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Abstract  27 

The mammalian visual system operates over an extended range of ambient light levels by 28 

switching between rod and cone photoreceptors. Rod-driven vision is sluggish, highly sensitive 29 

and operates in dim or scotopic lights while cone-driven vision is brisk, less sensitive and 30 

operates in bright or photopic lights. At intermediate or mesopic lights, vision transitions 31 

seamlessly from rod-driven to cone-driven, despite the profound differences in rod and cone 32 

response dynamics. The neural mechanisms underlying such a smooth handoff are not 33 

understood. Using an operant behavior assay, electrophysiological recordings and 34 

mathematical modeling we examined the neural underpinnings of the mesopic visual transition 35 

in mice of either sex. We found that rods, but not cones, drive visual sensitivity to temporal light 36 

variations over much of the mesopic range. Surprisingly, speeding up rod photoresponse 37 

recovery kinetics in transgenic mice improved visual sensitivity to slow temporal variations, in 38 

the range where perceptual sensitivity is governed by Weber’s Law of sensation. In contrast, 39 

physiological processes acting downstream from phototransduction limit sensitivity to high 40 

frequencies and temporal resolution. We traced the paradoxical control of visual temporal 41 

sensitivity to rod photoresponses themselves. A scenario emerges where perceptual sensitivity 42 

is limited by: a) the kinetics of neural processes acting downstream from phototransduction in 43 

scotopic lights, b) rod response kinetics in mesopic lights, and c) cone response kinetics as light 44 

levels rise into the photopic range.  45 

 46 

  47 
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Significance statement  48 

Our ability to detect flickering lights is constrained by the dynamics of the slowest step in the 49 

visual pathway. Cone photoresponse kinetics limit visual temporal sensitivity in bright (photopic) 50 

lights while mechanisms in the inner retina limit sensitivity in dim (scotopic) lights. The neural 51 

mechanisms underlying the transition between scotopic and photopic vision in mesopic lights, 52 

when both rods are cones are active, are unknown. This study provides a missing link in this 53 

mechanism by establishing that rod photoresponse kinetics limit temporal sensitivity during the 54 

mesopic transition. Surprisingly, this range is where Weber’s Law of Sensation governs 55 

temporal contrast sensitivity in mouse. Our results will help guide future studies of complex and 56 

dynamic interactions between rod-cone signals in the mesopic retina.  57 

  58 
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 59 

Introduction:  60 

Under bright ambient conditions, human cone-driven (or photopic) vision can detect flicker at 61 

higher temporal frequencies than rod-driven vision under dim ambient conditions (de Lange, 62 

1954; Kelly, 1961; Hess and Nordby, 1986). Despite the differences in the intrinsic response 63 

properties of rod and cone photoreceptors (Lamb, 2013), as light levels rise, the visual system 64 

transitions seamlessly from scotopic to photopic vision by way of mechanisms that are not 65 

understood (Stockman and Sharpe, 2006; Zele and Cao, 2014). The transition occurs in the 66 

mesopic light range, where both rod and cone photoreceptors actively respond to light and their 67 

signals are relayed along converging postsynaptic circuitry (MacLeod, 1972; van den Berg and 68 

Spekreijse, 1977; Volgyi et al., 2004; Cao et al., 2010).  69 

The neural mechanisms that control the sensitivity of the visual system to temporal variations in 70 

light (also known as temporal contrast sensitivity (TCS)) reside largely in the retina (Dowling, 71 

1967; Donner et al., 1990; Purpura et al., 1990; Tranchina et al., 1991; Seiple et al., 1992; Dunn 72 

et al., 2006; Dunn et al., 2007; Smith et al., 2008; Jackman et al., 2009; Jarsky et al., 2011; 73 

Oesch and Diamond, 2011; Ke et al., 2014). The photoreceptor frequency response has been 74 

suggested to shape TCS in photopic lights (Tyler, 1985; Watson, 1986; Sharpe et al., 1989; 75 

Graham and Hood, 1992; Rovamo et al., 1999; Jarvis et al., 2003). In support of this view, a 76 

close link has recently been established between cone response kinetics and foveal/peripheral 77 

differences in sensitivity to fast flicker (Sinha et al., 2017). Thus cone photoresponse kinetics 78 

likely limit TCS in multiple conditions.  79 

In contrast, behavioral observations in mice suggest that rod photoresponse kinetics do not limit 80 

TCS in dim scotopic conditions (0.4 photoisomerisations /rod/ sec, Umino et al. (2012)). Under 81 

these conditions, rods act as photon counters and process(es) downstream of 82 

phototransduction respond to the early rising phase of the photoresponse (Robson and 83 

Frishman, 1995; Field and Rieke, 2002; Sampath et al., 2005; Dunn et al., 2006; Okawa et al., 84 

2010; Stockman et al., 2010). Rod photoresponse kinetics also do not limit TCS at the top of the 85 

scotopic range (50 photoisomerisations/ rod/ sec, Peinado Allina et al. (2017)). At this level rods 86 

integrate the response to multiple photoisomerisations and govern the response kinetics of 87 

postsynaptic neurons (Fortenbach et al., 2015).  88 
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Here, we show that the kinetics of rod recovery determine visual (behavioral) TCS in mesopic 89 

but not in scotopic lighting. To perform these studies, we combined a forced-choice operant 90 

behavior assay and electrophysiology in mouse. We have previously established that mouse 91 

vision matches fundamental properties of human TCS using the operant assay, (Umino et al., 92 

2018). We compared TCS in control (WT) and mice overexpressing R9AP in their rods (line 93 

R9AP95, Chen et al., 2010; Chen et al., 2012). The expression level of R9AP sets the cellular 94 

levels of the GAP complex (RGS9∙G 5∙R9AP) as R9AP overexpression results in an increase in 95 

RGS9 and G 5-L levels (Krispel et al., 2006). RGS9 is a GTPase activating protein responsible 96 

for the rapid inactivation of the phototransduction G protein, transducin (He et al., 1998). 97 

Overexpression of R9AP in rods speeds up their photoresponse recovery rates (Krispel et al., 98 

2006; Chen et al., 2010; Chen et al., 2012; Peinado Allina et al., 2017). Our data show that fast 99 

rod inactivation kinetics differentially improves contrast sensitivity to low temporal frequency 100 

flicker in the mesopic range, where mouse vision operates in the Weber adaptation regime 101 

(Umino et al., 2018). Our electrophysiological recordings and mathematical modeling provide 102 

new insights to the complexity of rod - cone dynamics at mesopic light levels (Walraven et al., 103 

1990; Stockman and Sharpe, 2006; Zele and Cao, 2014).  104 

 105 

 106 

  107 
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Materials and Methods: 108 

Mouse genotype and husbandry 109 

Animal strains. We used heterozygous mice of the R9AP95 mouse line (Chen et al., 2010; Chen 110 

et al., 2012). In the remainder of this manuscript we refer to the R9AP95 line as R9OE (R9AP 111 

Over-Expressing). To selectively analyze rod-mediated responses under mesopic conditions we 112 

eliminated cone-driven responses in mesopic lights by breeding R9AP95 lines onto the ‘black’ 113 

GNAT2cpfl3 background (Chang et al., 2006). GNAT2cpfl3 mice (referred to as G2 in the text) carry 114 

a spontaneous point mutation in the GNAT2 gene that reduces cone phototransduction efficacy 115 

(Chang et al., 2006; Nusinowitz et al., 2007). As a result, mice have normal rod responses and 116 

desensitized cone responses that can be detected with intense flashes. Our R9OE and G2 lines 117 

were bred more than 7 generations into the C57BL6J background. Cones in ‘black’ G2 mice are 118 

unresponsive in mesopic lights, and can be used to study rod vision in mesopic lights (Nathan et 119 

al., 2006; Naarendorp et al., 2010; Brown et al., 2011; Wang et al., 2011).  120 

Animals of either sex, three to six month of age, were tested with an operant behavioral assay 121 

and flicker ERG recordings. Mice were maintained on a 14/10 h light/dark cycle, and tested 122 

during the subjective day. All procedures in this study were approved by the SUNY Upstate 123 

Medical University Institutional Animal Care and Use Committee (IACUC# 297) and were 124 

conducted in accordance with the Guide for the Care and Use of Laboratory Animals (National 125 

Academy of Sciences, Washington, DC) and in compliance with the ARVO Statement for the 126 

Use of Animals in Ophthalmic and Vision Research. All efforts were made to minimize animal 127 

suffering. 128 

Operant conditioning assay to determine TCS in mice.  129 

In our forced-choice operant studies, mice are trained to detect and respond to flickering lights, 130 

using a control and conditioning system (Lafayette Instruments, Lafayette, IN) as described 131 

previously (Umino et al., 2018). Briefly, each mouse is maintained on a food-restriction schedule 132 

sufficient to provide necessary motivation to learn and perform the behavioral task (food is 133 

restricted to achieve 80-85% of expected body weight) and trained to perform a forced-choice 134 

visual task: discriminate presence or absence of flicker in the overhead LED-based test light 135 

(505 nm central emission). A brief (20 msec), high frequency tone is presented to alert the mice 136 

that they can initiate a trial. Trials are initiated when the mouse visits the reward tray. Following 137 

trial initiation, the light stimulus is presented concurrent with a cueing tone, both of which 138 

terminate when the animal responds, or in the absence of a response, after 12 s. A response is 139 
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computed as a visit to the reward tray following a visit to the left (flicker) or right (non-flicker) 140 

nose-poke ports. Correct responses (Hits and Correct Rejections) are rewarded with a small 141 

amount of commercially available Ensure Nutrition Drink© (~5-10 microL) on a schedule that 142 

rewards 100% of the Hits and 100% of the Correct Rejections.  143 

We test daily the ability of mice to detect flickering from non-flickering lights. Animals are dark-144 

adapted for 1-2 hours prior to the experimental session. Each session consists of 400 trials 145 

following a ‘warm up’ session of 300 corrective trials. The duration of each session is ~2-3 hrs. 146 

