rods (Sung et 757 

al., 1991; Kaushal and Khorana, 1994; Illing et al., 2002; Saliba et al., 2002; Lin et al., 2007; 758 

Gorbatyuk et al., 2010; Adekeye et al., 2014; Chiang et al., 2015) could trigger Ca2+ release 759 

from the ER (Sizova et al., 2014), resulting in increased intracellular Ca2+ concentration.  760 

However, this increase would likely cause a slowing of the response, because light-induced 761 

acceleration is caused by a reduction in intracellular Ca2+ concentration (Pugh et al., 1999). 762 

Further studies are required to unveil the mechanisms that underlie the fast response kinetics in 763 

RhoP23H/+ rods. 764 

Frequency dependent loss in TCS of RhoP23H/+ mice  765 

 The enhanced TCS of RhoP23H/+ and Rho+/- mice at mesopic light levels is largely a result 766 

of accelerated rod photoresponse kinetics (Fig. 2). However, it is not clear what drives the 767 

frequency dependent loss in TCS of RhoP23H/+ mice. It may be that degenerating rods first lose 768 

their innate ability to respond to low temporal frequencies before high temporal frequencies.  In 769 

this regard, it was recently demonstrated using behavior (Pasquale et al., 2019) that the 770 

illumination level at which rod-driven, TCS saturates is not absolute: rod driven TCS saturates at 771 

dimmer light levels at low temporal frequencies compared to rod driven TCS at high temporal 772 
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frequencies. The brighter light levels required to elicit enhanced flicker ERG responses of 773 

RhoP23H/+ mice at advanced stages of degeneration (Figure 2I) may be approaching the 774 

saturation range for rod driven TCS to low temporal frequencies, resulting in a smaller response 775 

to low frequencies than higher frequencies. In addition, the frequency dependent loss in TCS 776 

may result from disruption of one or more of the parallel retinal circuits that are active at the 777 

mesopic intensities where we observe enhanced TCS in RhoP23H/+ mice (reviewed by Sharpe 778 

and Stockman, 1999; Bloomfield and Dacheux, 2001; Grimes et al., 2018).  779 

Conclusions 780 

 The rod dysfunction of fast photoresponse kinetics is present in many animal models of 781 

retinal degeneration (RhoG90D/+ mice: Sieving et al., 2001; RhoP347LorS/+ pigs: Kraft et al., 2005), 782 

(Rho+/- mice: Lem et al., 1999; Calvert et al., 2001; Liang et al., 2004), (RPE65-/-; Woodruff et 783 

al., 2003). Moreover, accelerated rod recovery kinetics are present in some human adRP 784 

patients (Wen et al., 2011).  Diagnosis of advanced rod dysfunction in humans has been 785 

performed using full-field ERG, full-field stimulus test, and full-field perimetry (Bennett et al., 786 

2017). Measurement of retinal or behavioral TCS could prove useful as a rapid quantitative test 787 

indicative of early signs of rod dysfunction.  An important next step is to determine if enhanced 788 

TCS – at mesopic light levels - can be observed in human patients with RP. Such tests may 789 

require focal measurements in the peripheral retina, where rods outnumber cones, combined 790 

with colorimetric methods that independently control the response of rods and cones in mesopic 791 

light conditions (Zele and Cao, 2014). 792 

  793 
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Figure and Table legends:  794 

 795 

Figure 1: A gradual reduction in the ONL thickness and flash ERG responses of RhoP23H/+ 796 

mice. 797 

A: Representative dorsal-ventral OCT images of Rho+/+ control and RhoP23H/+ retinas. Top: P120 798 

Rho+/+ control retina.  Middle: P30 RhoP23H/+ retina.  Bottom: P120 RhoP23H/+ retina. Optic nerve 799 

head labeled ONH.  White bars and arrows in ventral retina indicate approximate boundaries of 800 

the outer nuclear layer (ONL).  Scale= 50 μm. 801 

B: Quantification of ONL thickness along the dorsal-ventral axis comparing Rho+/+ control and 802 

RhoP23H/+ mice.  803 

C: Representative scotopic (dark-adapted) ERG waveforms of P30 Rho+/+ control (black traces) 804 

and RhoP23H/+ mice (red traces) in response to a bright flash (10 cd*s/m2, top traces) that elicits 805 

both an a-wave and a b-wave, and in response to a relatively dim flash (0.01 cd*s/m2, bottom 806 

traces) that elicits only a b-wave. Grey arrows indicate the a- and b-waves of the flash ERG 807 

response for RhoP23H/+ mice. Stimulus flashes were presented at 0 s.  808 

D: Dark-adapted flash ERG intensity response functions depicting maximum (left) a-wave and 809 