During the sessions mice are continuously exposed to a fixed adapting light; the flicker test is a 147 

sinusoidally-varying full field illumination superimposed on the steady adapting light. The 148 

amplitude of the sinusoid increases gradually over a one second interval to reduce the 149 

generation of spillover frequencies. The level of the non-flicker test light is matched to the 150 

adapting light.  151 

To determine temporal contrast sensitivity in mice we first measured their psychometric 152 

functions. Psychometric functions (PFs) are plots of the discriminability index, d’, in response to 153 

different contrast levels. For the estimation of the discriminability factor d’ we applied (Green 154 

and Swets, 1988; Macmillan and Creelman, 2005): 155 

    (1), 156 

where  represents the z-score of the probability of Hits or False Alarms at a given contrast. 157 

The (empirical) contrast threshold, which depends on the relative shift of the PF along the 158 

contrast axis, was arbitrarily defined as the contrast necessary to elicit a d’ = 1, which by the 159 

Theory of Signal Detection (TSD) produces 76% correct responses in alternative forced-choice 160 

tasks and is bias free. Temporal contrast sensitivity (TCS) is the inverse of the threshold.  161 

Full PFs were determined in single, daily sessions consisting of 400 trials, where the magnitude 162 

of the contrast applied at each trial was variable and selected randomly from an array of 5-6 163 

possible Rayleigh (or Michelson) contrast values (separated by 5% contrast intervals). Stimulus 164 

variables defined by the experimenter are mean light intensity (Io), and temporal frequency (ft). 165 

We applied linear regression to determine the empirical contrast threshold at the intersection of 166 

the regression line with d’ = 1. To reduce the uncertainty associated with day-to-day variability 167 

we measured and averaged PFs repeatedly until the regression coefficient R2 for the cumulative 168 

average was 0.70 or higher, a process that requires averaging two to three PFs.  169 

 170 

 171 
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Determination of retinal irradiance in freely behaving mice.  172 

Levels of retinal irradiance were determined as described previously (Umino et al., 2018). 173 

Briefly, corneal irradiance (in Watts/ area) was measured with an M370 Optometer (Graseby 174 

Optronics, FLA) and converted into scotopic illuminace units (s lux) using established formulas 175 

(Wyszecki and Stiles, 2000). Pupil areas of WT, R9OE, G2, and G2::R9OE mice behaving 176 

freely in the behavioral chamber were measured as a function of corneal illuminance using a 177 

custom-built portable device as described previously (Bushnell et al., 2016). Using pupil area 178 

and corneal illuminance information (Fig. 1) we applied the equations derived by Lyubarsky et 179 

al. (2004) to determine the levels of retinal irradiance at each experimental condition. Note that 180 

we express retinal irradiance in terms of photon flux at the retina (ph/sec/ m2) and not in the 181 

conventional form (R*/rod/sec, where R* are photoisomerizations) because rod effective 182 

collecting area values are likely to change following prolonged bleaching (2-3 hours) at the high 183 

irradiance levels used in our behavioral experiments (Lyubarsky et al., 2004).  184 

 185 

Flicker ERG recordings.   186 

ERGs were recorded using the Espion E2 system and a ColorDome ganzfeld stimulator 187 

(Diagnosys) as described by Umino et al. (2012). Briefly, mice were dark-adapted overnight and 188 

prepared for recordings using dim red lights and infrared goggles. Mice were initially 189 

anesthetized by intraperitoneal injection of a ketamine/xylazine mixture (90 and 9 mg/kg, 190 

respectively). To maintain the animal under anesthesia over the 3 hour experiments, booster 191 

applications at a lower dosage (30 and 3 mg/kg) were applied roughly every 40 min via a wing 192 

infusion set placed subcutaneously in the flank of the animal. Pupils were dilated with 1% 193 

tropicamide and 2.5% phenylephrine hydrochloride.  A drop of Gonak solution (2.5%, Akorn, 194 

Lake Forest, IL) was applied on each cornea prior to the recordings. Recordings were 195 

performed with a conducting thread electrode placed in contact with the cornea and covered 196 

with a transparent contact lens to minimize cataract development. The reference electrode was 197 

placed in the mouth and a subcutaneous ground electrode positioned near the tail. Mouse body 198 

temperature was maintained at 37°C using an electric warming pad. 199 

To isolate photoreceptor responses we injected intravitreally 1.5 L of a cocktail containing 57 200 

mM of L-(+) -2-Amino-4-Phosphonobutyric acid (L-AP4, Cat. No. 0103, Tocris Bioscience, 201 

Bristol, UK) and 86 mM of 2,3 cis-Piperidine dicarboxylic acid (PDA, ab120038, Abcam, 202 

Cambridge, UK) in saline solution as described by Shirato et al. (2008) and Saszik et al. (2002). 203 

Briefly, the intravitreal injection was performed under a dissecting microscope and IR 204 
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illumination. A 30-gauge needle was used to punch a hole just behind the limbus. An alumina 205 

glass pipette with a tip diameter of 25 m was inserted through the hole and 1.5 l mixture of 206 

the L-AP4 and PDA cocktail was injected with a Hamilton microsyringe (Hamilton CO., Reno, 207 

NV). We assume a mouse vitreal volume of approximately 20 l, resulting in estimated vitreal 208 

concentrations of 4 and 6 mM for L-AP4 and PDA, respectively. At the end of each experiment 209 

we tested for the appearance of the b-wave  or the ‘positive intrusion’ in the response to a brief 210 

flash superimposed on background illumination as described by Shirato et al. (2008). Presence 211 

of a b-wave or positive intrusion indicated washout (or bad injection) of the blocking cocktail and 212 

the experiment was voided.  213 

Flicker ERGs were evoked by sinusoidally modulated monochromatic light stimulus (530 nm) at 214 

various levels of mean retinal illuminance (40, 80, 200, 400, 800, 1600, 3200, and 6400 215 

photons/sec/ m2), contrast (75%), and temporal frequencies (3, 6 and 12 Hz). After electrode 216 

placement the animals were light-adapted for 1 hour at a background level delivering 217 

approximately 40 photons/sec/ m2 at the retina. The goal of the prolonged light adaptation 218 

period was to replicate the extended light adaptation conditions that the animals experience 219 

during the behavioral studies. Following the adaptation period, the background luminance was 220 

increased to a new level every 12 minutes. The flicker stimulation sequence started 3 minutes 221 

after the transition to the new background level. Each sequence started with the presentation of 222 

flicker with 0% contrast to determine noise levels, followed by flicker stimulation of 3, 6, and 12 223 

Hz, each at 75% contrast. The sequence ended with a brief saturating flash from a Xenon lamp 224 

delivering 1778 cd s/m2 to determine the fraction of dark current suppression at each 225 

background. Each flicker trial was 4 seconds in duration for 3 Hz flicker and 2 seconds for 6 and 226 

12 Hz. The response is the average of 30 trials. ERG responses were analyzed by Fast Fourier 227 

Transformation using MATLAB software (MathWorks) and the magnitude of the fundamental 228 

plotted as a function of retinal irradiance. The initial transient of the flicker response (5 seconds) 229 

was not recorded.  230 

Conversion from luminance to rate of rhodopsin excitation was performed by assuming that 1 231 

(scot) cd/m2 generates 800 R*/rod/sec and the pupil area was 4 mm2 (see Umino et al., 2012 for 232 

details). As noted above in reference to the behavioral studies, rod effective collecting area 233 

values are likely to change following prolonged bleaching at the high irradiance levels used in 234 

our ERG experiments (Lyubarsky et al., 2004). Therefore, we express retinal irradiance for the 235 

ERGs in terms of photon flux at the retina (ph/sec/ m2) and not in the conventional form 236 

(R*/rod/sec, where R* are photoisomerizations). To convert rhodopsin excitation rates into 237 
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retinal irradiance levels we divided the conversion factor by the end-on collecting area of mouse 238 

rods which is estimated at approximately 0.87 m2 (Lyubarsky et al., 2004; Naarendorp et al., 239 

2010). For practical purposes we assigned it a value of 1 m2. 240 

 241 

Experimental Design and Statistical Analysis 242 

For the temporal contrast sensitivity functions involving both WT and R9OE mice, a two-way 243 

repeated measures analysis of variance (2-way RM ANOVA) was used with the nominal factors 244 

being genotype and frequency. Holm-Sidak’s procedure for pairwise multiple comparisons was 245 

performed to test the hypothesis that mean measurements obtained from R9OE mice were not 246 

different from WT mice. A similar analysis was applied to comparisons between R9OE::G2 and 247 

G2 mice. When necessary, logarithmic transformations of contrast sensitivity data were 248 

performed prior to statistical analysis to fulfill normality and equal variance requirements for the 249 

ANOVA. In the case of the contrast sensitivity vs retinal irradiance functions (behavior) or 250 

magnitude vs retinal irradiance (ERG data), two-way RM ANOVA was performed independently 251 

at each temporal frequency. Data analysis was performed with SigmaStat software (Systat 252 

Software, San Jose, CA). Plots display mean ± SEM. Numbers of mice and p-values are 253 

indicated in the text or figure legends.  254 

Model equations. 255 

a) Linear stage: For a sinusoidally modulated flicker input given by: 256 

  (3) 257 

where C is the modulation contrast, Io the mean irradiance, w = 2 fo, is the flicker in radians per 258 

second, and fo is the flicker frequency in Hz. The response is given by the convolution of the 259 

flicker input and the impulse response of the ‘transfer function’, 260 

  (4). 261 

The impulse response of a first order integrating stage is defined as: 262 

  (5), 263 

where ho is the amplitude of the ‘impulse’ response,  is the time constant of the exponential 264 

response, and the rate of the reaction is a =  -1. The area under the exponential function (A) is 265 

given by the product of the time constant by the amplitude such that: A =  ho.  266 
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Solution of Eq. (4) results in: 267 

 (6) 268 

where 269 

     (7)  270 

is the phase of the response. After a sufficiently long time 271 

      (8), 272 

the initial transient of the response decays and Eq (4) simplifies to the steady response of the 273 

linear model:  274 

  (9). 275 

  276 

b) Linear-Non-Linear model: Assuming that the non-linearity is defined by the Hill equation, the 277 

output is given by: 278 

     (10), 279 

where K is a calibration constant and EC50 indicates the irradiance level that produces 50% of 280 
the maximal output. Substituting terms in Eq. (10) we obtain: 281 

  (11) 282 

Which can be solved for the steady state ( , condition 8) and expressed as: 283 

   (12). 284 

To simplify the notation we define: 285 

    (12.1), 286 

       (12.2), 287 

Where  has units of time [sec]. The factor ho has units of [sec-1] so that both Io and EC50 have 288 

units of irradiance [ph/sec/ m2].  289 
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Hence we rewrite Eq. (12) as follows:  290 

    (13). 291 

From (13) we readily derive the magnitude of the response in steady state, 292 

    (14), 293 

and estimate the peak response as a function of the attenuation factor ,  294 

      (15),  295 

at an irradiance value of:    296 

      (16), 297 

We note that when the attenuation factor 2 << 1, then: 298 

      (17) 299 

       (18), 300 

In other words, the model predicts that both the peak of the response and the irradiance at 301 

the peak are inversely related to the value of the time constant ( ). In addition the peak 302 

response  is also inversely related to the frequency of the flicker stimulation w, which is 303 

consistent with results in Figure 4.  304 

  305 
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Results: 306 

Rod inactivation kinetics limit temporal contrast sensitivity to low temporal frequencies 307 

We applied an operant behavior assay to determine TCS functions (TCSF) in mice using a yes-308 

no (one-forced choice) paradigm (see Methods for details). TCSFs are plots of TCS measured 309 

at multiple background illumination levels and temporal frequencies. We have previously shown 310 

that TCSFs in mice share many key features with TCSFs in humans (Umino et al, 2018). Here 311 

we test the hypothesis that rod inactivation kinetics shapes TCSFs in mice.  We compared 312 

TCSFs in control (WT) and R9AP95 mice overexpressing R9AP in rods (in the text we refer to 313 

this line of mice as R9OE) measured with the operant behavior assay. Overexpression of R9AP 314 

in rods speeds up their photoresponse recovery rates (Krispel et al., 2006; Chen et al., 2010; 315 

Peinado Allina et al., 2017) and increases the amplitude of their responses to flicker stimulation 316 

(Fortenbach et al., 2015). We found that much like WT mice, TCS functions of R9OE mice 317 

exhibit the classic low to band pass transformation as background light levels rise (Fig. 2), as 318 

observed in humans, however, with important light-and frequency-dependent differences 319 

relative to WT mice.  320 

In dim lights (10 ph/sec/ m2 at the retina – see Methods for estimation of irradiance values), 321 

R9OE and WT mice had similar low-pass TCS functions (Fig. 2A). A small increase in average 322 

sensitivities to 3 and 4.5 Hz in R9OE mice was not statistically significant (no significant 323 

interaction between genotype and frequency (p = 0.6) and no significant difference in genotype 324 

(p = 0.1); 2-Way RM ANOVA). At these dim light levels rods integrate single photon responses 325 

and begin to activate their adaptation mechanisms (Dunn et al., 2006). These results are in line 326 

with those reported previously by Peinado Allina et al. (2017) using a wheel-running visual 327 

behavioral apparatus.  328 

At intermediate light levels (440 ph/sec/ m2 at the retina), R9OE mice exhibited a frequency-329 

dependent increase in sensitivity relative to WT mice (Fig. 2B). TCSFs of both R9OE and WT 330 

mice exhibited the trademark band-pass shape as seen in human (de Lange, 1958; Kelly, 1961; 331 

Watson, 1986; Umino et al., 2018) however, R9OE mice were more sensitive than WT mice to 332 

flicker frequencies below 15 Hz, while their sensitivity to frequencies above 15 Hz remained 333 

normal (significant interaction between genotype and frequency (p = 0.002, power = 0.9); 2-Way 334 

RM ANOVA).  335 
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At bright light levels near the upper end of the mesopic range (8200 ph/sec/ m2 at the retina), 336 

the sensitivity of R9OE mice was higher than that of WT mice (Fig. 2C) at all stimulus 337 

frequencies (no significant interaction between genotype and frequency (p = 0.27) but 338 

significant difference in genotype (p = 0.027); 2-Way RM ANOVA). Scaling the TCSFs of WT 339 

mice by a constant factor (in this case 1.25) closely fit the TCS function of R9OE mice. Taken 340 

together, comparisons of the TCS functions (Fig. 2A-C) suggest that TCS is limited by R9AP 341 

expression in rods in a complex way that depends both on temporal frequency and light levels.  342 

Photoreceptor response kinetics control TCS during Weber’s adaptation  343 

To better understand how light adaptation properties differ in R9OE and WT mice we measured 344 

TCS to low (6 Hz) and high (21 Hz) flicker stimulation using small (0.6 log unit) increments in 345 

mean irradiance. TCS of WT mice to 6 Hz flicker remained constant over a 3.5 log range in 346 

retinal illumination (10 to 3000 ph/sec/ m2 at the retina), consistent with Weber’s law (Fig. 2D, 347 

no significance difference among irradiance levels, see stats below).  On the other hand, TCS of 348 

R9OE mice followed a non-monotonic relation with background light levels: TCS was normal at 349 

low light levels (less than 110 ph/sec/ m2 at the retina), but grew gradually with higher light 350 

intensities, reaching maximal sensitivities for irradiance values ranging from 440 to 1700 351 

ph/sec/ m2 (Fig. 2D; significant interaction between genotype and frequency; p < 0.001 and 352 

power = 0.9; comparisons of WT responses within irradiance were not significantly different (p > 353 

0.35); 2-Way RM ANOVA). TCS of R9OE mice decreased with irradiance levels above 1700 354 

ph/sec/ m2.  355 

Unlike the responses to 6 Hz flicker, TCS to 21 Hz flicker did not adapt to background light 356 

levels and TCS to 21 Hz flicker is independent of the level of R9AP expression (Fig. 2E). 357 

Responses to 21 Hz were first observed in background lights delivering 110 ph/sec/ m2 at the 358 

retina. Thereafter, TCS of both WT and R9OE mice rose gradually with irradiance (Fig. 2E; non-359 

significant difference in genotype (p = 0.43), or interaction between genotype and frequency (p 360 

= 0.18); 2-Way RM ANOVA). Activation at high irradiance levels and lack of adaptation in 361 

response to high temporal frequencies (e.g., 21 Hz flicker) is also a feature of human TCS 362 

(Shapley and Enroth-Cugell, 1984).  363 

High TCS in R9OE mice does not arise from differential rod PDE activation  364 

As a result of their faster response kinetics, rods with higher levels of transducin GAP have 365 

shorter integration times than control rods (Krispel et al., 2006; Chen et al., 2010), leading to 366 

smaller steady-state responses to steps of light and a relative shift of their response-intensity 367 
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relationship to the right by 0.3 log units (2-fold) (Fortenbach et al., 2015). Hence, at equal 368 

steady irradiance levels, WT and R9OE rod photoreceptors rods are differentially activated via 369 

PDE- and calcium-dependent adaptation mechanisms (Yau and Nakatani, 1985; Matthews et 370 

al., 1988; Nikonov et al., 2000). To determine if differential rod activation may explain the higher 371 

TCS to 6 Hz flicker that we observe in R9OE vs WT mice, we matched the levels of dark current 372 

suppression (steady rod activation) at each irradiance level as per Fortenbach et al. (2015). This 373 

was accomplished by shifting the TCS curve for R9OE mice to the left by 0.3 log units (red open 374 

triangles in Figs 2D). We find that even with the leftward shift, TCS to 6 Hz flicker of R9OE mice 375 

remains significantly higher than that of WT mice. Indeed, our results suggest that TCS in R9OE 376 

mice is better explained by a vertical rather than a horizontal shift of the TCS of WT mice. 377 

Hence, we conclude that differential steady state activation of R9OE rods cannot fully explain 378 

the increase in TCS to 6 Hz.   379 

High TCS in R9OE mice does not arise from rod-cone interactions.  380 

TCS is subject to phase differences in rod-rod (Stockman et al., 1991), and rod-cone signal 381 

interactions (MacLeod, 1972; van den Berg and Spekreijse, 1977; Zele and Cao, 2014). Given 382 

that fast inactivation kinetics of R9OE rods (Krispel et al., 2006; Chen et al., 2010) alter the 383 

phase of their responses to sinusoidal stimulation (see results below), we examined whether 384 

abnormal rod-cone interactions underlie the changes in TCS of R9OE mice (Fig. 3). Our 385 

approach was to selectively isolate rod-mediated vision in animals that have attenuated cone 386 

responses due to a missense mutation in the cone-specific transducin α-subunit gene (Gnat2, 387 

“G2”) (GNAT2cpfl3; Chang et al. (2006), Nusinowitz et al. (2007)). Behavioral and ERG controls 388 

performed in our lab confirm that G2 mice have no cone responses at the ‘mesopic’ retinal 389 

irradiance levels used in this study (100 to 4000 ph/sec/ m2). At 6 Hz, TCS of WT and G2 mice 390 

match closely at retinal irradiance levels ranging from 10 to approximately 4000 ph/sec/ m2 (no 391 

interactions between genotype and illuminance, p(genotype) = 0.38; 2-Way RM ANOVA) (Fig. 392 

3A). TCS to 21 Hz did not differ in G2 and WT mice (Fig. 3B) (no differences between genotype 393 

(p = 0.54), or interactions between genotype and illumination (p = 0.12); 2-Way RM ANOVA). 394 