(right) b-wave amplitudes as a function of flash intensity for Rho+/+ control and RhoP23H/+ mice. 810 

Arrows indicate responses to a 1 cd*s/m2 flash used to compare with ONL thickness in Figure 811 

1D. Genotype and ages are indicated in the figure. Symbols represent mean ± SEM (in some 812 

cases error bars are smaller than symbols), n=9-10 mice.  813 

E: Normalized a- and b-wave flash amplitudes of RhoP23H/+ mice plotted as a function of 814 

normalized ONL thickness measured at 500 mm from the ONH (average measurement of all 4 815 

quadrants). Flash ERG amplitudes in the plot were measured in response to brief flash of 1 cd 816 

s/m2. Flash ERG and ONL thickness measurements in RhoP23H/+ mice were normalized relative 817 
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to those of age-matched Rho+/+ controls. Fits are exponential rise to maximum at normalized 818 

ONL thickness = 1.0 (R2 >0.98). 819 

For all panels, genotype and ages are indicated in figure. Symbols represent mean ± SEM (in 820 

some cases error bars are smaller than symbols), n=4-5 mice. 821 

 822 

Figure 2: RhoP23H/+ mice exhibit a frequency dependent enhancement in flicker 823 

ERG sensitivity compared to controls. 824 

A-C: Averaged P30 flicker ERG responses of Rho+/+ (black traces) and RhoP23H/+ mice (red 825 

traces).  All traces are responses to a 75% contrast sinusoidal flickering stimulus with a mean 826 

background illumination of 2 cd/m2 (~1250 R*/rod/s): (A) 3 Hz, (B) 6 Hz, (C) 12 Hz. 827 

D-G: Retinal temporal contrast sensitivity functions (TCSFs) of Rho+/+ control (black circles) and 828 

RhoP23H/+ mice (red triangles) at a mean background illumination of 2 cd/m2 (~1250 R*/rod/s).  829 

TCSF plots depict retinal contrast sensitivity as a function of temporal frequency at: (D) P30, (E) 830 

P60, (F) P90, (G) P120. For panels, filled symbols represent mean ± SEM (in some cases error 831 

bars are smaller than symbols) and open symbols represent data for individual mice. N=5-6 832 

mice for each genotype and age. Statistical analysis: Two-way RM ANOVA: *p<0.05, **p<0.01, 833 

***p<0.001. 834 

H: Retinal TCS of RhoP23H/+ mice increases as ONL thickness decreases. Retinal TCS of 835 

RhoP23H/+ mice as a function of ONL thickness (average measurement of all 4 quadrants) and 836 

age.  RhoP23H/+ measurements are normalized relative to age-matched Rho+/+ control 837 

measurements. Dotted line represents a value of 1 where RhoP23H/+ measurements are equal to 838 

those of controls. Filled symbol represent mean ± SEM, n=5-6 mice for each genotype and age. 839 
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I: Enhanced TCS of RhoP23H/+ mice is not mediated by cone overcompensation or altered rod-840 

cone interactions. Temporal contrast sensitivity functions (TCSFs) depicting retinal TCS as a 841 

function of temporal frequency of Rho+/+::GNAT2cpfl3/cpfl3 control (grey circles) and 842 

RhoP23H/+:GNAT2cpfl3/cpfl3 mice (blue diamonds) at a mean background illumination of 2 cd/m2 843 

(~1250 R*/rod/s).  Filled symbols represent mean ± SEM (in some cases error bars are smaller 844 

than symbols) and open symbols represent responses of individual mice. N=5 mice for each 845 

genotype. Statistical analysis: Two-way RM ANOVA: ***p<0.001. 846 

 J: Enhanced optomotor contrast sensitivity in RhoP23H/+ mice. Temporal contrast sensitivity 847 

functions (TCSFs) measured with an optomotor behavior assay at P30-P45. Plots compare 848 

temporal contrast sensitivity of Rho+/+ control litter mates and RhoP23H/+ mice. Mean background 849 

illumination was 70 cd/m2 (~1500 R*/rod/s) and spatial frequency was set to 0.236 850 

cycles/degree. Filled symbols represent mean +/- SEM (in some cases error bars are smaller 851 

than symbols) and open symbols represent responses of individual mice. N=7-8 mice for each 852 

time point and genotype. TCS was determined by averaging responses over 4 days. Statistical 853 

analysis: Two-way RM ANOVA: ***p<0.001. 854 

 855 

Figure 3: Enhanced retinal TCS precedes retinal degeneration in Rho+/- mice. 856 

A: Minimal age-dependent reduction in ONL thickness measured from OCT images. 857 