Altogether these results are consistent with the notion that rods and not cones drive TCS at 395 

retinal irradiance levels < 4000 ph/sec/ m2. Such an extended range of rod-driven behavior is 396 

unexpected given that the threshold for cone-driven responses to incremental flashes is in the 397 

order of 100 R*/ rod/ sec (Naarendorp et al., 2010). These results highlight the dynamic nature 398 

of rod vs cone-driven sensitivities in the mesopic range. 399 
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Next we tested TCS in G2 mice with fast rod kinetics. We found that with fast rod responses and 400 

no (mesopic) cone responses (G2::R9OE double mutant mice) exhibited enhanced TCS to low 401 

frequencies relative to their G2 control counterparts (Fig. 3C). G2::R9OE and G2 mice have 402 

similar TCS at 6 Hz for retinal irradiance levels at or below 40 ph/sec/ m2.  However, TCS of 403 

G2::R9OE mice was significantly higher than that of G2 mice at 6 Hz for retinal irradiance levels 404 

ranging from approximately 100 to 4000 ph/sec/ m2, (genotype x intensity interactions p < 405 

0.001; 2 Way RM ANOVA, individual interactions indicated in Fig 3D). Indeed, TCS of 406 

G2::R9OE mice remained relatively constant at irradiance levels ranging from 150 to 2400 407 

ph/sec/ m2 consistent with the notion of a shift in the Weber adaptation regime to higher TCS 408 

values (~3). A similar trend was observed with R9OE mice (Fig. 2D), although over a reduced 409 

irradiance range that extends from 440 to 1700 ph/sec/ m2.  No significant differences in TCS to 410 

21 Hz were detected in G2::R9OE and G2 mice (Fig. 3E) (no differences between genotype, p = 411 

0.15, or genotype x intensity interactions , p = 0.21; 2 Way RM ANOVA). Altogether, these 412 

results confirm that, for retinal irradiance levels ranging from approximately 100 to 4000 413 

ph/sec/ m2, the increase in TCS to low frequencies in R9OE mice does not arise from rod-cone 414 

interactions.  415 

Pharmacologically-isolated ERG responses of WT and R9OE mice are consistent with 416 

behavioral sensitivity 417 

To understand how rod photoresponse kinetics limits TCS to low frequencies we assessed the 418 

responses of WT and R9OE rods electroretinographically to the same stimulus conditions 419 

applied in the operant behavior trials. We performed these measurements in vivo because: 1) 420 

photoreceptor kinetics are strongly dependent on the cellular environment (Azevedo and Rieke, 421 

2011; Vinberg et al., 2014; Peinado Allina et al., 2017); 2) conditions of our behavioral 422 

experiments require that we assess rod responses during prolonged exposure to background 423 

lights (more than one hour), as well as in the presence of a working visual cycle. Thus, we 424 

examined the influence of accelerated transducin deactivation and background illumination on 425 

the frequency response of photoreceptors using in vivo flicker ERGs (see Methods for details). 426 

Photoreceptor contributions to the ERG were isolated pharmacologically with an intravitreal 427 

cocktail containing glutamate receptor agonists and antagonists (Kondo and Sieving, 2001; 428 

Shirato et al., 2008). The isolated ERG reflects contributions of photoreceptors as well as a slow 429 

negative going slow PIII component (Shirato et al., 2008, and see Discussion). Contrast level 430 

was set at 75%, which is slightly higher than the TCS thresholds of WT mice determined with 431 
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the behavioral assay. Lower contrast levels did not produce measureable responses to 6 Hz 432 

flicker in WT mice. 433 

We tested the pharmacologically-isolated ERG responses of WT and R9OE mice to sinusoidal 434 

flicker stimulation (3 Hz) of constant contrast (75%) presented at three different mean retinal 435 

irradiance levels (Fig. 4A). At low irradiance levels (40 ph/sec/ m2), the flicker ERG responses 436 

of R9OE and WT mice were small and overlapped closely, suggesting that R9AP-437 

overexpression does not influence rod responses at dim irradiance levels. The amplitude of the 438 

responses grew differentially at intermediate irradiance levels (800 ph/sec/ m2) such that R9OE 439 

mice had markedly higher amplitudes and faster responses (as inferred from the relative phase 440 

advance of the waveforms, see below for analysis) than WT mice. At high irradiance levels 441 

(6400 ph/sec/ m2) the amplitude of the responses decreased in both genotypes relative to that 442 

at intermediate irradiance levels; however, the response amplitudes remained higher in R9OE 443 

mice compared to WT mice. A similar trend but scaled down in amplitude was present in 444 

response to 6 Hz flicker (Fig. 4A, right).  445 

To quantify the amplitude of the responses, we computed the Fast Fourier Transform of the 446 

response traces and plotted the magnitude of the fundamental frequency (Fo) as a function of 447 

mean retinal irradiance (Fig. 4B). In response to 3 Hz flicker the plots follow non-monotonic 448 

relations that peak slightly above 400 ph/sec/ m2 for WT and 800 ph/sec/ m2 for R9OE mice. 449 

Maximal response magnitudes of R9OE mice are significantly larger than those of WT mice 450 

(significant genotype x irradiance interaction; p = 0.005 and power = 0.8; 2-Way RM ANOVA; 451 

individual interaction levels are shown in Fig. 4B, middle). A similar response pattern was 452 

observed in response to 6 Hz flicker, where the non-monotonic relations again peak at 453 

approximately 400 ph/sec/ m2 and 800 ph/sec/ m2 for WT mice and R9OE mice, respectively, 454 

and the response magnitudes of R9OE mice are significantly larger than those of WT mice 455 

(significant genotype x irradiance interaction; p < 0.005 and power = 0.8; 2-Way RM ANOVA; 456 

individual interaction levels are shown in Fig. 4B, bottom). Interestingly, the isolated ERG 457 

responses of R9OE mice to 6 Hz flicker peak at approximately the same retinal irradiance levels 458 

(800 ph/sec/ m2) as their behavioral contrast sensitivities (compare with Fig. 2D); whereas the 459 

isolated ERG responses of WT mice to 6 Hz remain relatively flat, much the same as their 460 

corresponding behavioral responses. We further investigate the relation between ERG 461 

magnitudes and behavioral responses below.  462 
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We determined the phase of the responses by fitting the time-course of the individual responses 463 

with sine wave functions. Plots of phase vs irradiance (Fig. 4C) show that the phase of WT 464 

responses to 3 Hz remained relatively constant across the range (40 to 6400 ph/sec/ m2), 465 

however the phase of R9OE mice responses increased approximately 0.4 radians before 466 

leveling off at irradiance levels > 400 ph/sec/ m2 (statistical difference between genotypes (p = 467 

0.04) but no significant interactions between genotype and irradiance (p = 0.25); 2-Way RM 468 

ANOVA). The phase advance in the response of R9OE mice is consistent with their faster 469 

response kinetics (see below), whereas the gradual increase in phase with low irradiance levels 470 

can be attributed to light adaptation mechanisms that speed up photoreceptor response kinetics 471 

(Tranchina et al., 1984; Smith et al., 2001). The phase of the responses to 6 Hz are relatively 472 

constant within the irradiance range of interest; however, the difference in phase is reduced to 473 

0.1-0.2 radians. We note that, in response to 6 Hz, the fits to individual traces had R2 < 0.7; 474 

hence, we averaged the response traces of all mice (see, e.g., Fig. 4A) which considerably 475 

improved the sine wave fits (R2 > 0.8). The pharmacologically-isolated flicker ERGs of WT and 476 

R9OE mice have the same magnitude and phase as the isolated ERGs of G2 and G2::R9OE 477 

mice suggesting that, within the stimuli range of interest, the isolated ERG signal is driven 478 

primarily by rods and not cones (Fig. 4D). 479 

The horizontal separation between the peaks of the WT and R9OE ERG responses (0.3 log 480 

units) agrees with the separation between the steady response curves of WT and R9OE rods 481 

(Fig. 4B, top) as recorded by Fortenbach et al. (2015). This suggests that the non-monotonic 482 

shape of the magnitude vs irradiance relations can be attributed to the compressive non-483 

linearity inherent to rod photoreceptor responses (Shapley and Enroth-Cugell, 1984). However, 484 

this notion does not explain the higher ERG response amplitudes in R9OE vs WT mice in 485 

relation to their respective rod response kinetics. We turned to a mathematical model to gain 486 

insights into the underlying mechanisms. 487 

The photoresponse recovery time-constant controls the magnitude and phase of the 488 

pharmacologically isolated ERG flicker responses. 489 

We considered whether a simple model consisting of a single integrating stage characterized by 490 

an exponential decay function followed by a saturating non-linearity (Fig. 5A) can explain our 491 

ERG data in Figure 4. We tentatively assign the linear integrating stage to the rod 492 

phototransduction cascade while the nonlinear function relates the suppression of the steady 493 

dark current with retinal irradiance (see Discussion). Although more sophisticated and realistic 494 
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models of phototransduction (eg. Hamer, 2000; Astakhova et al., 2015) and ERGs (Robson and 495 

Frishman, 2014) have been developed, different versions of linear-non-linear models (LNL)  496 

have been used in the past to investigate the responses of retinal neurons to flicker and noise 497 

stimulation in electrophysiology (Tranchina et al., 1984; Rieke, 2001; Smith et al., 2001; Wang 498 

et al., 2011; Sinha et al., 2017) and psychophysics (Kelly, 1971; Watson, 1986; Stockman et al., 499 

2006).  500 

The model has three parameters defined as the time constant of the first order integrating 501 

reaction (Tau), the gain of the integrating stage (ho) and the mean irradiance at half maximum 502 

of the saturating non-linearity (EC50) (Fig. 5). Solution to the equations describing the LNL 503 

model (see Methods, Eq. 13) reveals that the frequency response depends strongly on 504 

irradiance levels (Fig. 5). At low light levels (Fig. 5A, i) the family of response functions behaves 505 

as predicted by a linear model (see figure legend for details); however, as irradiance levels 506 

increase, the order of the curves reverses, such that the response curve corresponding to the 507 

shortest time constant yields the highest response amplitude (Fig. 5A, ii). Furthermore, the 508 

magnitude of the response to flicker follows a non-monotonic relation with mean irradiance (Fig. 509 

5A, iii), where both the magnitude and position of the peak response are inversely related to the 510 

time constant (see Methods, Eqs. 17 and 18). Note that the position of the peak response along 511 

the abscissa corresponds to the mean irradiance level producing a 50% (steady state) 512 

suppression of the steady potential (Fig. 5A, iv), while the position of the compressive non-513 

linearity itself is inversely related to the area under the exponential function (Eq. 13). In this 514 

scenario the response time constant plays two distinct roles 1) sets the cutoff frequency (or 515 

bandwidth) of the linear filter that shapes the sinusoidal signal and 2) controls the location along 516 

the irradiance axis of the compressive non-linearity that determines the magnitude of the 517 

response to flicker.  518 

We compared the time course of the responses to flicker of our LNL model with a slow 519 

integration time (Tau = 0.15 sec) with those of a model with fast integration time (Tau = 0.05 520 

sec). These values were chosen as an approximation to the dominant time constant values, 521 

0.128 and 0.05 sec that characterize the response kinetics of WT and R9OE rods respectively 522 

(Peinado Allina et al., 2017, also see Discussion). The predicted responses (Fig. 5B, left) 523 

capture several features we observed in the ERG responses to flicker stimulation of constant 524 

contrast (Fig. 4A): a) at low irradiance levels (40 ph/sec/ m2, within the linear range) the two 525 

models exhibited responses of similar amplitude, b) as irradiance levels rise (400 ph/sec/ m2) 526 

the amplitude of the response of the fast model (Tau = 0.05 sec) was consistently higher than 527 
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that of the slow model (Tau = 0.15 sec), c) at high irradiance levels (4000 ph/sec/ m2) the 528 

amplitude of the responses decreases as expected from compressive saturation, d) a phase 529 

advance as inferred from the temporal shift in the response of the fast vs the slow models (see 530 

Eq. 7). The predicted responses of the fast model remain larger than those of the slow model 531 

after adjusting the background levels (by a factor of 3) to elicit equal steady states (Fig. 5B, 532 

right). The position of the non-linearity along the irradiance axis is inversely proportional to the 533 

time constant (Eqs 12.1 and 13), hence, the factor of 3 follows from the 3-fold ratio in Tau 534 

values used for illustration of the model predictions.  535 

Next we applied Maximum Likelihood Estimation (Millar, 2011) to evaluate how well the LNL 536 

model (Eq.13) captures the major features of the data in Fig 4. We considered four different 537 

nested models, each with an increasing number of constraints, to identify the parameters that 538 

account for the differences in the magnitude of the response between WT and R9OE mice (Fig. 539 

6A-D). Our analysis indicates that a model with four independent parameters is sufficient to 540 

explain the data (Fig. 6E-G) as is illustrated by the model predictions in Fig. 4B (magnitude) and 541 

C (phase). In this case, WT and R9OE share the same values for ho (ho-WT = ho-R9OE = 3.46 542 

± 0.41) and EC50 (EC50-WT = EC50-R9OE = 190.8 ± 21.1) but differ in the value of Tau (Tau-543 

WT = 0.181± 0.005 sec, Tau-R9OE = 0.070 ± 0.003 sec). Note that these Tau values are in line 544 

with the dominant time constants of WT and R9OE rods (see Discussion). We conclude that the 545 

differences in the values of the time constants (Tau) account, to a large degree, for the 546 

differences in the magnitude of the response of WT and R9OE mice.  547 

The linear stage of the model predicts that the bandwidth of the response will increase as the 548 

time constant decreases (Fig. 5A). However, we could not empirically test this prediction 549 

because signal-to-noise limitations in our ERGs prevented us from reliably recording responses 550 

to flicker frequencies > 6Hz. In its place we analyzed the relative changes in response phase 551 

which is directly linked to the cutoff frequency (bandwidth) via the activation rates (or time 552 

constants) of a first order integration function (see Eq. 7 and Oppenheim et al., 1983). We found 553 

that the four parameter model can also account reasonably well for the phase advance between 554 

the sinusoidal responses of WT and R9OE mice (Fig. 4C), particularly at irradiance levels above 555 

100 ph/sec/ m2, which is in line with the prediction that the flicker ERG responses of R9OE 556 

mice have a wider bandwidth than those of WT mice. 557 

 558 
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Similar isolated-ERG responses to 6 Hz flicker in R9OE and WT mice at behaviorally-559 

determined contrast thresholds 560 

We demonstrated that R9OE mice exhibit higher TCS to 6 Hz flicker than WT mice (Fig. 2) and 561 

also that the pharmacologically-isolated ERG response to 75 % contrast flicker is larger in 562 

R9OE than in WT mice (Fig. 4). Next we investigated the correspondence between the ERG 563 

response and TCS in WT and R9OE mice (Frishman and Robson, 1999; Naarendorp et al., 564 

2001). The goal was to determine whether the different contrasts required to reach behavioral 565 

thresholds (same sensory experience) produce the same isolated ERG response (neural 566 

encoding) in WT and R9OE mice (Parker and Newsome, 1998; Carandini and Churchland, 567 

2013). 568 

We measured and compared the pharmacologically-isolated ERG responses of WT and R9OE 569 

mice to flicker contrast set at the level of their respective behavioral thresholds (Fig. 7A). 570 

Contrast thresholds were computed as the inverse of the TCS values in Fig. 2D (see Methods). 571 

The behavioral contrast thresholds of WT mice remained relatively constant (50-60%) with 572 

background irradiance. Contrast thresholds of R9OE were significantly lower than those of WT 573 

mice for irradiance values higher than 40 ph/sec/ m2 (significant interaction between genotype 574 

and irradiance (p < 0.001, power = 0.9; 2-Way RM ANOVA). Note that all comparisons of WT 575 

responses within irradiance were not significantly different (p > 0.35), consistent with Weber 576 

adaptation in WT mice.  577 

The ERG responses of WT and R9OE mice to flicker set at the corresponding contrast 578 

thresholds matched closely over the entire irradiance range (Fig. 7B). The magnitude of the 579 

fundamental flicker ERG responses in WT and R9OE mice increased approximately linearly 580 

with irradiance up to 800 ph/sec/ m2 (Fig. 7C), and decreased monotonically thereafter, most 581 

likely the result of response compression (e.g. Figs. 4 and 5). The close overlap of the flicker 582 

response magnitudes (no significant interaction between genotype and frequency (p= 0.075) or 583 

difference among the two genotypes (p = 0.34); 2-Way RM ANOVA) indicates that the isolated 584 

ERG responses (neural encoding) in WT and R9OE mice are similar at their respective 585 

behavioral contrast thresholds (same sensory experience).  586 

R9AP overexpression in rods increases whole-ERG responses to both low and high 587 

temporal frequencies  588 
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The amplitude of the pharmacologically-isolated ERGs declines sharply with temporal 589 

frequency, limiting the recording range to 6 Hz. To investigate the retinal responses to higher 590 

frequencies we recorded the flicker ERG responses in eyes that were not injected with 591 

pharmacological blockers (full ERG). This signal reflects the activity of second-order bipolar 592 

cells (Shirato et al., 2008). Using this approach, we reliably recorded ERG responses to flicker 593 

frequencies ranging from 3 to 24 Hz at increasing irradiance levels (Fig. 8A). WT and R9OE 594 

mice had similar ERG magnitudes at mean retinal irradiances ranging from 10 to approximately 595 

100-200 ph/sec/ m2. Above 200 ph/sec/ m2 the responses of R9OE mice were significantly 596 

higher than those of WT mice across the entire frequency range tested, including the response 597 

to 24 Hz flicker (see legend of Fig. 8 for details of the statistical analysis).  598 

Plots of response magnitude as a function of frequency were low-pass in shape, without the  599 

characteristic low frequency roll-off that is observed in the full ERGs when mice are exposed to 600 

significantly higher, photopic light levels (Krishna et al., 2002; Shirato et al., 2008). The 601 

bandwidth and magnitude of the plots depended on genotype, flicker contrast, and mean 602 

irradiance level (Fig. 8B) as reported by Fortenbach et al. (2015). At 80 ph/sec/ m2 the 603 

magnitude plots of WT and R9OE mice overlapped closely, whereas at a higher irradiance 604 

delivering 1600 ph/sec/ m2 at the retina, the responses of R9OE were approximately 2.2-fold 605 

higher than those of WT mice. The larger magnitude of the full ERG responses probably reflects 606 

the larger responses of ON and OFF bipolar cells in R9OE relative to WT mice (Fortenbach et 607 

al., 2015). Similar results were observed both with 75% and 25% contrast flickers. We conclude 608 

that R9AP-overexpression in rods enhances the magnitude of the full ERG responses across 609 

the temporal frequency range (up to 36 Hz) for retinal irradiance levels > 100-200 ph/sec/ m2.  610 

The similarity of the full ERG response magnitudes at the lower irradiance levels < 100-200 611 

ph/sec/ m2  for R9OE and WT mice (Fig. 8) follows the similarity for their isolated ERG 612 

magnitudes (Fig. 4B, bottom) and their behavioral sensitivities (Fig. 2D). However, with retinal 613 

irradiance levels > 100-200 ph/sec/ m2, a more complex, frequency-dependent scenario 614 

emerges between R9OE mice responses relative to those of WT mice. In response to low 615 

frequencies (eg 6 Hz), we observe a significant increase in the full ERG (Fig. 8A), as in the 616 

isolated ERG (Fig. 4, bottom), and the behavioral contrast sensitivity (Fig. 2D). In response to 617 

high frequencies (eg. 21-24 Hz), the magnitude of the full ERG response in R9OE mice is also 618 

larger than that of WT mice (Fig. 8A) but this enhanced response does not translate into a 619 

corresponding increase in their temporal contrast sensitivities (Fig. 2E). In summary, the results 620 

indicate that both low and high frequency flicker responses are enhanced in R9OE retinas, but 621 
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only low frequency flicker results in a higher temporal contrast sensitivity. Furthermore, these 622 

results suggest that the frequency-dependent differences in the processing of temporal flicker 623 

may arise downstream of the bipolar cells, where the full ERG signals arise (see Discussion for 624 

candidate mechanisms).  625 

 626 

Discussion 627 

In this study we applied an operant behavior assay, electrophysiological recordings, and 628 

mathematical modeling to investigate the retinal underpinnings of Temporal Contrast Sensitivity 629 

in mesopic lights. We have determined that photoresponse rate recovery in rods is critical in 630 

setting TCS to low but not high, temporal frequencies. These results have important implications 631 

in our understanding of the retinal mechanisms that limit temporal sensitivity at different light 632 

levels and provide an unexpected, novel mechanistic perspective on Weber’s Law.  633 