Quantification of ONL thickness along the dorsal-ventral axis comparing Rho+/+ control siblings 858 

and Rho+/- mice. Genotype and ages indicated in plot. N= 4-5 mice. 859 

B-C: Minimal age-dependent reduction in flash ERG amplitude in Rho+/- mice. Dark-860 

adapted flash ERG intensity response functions depicting maximum (C) a-wave and (D) b-wave 861 

amplitudes as a function of flash intensity for Rho+/+ control and Rho+/- mice.  N= 9-10 mice. 862 
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D-E: Retinal temporal contrast sensitivity functions (TCSFs) of Rho+/+ control and Rho+/- mice 863 

measured by flicker ERG depicting TCS as a function of temporal frequency at: (A) P30 and (B) 864 

P120.  For all panels, filled symbols represent mean +/- SEM (in some cases error bars are 865 

smaller than symbols) and open symbols represent responses of individual mice, n=5-6 mice. 866 

Statistical analysis: Two-way RM ANOVA: *p<0.05, **p<0.01, ***p<0.001. 867 

F: Enhanced optomotor contrast sensitivity in Rho+/- mice. Optomotor contrast sensitivity 868 

functions at P30-P45. Plots compare temporal contrast sensitivity of Rho+/+ control litter mates 869 

and Rho+/- mice. Mean background illumination was 70 cd/m2 (~1500 R*/rod/s) and spatial 870 

frequency was set to 0.236 cycles/degree. Filled symbols represent mean +/- SEM (in some 871 

cases error bars are smaller than symbols) and open symbols represent responses of individual 872 

mice. N=7-8 mice for each time point and genotype. TCS was determined by averaging 873 

responses over 4 days. Statistical analysis: Two-way RM ANOVA: ***p<0.001. 874 

 875 

Figure 4: RhoP23H/+ and Rho+/- mice exhibit distinct illumination-dependent 876 

enhancement of their flicker ERG magnitude functions. 877 

A-B: Magnitude of the fundamental frequency (F0) in the flicker ERG response to 6 Hz flicker 878 

with 75% contrast presented at multiple mean background illumination levels. Plots show the 879 

responses of (A) Rho+/+ control sibling (black circles) and RhoP23H/+ mice (red triangles) at P30 880 

and (B) Rho+/+ control sibling (grey circles) and Rho+/- mice (green squares) at P30. Dashed 881 

lines indicate the mean illumination level of 2 cd/m2 (~1250 R*/rod/s) used in Figures 2 and 3. 882 

Symbols represent mean ± SEM (in some cases error bars are smaller than symbols), n=4-6 883 

mice. Statistical analysis: Two-way RM ANOVA. In (A), p>0.05 at 1 cd/m2 p<0.05 at all other 884 

illumination levels. In (B), p>0.05 at illumination levels <1 cd/m2, p<0.05 at all other illumination 885 

levels. 886 
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 887 

Figure 5: Enhanced photoreceptor responses in RhoP23H/+ and Rho+/- mice 888 

compared to control mice. 889 

A: Averaged photoreceptor isolated ex vivo ERG responses to 3, 6 , and 12 Hz flicker 890 

comparing P30 Rho+/+ control responses and (top) RhoP23H/+ responses or (bottom) Rho+/- 891 

responses.  All traces are responses to 75% contrast sinusoidal flickering stimulus with a mean 892 

background illumination of 0.3 cd/m2 (~1500 R*/rod/s). 893 

B-C: Fundamental magnitude of 3, 6, and 12 Hz, 75% contrast photoreceptor isolated ex vivo 894 

flicker ERG responses as a function of background illuminations comparing P30 RhoP23H/+ 895 

responses (B) or Rho+/- responses (C) and their littermate Rho+/+ control responses. Filled 896 

symbols represent measured data mean +/- SEM (in some cases error bars are smaller than 897 

symbols). N=3-4 retinas from at least two mice. Continuous lines represent model fits using Eq. 898 