Rod photoresponse recovery kinetics limit TCS in the Weber regime 634 

We have previously shown that R9AP KO transgenic mice with slow rod and cone 635 

photoresponse recovery kinetics exhibit a reduction in the bandwidth of their optomotor 636 

response at mesopic light levels (1600 R*/rod/sec) relative to control WT mice (Umino et al., 637 

2012). Our previous results are similar to those observed in the human condition, bradyopsia, in 638 

which humans respond slowly to changes in light levels. However, those results do not 639 

demonstrate that rod kinetics are the rate limiting stage in mesopic lights.  Specifically, a non-640 

limiting stage in a serial system can be slowed down to the point where it becomes the rate 641 

limiting element of the system. In contrast, a stage is considered as being rate limiting if 642 

speeding up its kinetics results in faster responses (and implicitly an extended bandwidth) of the 643 

system, as in the context of the phototransduction pathway (Krispel et al., 2006).  In our 644 

previous study (Umino et al., 2012), we did not examine optomotor response sensitivities of 645 

mice with fast photoresponse kinetics at mesopic light levels. 646 

  647 

Here, our first major finding is that overexpression of the transducin GAP complex in rods of 648 

R9OE mice increased behavioral TCS to low (6 Hz) but not high (21 Hz) temporal frequencies 649 

at retinal irradiance levels ranging from 100 to 4000 ph/sec/ m2. These light levels correspond 650 

to the mesopic range in mouse vision (Nathan et al., 2006; Naarendorp et al., 2010). This is also 651 

the range where mouse TCS exhibits rod-driven Weber adaptation in response to flickering 652 
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lights (Fig. 2 and 3). In the context of TCS functions in human observers, Weber adaptation is 653 

apparent in the low frequency asymptote, where TCS remains approximately constant as retinal 654 

irradiance values rise (de Lange, 1958; Kelly, 1961; Conner, 1982). Weber behavior depends 655 

on the spatial configuration of the stimulating pattern (Kelly, 1972) and is thought to reflect the 656 

inhibitory influences of feedback mechanisms acting in the inner and outer retinas (Kelly, 1971; 657 

Shapley and Enroth-Cugell, 1984; Tranchina et al., 1984); see for example (Purpura et al., 658 

1990; Seiple et al., 1992; Dunn et al., 2007).  659 

At a physiological level, Weber adaptation is observed in photoreceptor (Matthews et al., 1988), 660 

synaptic (Oesch and Diamond, 2011) and postsynaptic responses (Barlow, 1965; Dunn et al., 661 

2006). However, it remains unclear as to how the different retinal components and circuits 662 

combine to produce Weber-like behavior. Here we have established that rod photoresponse 663 

kinetics limit TCS in the Weber regime: faster rod photoresponse kinetics in R9OE mice resulted 664 

in an increase in TCS (Fig. 2 and 3) and flicker ERG responses (Fig. 4) relative to WT mice. Our 665 

results may appear counterintuitive at first glance, because faster response kinetics in rate-666 

limiting reactions is associated with a reduction of the integration times and smaller responses 667 

(Fig. 5). However, the higher contrast sensitivity in the responses of R9OE vs WT mice can be 668 

explained in terms of a shift in a compressive non-linearity that we tentatively assign to the 669 

steady-state activation of the cGMP-gated channels in rods (see below).  670 

We established that behavioral thresholds elicit similar pharmacologically-isolated ERG 671 

responses in WT and R9OE mice to 6 Hz flicker (Fig. 7) suggesting a close correspondence 672 

between the neural retinal signal and the behavioral response. However, the isolated ERG 673 

response reflects both the contributions of the photoreceptor response as well as contributions 674 

of the slow PIII (and perhaps a c-waveform) originating from the flow of potassium currents in 675 

Muller (and RPE) cells (Shirato et al., 2008; Robson and Frishman, 2014). Surprisingly, the 676 

estimated parameters in the model are in close agreement with physiologically measured values 677 

in rod photocurrents. The model time constants for WT and R9OE ERGs were slightly slower 678 

but in line with the values of the dominant time constants of WT (0.128 sec, Fig. 6E, black line) 679 

and the two different lines of mice overexpressing R9AP in rods (0.058 sec, Fig. 6E, red line; 680 

Chen et al., 2010; Peinado Allina et al., 2017). Similarly, the values of the product EC50, 681 

representing the shift of the static nonlinearity along the irradiance axis for WT and R9OE rods 682 

(Fig. 6H and Eq. 13), are well within range of the EC50 values of the steady circulating currents 683 

measured in isolated WT (184 R*/rod/sec) and R9AP overexpressing rods (480 R*/rod/sec) 684 

(Fortenbach et al., 2015). Hence, we tentatively assign the linear integrating stage of the model 685 
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to the rod phototransduction cascade while the nonlinear function relates the suppression of the 686 

steady dark current with retinal irradiance. Future studies are needed to precisely determine the 687 

relative contribution and kinetics of photoreceptors, Muller and RPE cells to the isolated ERG, 688 

with particular interest in the individual contributions at different light levels and temporal 689 

frequencies.  690 

An important outcome of our studies is the similarity in the behavioral TCS in R9OE and WT 691 

mice at weak irradiance levels that seems to follow what occurs in the isolated and full ERG 692 

magnitudes. We applied our mathematical model to gain new insights into why photoreceptor 693 

response kinetics do not seem to influence TCS at dim, scotopic light levels (40 to 100 694 

ph/sec/ m2, when rods integrate the response of successive photoisomerisations) as observed 695 

here (Fig. 2, 3, 4, 8) as well as by Peinado Allina et al. (2017) using a different operant (running 696 

wheel) assay. Inspection of figure 5Ai shows that the simulated responses to 3 and 6 Hz flicker 697 

of WT (Tau = 0.150 sec) and R9OE (Tau = 0.05 sec) photoreceptors share the same 698 

asymptote, resulting in similar response magnitudes at retinal irradiance levels of 24 ph/sec/ m2 699 

(at these irradiance levels the model predicts a relatively linear response in the temporal 700 

frequency domain). These predictions seem to bear out in the isolated ERG responses to 6 Hz 701 

flicker and approximately in the case of 3 Hz (Fig. 4), suggesting that the behavioral and full 702 

ERG phenotype can be attributed to the photoreceptor responses. Our argument is based on 703 

the premise that rods integrate the responses of multiple photoisomerisations at these light 704 

levels, as can be inferred from the recordings by Fortenbach et al. (2015) which show rod dark 705 

current suppression levels of ~20% in WT and ~10% in R9OE rods at 40 R*/rod/sec. We note 706 

however, that these results do not rule out the possibility that elements downstream from the 707 

retinal bipolar cells may limit the rate of the responses as proposed by Peinado Allina et al. 708 

(2017). 709 

Rod photoresponse recovery kinetics do not limit temporal resolution 710 

Our second major finding in this study is that TCS to high frequencies (21 Hz) was not affected 711 

when speeding up rod photoresponse kinetics (Fig. 2 and 3). Interestingly Weber adaptation 712 

does not apply to the sharp, high frequency asymptote of the TCSFs (Kelly, 1972; Shapley and 713 

Enroth-Cugell, 1984; Watson, 1986). To this day it remains unknown why and how the visual 714 

system processes flicker information differentially in the low (Weber) and high (linear) frequency 715 

regions of the TCSFs. It may be argued that the faster kinetics of R9OE rods are low-pass 716 

filtered at the rod-bipolar cell synapses and not transmitted to the inner retina. However, results 717 
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from our full ERGs recordings oppose this view. The magnitude of the full ERGs responses to 718 

flicker presented at irradiance levels > 100-200 ph/sec/ m2 was significantly larger in R9OE than 719 

in WT mice for temporal frequencies ranging from 1.5 to ~36 Hz, (see Fig. 8). Given that the 720 

magnitude of the full ERGs is related to the response of bipolar cells (Shirato et al., 2008), our 721 

results are consistent with the notion that the fast, larger signals in R9OE rod photoreceptors 722 

are being transmitted postsynaptically to the inner retina. Our results are also consistent with 723 

earlier observations showing that the full ERGs and rod bipolar cell flicker responses are larger 724 

in R9OE than in  WT retinas but disagree with the irradiance  range (< 100 R*/rod/sec) where  725 

Fortenbach et al. (2015) report the increase in the responses of R9OE vs WT mice. This 726 

difference may arise as a consequence of the different light adaptation conditions applied in the 727 

two studies. The measurements performed by Fortenbach et al 2015 were carried out following 728 

short (in the order of seconds) steady light exposures, while our studies were performed 729 

following prolonged exposures (over 40 minutes in duration, aimed at replicating our behavioral 730 

experimental conditions) that may alter rod photoresponse properties through a number of light-731 

dependent mechanisms such as pigment bleaching (Lyubarsky et al., 2004), prolonged 732 

adaptation effects (Calvert et al., 2002; Krispel et al., 2003) and/ or translocation of key 733 

phototransduction components at the strongest intensities of our study (Sokolov et al., 2002; 734 

Lobanova et al., 2007). 735 

Our next observation is that the larger response to low and high temporal frequencies at the 736 

level of the inner retina (as reflected by the full ERG) is differentially transmitted downstream in 737 

R9OE vs WT mice. As described above, the larger magnitudes in the isolated ERG and full 738 

ERG responses to low flicker frequencies (6 Hz) correspond to an increase in contrast 739 

sensitivity at the behavioral level of R9OE vs WT mice. However, the larger response 740 

magnitudes to high temporal frequencies (eg. 21 Hz) did not correspond to increased behavioral 741 

contrast sensitivity and/ or temporal resolution. This suggests that: i) neural mechanism(s) 742 

located downstream from the bipolar cells differentially control TCS to high (eg 24 Hz) flicker 743 

frequencies (eg. Abbott et al., 1997; Carandini et al., 2002; Chung et al., 2002) or ii) the 744 

relatively small differences in the retinal response of R9OE vs WT mice to 24 Hz flicker (Fig. 8A) 745 

are below intrinsic (central) visual noise levels and cannot be detected perceptually (e.g. Pelli 746 

and Farell, 1999; Rovamo et al., 1999). In either case, it will be important to identify and 747 

characterize the retinal pathways that relay these fast signals. In scotopic conditions, rod signals 748 

are transmitted largely to rod bipolar cells along the primary pathway (Dunn et al., 2006). The 749 

primary pathway in mouse remains active as light levels rise into the mesopic range (250 750 

R*/rod/sec), however with a limited temporal frequency range (Ke et al., 2014). Secondary (via 751 
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rod-cone coupling) and tertiary pathways (via direct rod to cone bipolar cell contacts) are 752 

posited to relay fast signals in mesopic lights (reviewed by Sharpe and Stockman, 1999; Grimes 753 

et al., 2018a; Rivlin-Etzion et al., 2018) although a recent study shows that the primary rod (or 754 

dominant) pathway in primates can perform this duty across the mesopic range (Grimes et al., 755 

2018b). 756 

In conclusion, our results establish clear differences between the scotopic and mesopic vision in 757 

mouse. Much like in primate vision, a pattern is beginning to emerge where the control of TCS 758 

shifts from the inner retina in dim lights (Robson and Frishman, 1995; Sampath et al., 2005; 759 

Stockman et al., 2010; Umino et al., 2012) to the rod kinetics in mesopic lights (Grimes et al., 760 

2018b, and results of this study). Future studies will tell whether photopic TCS in mouse relates 761 

to the temporal response properties of cones as is observed in primates (Sinha et al., 2017).  762 

  763 
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Figure legends: 988 

Figure 1: Pupil areas of freely behaving mice plotted as a function of scotopic 989 

illuminance 990 

A, Pupil areas plotted as a function of scotopic illuminance for wild type (n = 8) and R9OE (n = 991 

10) mice; individual (grey circles and triangles, respectively) and average (WT: black and R9OE: 992 

red symbols) responses. Pupil areas of WT and R9OE mice decreased gradually with 993 

illumination. There is no statistical difference in the pupil areas of WT and R9OE mice (2-Way 994 

RM ANOVA; Holm-Sidak post-hoc test revealed no difference across genotypes (p = 0.35) or 995 

genotype x illuminance (p=0.22)). Grey line is the response estimated by pooling the pupil areas 996 

of WT and R9OE mice which was subsequently used for the calculation of their retinal 997 

irradiance levels. The pupil areas of R9OE and WT match closely at low illuminance levels 998 

consistent with the notion that postsynaptic circuitry responds primarily to the rising phase of the 999 

rod photoresponse in dim lights (Robson and Frishman, 1995; Sampath et al., 2005), when rods 1000 

act as single photon counters. 1001 

B, Pupil areas for G2 (n = 5) and G2::R9OE mice (n = 6). Pupil areas of G2 and G2::R9OE mice 1002 

also decrease gradually with illumination, however a clear ‘pedestal’ is observed in response to 1003 

0 to 2 log (s) lux – which we speculate reflects the contribution of different retinal mechanisms to 1004 

the pupillary reflex (Lall et al., 2010; Keenan et al., 2016). We did not observe significant 1005 

differences between genotype (p= 0.12) or genotype x irradiance (p = 0.07) (2-Way ANOVA). 1006 

As a result, we pooled the pupil areas of G2 and G2::R9OE mice (grey line) and used the 1007 

pooled values to estimate retinal irradiance levels. 1008 

 1009 

Figure 2: Rod response kinetics limit TCS to low temporal frequencies when mouse 1010 

vision operates in Weber’s adaptation regime.  1011 

A - C, Temporal contrast sensitivity functions of WT (black circles) and R9OE (red triangles) 1012 

mice measured in: (A) dim (10 ph/sec/ m2 at the retina, n = 4), (B) intermediate (400 1013 

photons/sec/ m2, n = 4), and (C) bright (8200 ph/sec/ m2, n = 7-12) background lights. Grey 1014 

lines represent control values scaled by a factor of 1.5 (frequencies < 15 Hz) in (B) and 1.2 (all 1015 

frequencies) in (C).  1016 
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D - E, Temporal contrast sensitivity of WT (black circles, n = 4) and R9OE (red triangles, n = 5) 1017 

plotted as a function of retinal irradiance, in response to 6 Hz (D) or 21 Hz (E) flicker stimulation. 1018 

Also shown are individual data (open symbols in grey, displaced laterally for illustration 1019 

purposes) and TCS of R9OE mice after accounting for equivalent PDE activation (PDE-Eq, red 1020 

open triangles in D).  1021 

Statistical analysis: 2-Way RM ANOVA, frequency x genotype interactions, # for p < 0.05; * for p 1022 

< 0.001; all other interactions p > 0.05. See text for details. Symbols represent mean ± SEM. 1023 

Retinal irradiance estimates were performed as detailed in Methods.  1024 

 1025 

Figure 3. High TCS in R9OE mice does not arise from rod-cone interactions.  1026 

A - B, Temporal contrast sensitivity of WT (black circles, same as in Fig. 2A, B; n = 4) and G2 1027 

(green squares, n = 5) mice plotted as a function of retinal irradiance in response to 6 Hz (A) or 1028 

21 Hz (B) flicker stimulation. Also shown is TCS of individual data (open symbols in grey, 1029 

displaced laterally for illustration purposes). Statistical analysis: 2-Way RM ANOVA, Holm-Sidak 1030 

method to test frequency x genotype interactions, # for p < 0.05; * for p < 0.001; all other 1031 

interactions p > 0.05. See text for details. Error bars: SEM. Note that in this study, WT and G2 1032 

mice received the same illuminance levels at the pupil. Although the pupil areas differed slightly, 1033 

(see Methods), the respective differences in retinal irradiance levels in WT and G2 mice were 1034 

relatively small (< 0.16 log units) and did not impact this analysis. 1035 

C, Temporal contrast sensitivity functions of G2 (green squares, n = 6) and G2::R9OE (blue 1036 

triangles, n = 5) mice measured in intermediate background lights (410 ph/sec/ m2 at the 1037 

retina).  Open grey symbols are individual responses. 1038 

D - E, Temporal contrast sensitivity of G2 (green squares, same data as in A-B) and G2::R9OE 1039 

(blue triangles, n = 4) plotted as a function of retinal irradiance in response to 6 Hz (D) or 21 Hz 1040 

(E) flicker stimulation. Also shown is TCS of G2::R9OE mice after accounting for equivalent 1041 

PDE activation (PDE-Eq, open blue triangles in D) and individual data (open symbols in grey). 1042 

Statistical analysis: Same as in A-B.  1043 

 1044 

Figure 4. Higher isolated flicker ERG responses in R9OE than in WT mice  1045 
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A, Averages of the isolated ERG responses of WT (n = 6) and R9OE (n = 6) mice to 3 (left) and 1046 

6 Hz (right) sinusoidal flicker stimulation of constant contrast (75%) after intravitreal injection of 1047 

glutamate receptor analogues. Flicker was presented at low (40), intermediate (800), and bright 1048 

(6400 ph/sec/ m2) retinal irradiance levels.  1049 

B, Magnitude of the response to 3 Hz (middle plot) and 6 Hz (bottom plot) flicker plotted as a 1050 

function of retinal irradiance for WT (black circles, n = 6) and R9OE (red triangles, n = 6) mice. 1051 

Individual responses are indicated with grey symbols. Continuous lines represent model 1052 

predictions estimated with a linear-non-linear model described in figure 5. The steady-state 1053 

suppression of the rod dark currents for WT and R9OE mice (top plot) is adapted from 1054 

Fortenbach et al. (2015). Note that the lateral displacement of the curves corresponds to the 1055 

separation between the peaks of the magnitude plots (3 and 6Hz, indicated with vertical 1056 

arrows). Statistical analysis: 2-Way RM ANOVA, genotype x irradiance interactions, # for p < 1057 

0.05; * for p < 0.001; all other interactions p > 0.05. See text for details. Symbols represent 1058 

mean ± SEM. 1059 

C, Phase of the responses to 3 and 6 Hz flicker plotted as a function of retinal irradiance for WT 1060 

(black symbols, n = 6) and R9OE (red triangles, n = 6) mice. For clarity purposes the phase 1061 

values have been displaced vertically but the relative separation between the phase values of 1062 

WT and R9OE was maintained. Continuous lines indicate the predicted phase values estimated 1063 

from the model presented in Fig. 5. Symbols represent mean ± SEM. Open symbols represent 1064 

individual responses. Phase responses to 6 Hz were estimated from fits to average traces in 1065 

(A). 1066 

D, Average response magnitudes for G2 (n = 6) and G2::R9OE (n = 6) mice to 3 (top) and 6 Hz 1067 

(middle) flicker with 75% contrast plotted as a function of retinal irradiance. Data for WT and 1068 

R9OE mice is same as in (B). There is no statistical difference between WT and G2 to 3 Hz (2-1069 

Way RM ANOVA, p = 0.6) or 6 Hz flicker (2-Way RM ANOVA, p = 0.6) or between R9OE and 1070 