9 (see text for details).  899 

 900 

Figure 6. Potential mechanisms underlying the increase in the magnitude of the 901 

flicker responses in RhoP23H/+ and Rho+/- photoreceptors 902 

A: The two-stage model of flicker responses consists of a first order exponential filter followed 903 

by a static non-linearity. The bandwidth of the filter depends on the value of the time constant ( ) 904 

while the position of the non-linearity along the intensity axis depends on the filter time constant 905 

( ), the amplification factor (ho), the collecting area (Ac) and the sensitivity of the circulating 906 

currents (I50CS). The output is scaled by the fractional thickness of the ONL (fONL). Approximate 907 

values of , Ac, I50CS and fONL were determined experimentally or obtained from the literature. 908 

The amplification factor (h0) is the only free parameter in the model.  909 
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B-E: Predicted model responses to 6 Hz flicker, 75% contrast using Eq. 13 and the following 910 

control values for the model parameters: Ac = 0.87 m2,  = 0.136 s, fONL = 1, h0 = 4, EC50 = 300 911 

ph/ m2/s.  912 

B: The rod collecting area (Ac) controls the position of the magnitude function along the intensity 913 

axis. 914 

C: The photoresponse kinetics ( ) control the magnitude of the flicker responses in high but not 915 

in low background intensities (see text for details). 916 

D: The number of photoreceptors, as represented by the relative thickness of the ONL (fONL) 917 

scales the magnitude of the responses. 918 

E: The multiplicative factor ho, which represents the sensitivity of the rod photoresponse, 919 

controls the activation range without introducing changes in the peak magnitude of the 920 

responses to contrast. 921 

 922 

Figure 7. RhoP23H/+ and Rho+/- mice exhibit faster rod recovery kinetics than 923 

control mice. 924 

A-C: Representative dark-adapted flash responses of isolated photoreceptors measured by ex 925 

vivo transretinal ERG.  Responses are from (A) P30 Rho+/+, (B) RhoP23H/+, and (C) Rho+/- retinas 926 

and normalized by the ‘steady response’ during saturating flashes. Solid line indicates 60% 927 

recovery of the photoresponse used to estimate time in saturation (Tsat) in D-F.  The four 928 

darker colored responses in each panel were used to calculate D in D-E. 929 

D: Average time-to-peak values for Rho+/+, RhoP23H/+ and Rho+/- retinas plotted as function of 930 

photoisomerisations elicted per flash in control rods. Responses of control retinas speed up 931 
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gradually with flash intensity. Times-to-peak of RhoP23H/+ and Rho+/- retinas were 25-30 ms faster 932 

than those of controls. Symbols represent mean +/- SEM.  933 

E-F: Tsat of photoresponse recovery as a function of the natural log of the flash intensity of 934 

Rho+/+ control retinas (CTL P23H and CTL Rho+/-, respectively) compared to (E) RhoP23H/+ 935 

retinas and (F) Rho+/- retinas.  Points in the linear range of saturation (see dark lines in 936 

corresponding panels above) were used to determine D for each mouse line (Vinberg and 937 

Koskelainen, 2010). Filled symbols and bars represent mean +/- SEM (error bars smaller than 938 

symbols) and open symbols represent measurements from individual retinas.  N=4 retinas from 939 

at least two mice. 940 

G-H: Flash intensity vs response functions for Rho+/+ sibling control (CTL P23H) and RhoP23H/+ 941 

retinas (G) and Rho+/+ controls (CTL Rho+/+) and Rho+/- retinas (H). The data was well fit (R2 > 942 

0.98) with Hille functions (Hille coefficient = 1), suggesting linearity of the responses with dim 943 

flashes. Open symbols indicate the responses of RhoP23H/+ retinas and Rho+/- retinas after 944 

accounting for differences in collecting area indicated in Table 1. Flash intensities on the x-axis 945 

indicate photoisomerizations / rod in control retinas.  946 

I-J: Average I50f values for the Hille functions fitting the flash intensity of RhoP23H/+ retinas and 947 

their sibling controls (I) and Rho+/- retinas and their sibling controls (J). Open bars represent I50f 948 

values after adjusting for differences in collecting areas listed in Table 1.  Bars represent mean 949 

+/- SEM (n=4 for each genotype). Statistical analysis: double-tailed t-tests, p values are 950 

indicated on plots. 951 

K-L: Average amplification values for RhoP23H/+ retinas and their sibling contros (K) and Rho+/- 952 

retinas and their respective sibling controls (L). Open bars represent amplification values after 953 
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adjusting for differences in collecting areas listed in Table 1.  Bars represent mean +/- SEM 954 