G2::R9OE mice to 3 Hz (2-Way RM ANOVA, p = 0.27) or 6 Hz (2-Way RM ANOVA, p = 0.86). 1071 

Symbols are mean ± SEM. Red and black continuous lines represent fit of WT and R9OE 1072 

magnitudes with the four 4 parameter LNL model (same as in Fig. 4B). Bottom: Phase of the 1073 

responses to 3 and 6 Hz flicker plotted as a function of retinal irradiance. Phase of R9OE and 1074 

G2::R9OE mice match closely. Continuous lines indicate the predicted phase values as in (C).  1075 

 1076 
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Figure 5. The photoresponse time-constant plays two distinct roles in the control of 1077 

flicker responses.  1078 

A, Family of responses to flicker of the Linear-Non-Linear model (Methods, Eq. 13) plotted as a 1079 

function of frequency at (i) low (24 ph/sec/ m2) and (ii) high (2400 ph/sec/ m2) irradiance levels; 1080 

Values of the integrating time constants are indicated in the plots. The family of low pass 1081 

functions in (i) resembles the tradeoff between amplitude and bandwidth of the response that is 1082 

characteristic of linear systems as the integrating reaction speeds up (or equivalently, as the 1083 

time constant decreases in value) (Oppenheim et al., 1983). All the curves ultimately share the 1084 

same high frequency asymptote, consistent with the notion that the bandwidth increases as the 1085 

time constant decreases. The amplitude of the response is proportional to the time constant 1086 

while the cutoff frequency (bandwidth) of the low pass filter is inversely proportional to the time 1087 

constant.  (iii) Corresponding family of responses to 3 Hz flicker plotted a function of irradiance 1088 

and (iv) Estimated suppression of the steady-state potential as a function of irradiance. The time 1089 

constant controls the location of the compressive non-linearity (iv) such that as time constant 1090 

increases, the compressive non-linearity shifts along the axis and determines the magnitude of 1091 

the response to flicker (iii). The vertical arrows indicate the relationship between the irradiance 1092 

values eliciting 50% suppression of the steady potentials and the peak response magnitudes. 1093 

See text for details. Model parameters were ho = 8 sec-1, EC50 = 220 ph/sec/ m2, K = 480 V. 1094 

B, Comparison of response time-course to 3 Hz flicker, 75% contrast, of LNL models with slow 1095 

(0.15 sec, black traces) and fast (0.05 sec, red traces) time constants as a function of irradiance 1096 

(left) and after matching irradiance levels to elicit equal steady state (right).  1097 

 1098 

 1099 

Figure 6. Differences in the values of the time constants (Tau) accounts for the 1100 

differences in the magnitude of the response of WT vs R9OE mice 1101 

A, Nested model with six parameters under the assumption that the values of Tau, ho and EC50 1102 

are different in WT and R9OE ERG responses (parameters: Tau-WT, Tau-R9OE, ho-WT, ho-1103 

R9OE, EC50-WT, and EC50-R9OE).  1104 

B, Nested model with five parameters tests the likelihood that EC50 is the same in WT and 1105 

R9OE mice (parameters: Tau-WT, Tau-R9OE, ho-WT, ho-R9OE, and EC50-WT). 1106 
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C, Nested model with four parameters tests the likelihood that both EC50 and ho are the same 1107 

in WT and R9OE mice (parameters: Tau-WT, Tau-R9OE, ho-WT, and EC50-WT). 1108 

D, Nested model with three parameters has the additional constraint that the time constants are 1109 

the same in WT and R9OE mice (parameters: Tau-WT, ho-WT, and EC50-WT). 1110 

E, Maximum likelihood estimation of Tau, ho, and EC50 using the different nested models. 1111 

Values were optimized by simultaneously fitting the data in Fig. 4B for R9OE (n = 6) and WT (n 1112 

= 6) responses to two frequencies (3 and 6 Hz) over the entire irradiance range tested (8 1113 

irradiance levels). Parametric bootstrapping was applied to determine the variability in the 1114 

parameter estimates. Error bars represent 95% confidence intervals. The values of the 1115 

parameters in the nested models did not change significantly from those in the unrestricted 1116 

model (6 parameters), as can be readily inferred from the overlap of their respective confidence 1117 

intervals. All calculations were performed with MATLAB (The Mathworks Inc, Natick, MA). Black 1118 

and red lines represent the dominant time constant values for WT and R9OE rods respectively, 1119 

as determined with the suction electrode technique by Chen et al. (2010) and by Peinado Allina 1120 

et al. (2017). 1121 

F, Log Likehood (top) and Akaike Information Coefficient (AIC) (bottom) for the nested models. 1122 

The log likelihood indicates the probability that the data was generated by the nested models, 1123 

while the AIC was used to compare the different models by taking into consideration the number 1124 

of free parameters. As can be inferred from the plot, nested models with six, five, and four 1125 

parameters had similar AIC values, suggesting equally good fits of the data. However, the 1126 

nested model with three parameters resulted in a much higher AIC value indicating a poor fit to 1127 

the data relative to that provided by the other models and consistent with the notion that the 1128 

data could not arise from WT and R9OE mice with similar rod response kinetics.  1129 

G, Residuals following fit to 3 (top) and 6 Hz (bottom) data in Fig. 4 with nested models. Visual 1130 

inspection of the residuals for the fitted models reveals that models with six (R2 = 0.57, RMSE = 1131 

26.7 V) and four (R2 = 0.57, RMSE = 25.6 V) parameters provide a closer fit to the data than 1132 

the model with three parameters (R2 = -0.75, RMSE = 51.4 V). The residuals also indicate that 1133 

nested models with six, five (not shown), and four parameters produced similar fits with a small 1134 

but systematic overestimation of the responses to 3 Hz flicker and an underestimation of the 1135 

responses to 6 Hz. Such systematic departure of the residuals from baseline suggests that the 1136 

models fall short of accounting for all the possible variables (e.g., the effects of light adaptation 1137 

on response kinetics have not been considered). Despite these shortcomings, we can conclude 1138 
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that differences in the values of the time constants (Tau) in the nested model with four 1139 

parameters sufficiently accounts for the differences in the magnitude of the response of WT vs 1140 

R9OE mice. 1141 

H, Values of EC50 for WT and R9OE mice estimated with the different nested models (see Eq. 1142 

13). The scaling factor represents the lateral shift (along the irradiance axis) of the static non-1143 

linearity and is proportional to the inverse of the exponential integration area (Eq. 12.1). Also 1144 

shown are the EC50 values for the non-linear suppression of the steady dark current measured 1145 

from isolated WT (184 R*/rod/sec, black line) and R9AP overexpressing rods (480 R*/rod/sec, 1146 

red line) (Fortenbach et al., 2015). Error bars are the respective 95% confidence intervals. Note 1147 

that in order to express the EC50 values in terms of photoisomerizations we scaled the retinal 1148 

irradiance values by 0.85-0.87 m2, the end-on rod collecting areas (Lyubarsky et al., 2004; 1149 

Naarendorp et al., 2010). 1150 

 1151 

Figure 7. Similar isolated-ERG responses to 6 Hz flicker in R9OE and WT mice at 1152 

behaviorally-determined contrast thresholds  1153 

A, Temporal contrast thresholds of WT (black circles, averages ± SEM, n = 4) and R9OE (red 1154 

triangles, n = 5) plotted as a function of retinal irradiance in response to 6 Hz flicker stimulation. 1155 

Contrast thresholds were calculated from the TCS data in Fig. 2D by applying the relation 1156 

Threshold = 100*(TCS)-1. The grey symbols are the individual responses and have been 1157 

displaced laterally for illustration purposes. 1158 

B, Averages of the pharmacologically-isolated ERG responses of WT (black traces, n = 5) and 1159 

R9OE (red traces, n = 5) mice to 6 Hz sinusoidal flicker stimulation with mean retinal irradiance 1160 

levels indicated to the left and contrast values indicated to the right of the traces (according to 1161 

color code). The contrast values used for the flicker ERG stimulus are the same as the contrast 1162 

thresholds determined behaviorally at the corresponding mean irradiance level.  1163 

C, Fundamental magnitude of the isolated flicker ERG responses of WT (black circles, n = 5) 1164 

and R9OE (red triangles, n = 5) mice to flicker set at the behavioral contrast threshold values 1165 

indicated in A and plotted as a function of the corresponding mean retinal irradiance. No 1166 

statistical differences were detected: 2-Way RM ANOVA. See text for details. Dashed line with 1167 
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unitary slope, fit by eye, illustrates the approximately linear increase of the ERG responses at 1168 

irradiance levels < 400 ph/sec/ m2. Error bars: SEM.  1169 

 1170 

Figure 8. Whole ERG responses are larger in R9OE than in WT mice at retinal irradiance 1171 

levels higher than 200 ph/sec/um2  1172 

A, Fundamental magnitude of the full (without injection of blockers) ERG responses of WT 1173 

(black circles, n = 6) and R9OE (red triangles, n = 5) mice to 75% flicker plotted as function 1174 

irradiance. Top to bottom, plots show the magnitudes in response to flicker frequencies 3, 6, 12, 1175 

and 24 Hz respectively.  Statistical analysis: 2-Way RM ANOVAs performed independently at 1176 

each flicker frequency yield significant genotype x retinal irradiance interactions (p < 0.001). Pair 1177 

wise comparison p-values (Holm-Sidak method) are indicated in the plots, where #: p < 0.02 1178 

and *: p < 0.00; for all others p > 0.05. Open grey symbols are individual responses; filled 1179 

symbols are mean values ± SEM.  1180 

B, Magnitude spectrum for WT (black symbols, n = 4-5) and R9OE (red symbols, n = 4-5) 1181 

measured at two mean retinal irradiance levels: 80 (left) and 1600 (right) ph/sec/ m2. Flicker 1182 

contrast was 25% (circles) and 75% (triangles). Filled grey symbols represent the magnitudes of 1183 

the WT responses at 1600 ph/sec/ m2 scaled by 2.2.  1184 

 1185 

 1186 

  1187 
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