(n=4 for each genotype). Statistical analysis: double-tailed t-tests, p values indicated on plots. 955 

 956 

Figure 8: Desensitized suppression of circulating currents by steady lights. 957 

A-B: Maximum a-wave amplitude in response to a saturating flash stimulus of 1776 cd*s/m2 as a 958 

function of background intensity for (A) P30 RhoP23H/+ and their sibling Rho+/+ control mice and 959 

(B) P30 Rho+/- and their sibling control Rho+/+ mice. 960 

C-D: Corresponding steady state circulating current (Icirc) suppression data at each background 961 

intensity determined by subtracting normalized saturating flash responses from 1. Solid fit lines 962 

represent Hill equation fits of the measured responses. Open symbols account for the loss in 963 

sensitivity arising from faster kinetics ( ) and reduced collecting area (Ac) in RhoP23H/+ (C) and 964 

Rho+/- (D) mice after applying Equation 12 and values listed in Table 2. The loss in sensitivity 965 

attributed to differences in kinetics shifted the data to the right by 2.5-fold in RhoP23H/+ retinas 966 

(depicted by the transition from the curve labeled with open to the curve with grey triangles) and 967 

2.0-fold in Rho+/- retinas (transition from curve labeled with open squares to curve with grey 968 

squares). The remaining loss in sensitivity is attributed to reduced collecting area and shifted 969 

the curves to the right by x1.6 (grey triangles to full triangles in RhoP23H/+ retinas; grey squares to 970 

green squares in Rho+/- retinas).  971 

For all panels, symbols represent mean ± SEM (in some cases error bars are smaller than 972 

symbols), n= 6 RhoP23H/+ mice and 4 Rho+/+ controls, n= 6 Rho+/- mice and 6 Rho+/+ controls. 973 

 974 

Figure 9: Predicted magnitude responses with the model of Rho+/+ retinas to 6 Hz flicker, 975 

75% in contrast, assuming A) Single changes in a single parameter. The parameters under 976 
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study were the collecting area (Ac), the thickness of the ONL (fONL) or the response kinetics ( ). 977 

Each curve (open symbols) represents the magnitude function estimated when the indicated 978 

parameter was assigned the corresponding value measured in RhoP23H/+ retinas while the 979 

remaining parameters had control values (see Table 2). For reference, the full symbols 980 

represent responses of Rho+/+ and RhoP23H/+ retinas (from Fig. 5). B) Systematic changes in Ac 981 

for retinas with 60% degeneration (as per RhoP23H/+ retinas, Fig. 1) and normal response kinetics 982 

(  = 0.136 s, Fig. 7). C) Systematic changes in Ac in retinas without degeneration (fONL=1, as per 983 

Rho+/- retinas, Fig. 3) and normal response kinetics (  = 0.136 s, Fig. 7). Full symbols indicate 984 

magnitude response of Rho+/+ and Rho+/- retinas (from Fig. 5). Only after accounting for fast 985 

photoresponse kinetics can the magnitudes responses approximate of Rho+/+ retinas 986 

approximate those of RhoP23H/+ and Rho+/- (see text). Illumination levels are expressed in terms 987 

of the expected photoisomerisation rate (R*/rod/s) for WT rods. 988 

 989 

Table 1: Morphological parameters and estimation of end-on collecting area of 990 

rods in control and transgenic mice. 991 

All parameters were either measured in this study (ONL thickness from OCT measurements in 992 

Figure 1) or from previously published studies (Rho+/+: Lyubarsky et al., 2004; RhoP23H/+: Sakami 993 

et al., 2011 and 2014, Chiang et al., 2014; Rho+/-: Lem et al., 1999, Calvert et al., 2001, and 994 

Liang et al., 2004). We then used the values listed here and equation 6 in methods to estimate 995 

the end-on collecting areas (Ac) of Rho+/+ control, RhoP23H/+, and Rho+/- mice.  996 

 997 

Table 2: Model parameters. 998 



 

44 
 

Model parameters for the model fits depicted in Figure 5. All parameters were measured in this 999 

study (ONL thickness, Figure 1; Tau: Figure 7) or obtained from the literature (see Table 1).  1000 

 1001 

Table 3: Model variable and fit coefficients. 1002 

Model variables and fit coefficients for fits depicted in Figure 5. The applied model is expressed 1003 

in Methods equation 13. h0 is the only variable in the model. All other parameters in the model 1004 

are measured and listed in Table 2. R2 is the coefficient of determination of the fit, and RMSE is 1005 

the root mean square error representing the standard deviation of the residuals. 1006 

  1007 
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Figure 1: A gradual reduction in the ONL thickness and flash ERG amplitudes of RhoP23H/+ mice.
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Figure 2: RhoP23H/+ mice exhibit a temporal frequency dependent enhancement 
in flicker ERG sensitivity compared to controls.
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Figure 3: Enhanced retinal TCS precedes retinal degeneration in Rho+/- mice.
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Figure 4: RhoP23H/+ and Rho+/- mice have different intensity vs response magnitude functions.
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Figure 5: Enhanced responses to flicker in RhoP23H/+ and Rho+/- photoreceptors
   compared to control 
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Figure 7: RhoP23H/+ and Rho+/- mice exhibit faster rod recovery kinetics than controls.
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Figure 8: Desensitized suppression of circulating currents 

 by steady lights in RhoP23H/+ and Rho+/- retinas.

P30

S
a

tu
ra

ti
n

g
 a

-w
a

v
e

 (
�

V
)

100

1000
A

Rho +/+

RhoP23H/+

P30

S
a

tu
ra

ti
n

g
 a

-w
a

v
e

 (
�

V
)

100

1000B
Rho+/+

Rho+/-

Background illumination (cd/m2)

0.001 0.01 0.1 1 10 100

1
-(

R
/R

d
a

rk
)

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Background intensity (R*/rod/s)

1 10 100 1000 10000

Ac
Ac, Tau

Loss sensitivity:

Rho+/+

Rho+/-

Background illumination (cd/m2)

0.001 0.01 0.1 1 10 100

1
-(

R
/R

d
a

rk
)

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

Background intensity (R*/rod/s)

1 10 100 1000 10000

Ac
Ac, Tau

Rho +/+

RhoP23H/+

Loss sensitivity:

C D



Figure 9: Predicted magnitude responses. 
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Table 1: Morphological parameters and estimation of end-on collecting area of 

rods in control and transgenic mice. 

Feature Unit Rho+/+  

*Lyubarsky et 
al., 2004 

RhoP23H/+  (P30) 

*Estimated from 
data by Sakami 
et al., 2011;2014 

and Chiang et 
al., 2014 

Rho+/-   (P30) 

*Estimated 
from data by 
Lem et al., 
1999 and 
Calvert et al., 
2001 

Rho+/-  (P90) 

*Liang et al., 
2004  

Rhodopsin 
protein 
expression  

Percentage 

(relative to 
WT) 

100% ~50% ~50% ~50% 

ONL thickness 

*Measured: 
Fig. 1,6 

m 55-60 35-40 55-60 50-55 

OS length m 24  12 24 16 

OS diameter m 1.4  1.4 1.4 1.1 

OS volume m3 37  18.5 37 16 

Rhodopsin 
conc. in OS 

mM 3  3 1.5 3 

ΔD o.d. units/ m 0.019 0.019 half +/+ 

(*0.0095) 

0.019 

Ac single rod m2 0.87 0.55 

(↓ 1.6 fold) 

0.55 

(↓ 1.6 fold) 

0.41 

(↓ 2 fold) 

 



 

 1 

Table 2: Model parameters. 

 

Parameter Symbol Rho+/+  

(RhoP23H/+ 

control) 

RhoP23H/+   Rho+/+ 

(Rho+/- 
control) 

Rho+/-   

Scaling 
constant* 

K0 750 675 1100 990 

Relative ONL 
thickness 

fONL 1 0.6 1 1 

Dominant time 
constant 

Tau (sec) 0.135 0.055 0.138 0.068 

Irradiance at 
half  

maximal output 

EC50 
(ph/ m2/s) 

300 300 300 300 

Rod length L ( m) 24 12 24 24 

Rod diameter d ( m) 1.5 1.5 1.5 1.5 

Quantum 
efficiency 

q 0.63 0.63 0.63 0.63 

Funneling fp 1.2 1.2 .1.2 1.2 

Pigment optical 
density 

ΔD (od 
units/ m) 

0.019 0.019 0.019 0.0095 

*K0 @12Hz = 
0.6xK0 
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Table 3: Model variables and fit coefficients. 

 




