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Abstract 31 

Temporal contrast detected by rod photoreceptors is channeled into multiple retinal rod 32 

pathways that ultimately connect to cone photoreceptor pathways via Cx36 gap junctions or via 33 

chemical synapses. However, we do not yet understand how the different rod pathways 34 

contribute to the perception of temporal contrast (changes in luminance with time) at mesopic 35 

light levels, where both rods and cones actively respond to light. Here, we use a forced-choice, 36 

operant behavior assay to investigate rod-driven, temporal contrast sensitivity (TCS) in mice of 37 

either sex. Transgenic mice with desensitized cones (GNAT2cpfl3 line) were used to identify rod 38 

contributions to TCS in mesopic lights. We found that at low mesopic lights (400 photons/s/μm2 39 

at the retina), control and GNAT2cpfl3 mice had similar TCS. Surprisingly, at upper mesopic lights 40 

(8000 photons/s/μm2), GNAT2cpfl3 mice exhibited a relative reduction in TCS to low (< 12 Hz) 41 

while maintaining normal TCS to high (12 – 36 Hz) temporal frequencies. The rod-driven 42 

responses to high temporal frequencies developed gradually over time (> 30 minutes). 43 

Furthermore, the TCS of GNAT2cpfl3 and GNAT2cpfl3::Cx36-/- mice matched closely, indicating 44 

that transmission of high frequency signals 1) does not require the rod-cone Cx36 gap junctions 45 

as has been proposed in the past; and 2) a Cx36-independent rod pathway(s) (eg. direct rod to 46 

OFF cone bipolar cell synapses and/or glycinergic synapses from AII amacrine cells to OFF 47 

ganglion cells) is sufficient for fast, mesopic rod-driven vision. These findings extend our 48 

understanding of the link between visual circuits and perception in mouse.  49 

  50 
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Significance Statement 51 

The contributions of specific retinal pathways to visual perception are not well understood. We 52 

found that the temporal processing properties of rod-driven vision in mice change significantly 53 

with light level.  In dim lights, rods relay relatively slow temporal variations. However, in daylight 54 

conditions, rod pathways exhibit high sensitivity to fast but not to slow temporal variations, while 55 

cone-driven responses supplement the loss in rod-driven sensitivity to slow temporal variations. 56 

Our findings highlight the dynamic interplay of rod and cone-driven vision as light levels rise 57 

from night to daytime levels. Furthermore, the fast, rod-driven signals do not require the rod-to-58 

cone Cx36 gap junctions as proposed in the past, but rather, can be relayed by alternative 59 

Cx36-independent rod pathways.  60 

  61 
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Introduction 62 

The speed of the visual responses mediated by the rod system depends on the level of 63 

background illumination (Sharpe et al., 1989). Human rods can detect flicker up to 15 Hz in dim 64 

(scotopic) light conditions, but rod-driven vision extends to 28 Hz as light levels rise through the 65 

mesopic range (Conner and MacLeod, 1977; Conner, 1982; Hess and Nordby, 1986). One 66 

hypothesis underlying the duality of rod-mediated flicker perception is the routing of rod signals 67 

over multiple retinal circuits (reviewed by Sharpe and Stockman, 1999; Bloomfield and 68 

Dacheux, 2001; Bloomfield and Volgyi, 2009; Grimes et al., 2018a). Dim rod signals are relayed 69 

largely along the highly sensitive primary pathway to rod bipolar cells and then to amacrine AII 70 

cells, where they are differentially transmitted via Cx36 gap junctions to ON cone bipolar cells 71 

and via glycinergic synapses to OFF cone bipolar cells (reviewed by Bloomfield and Dacheux, 72 

2001; Grimes et al., 2018a).  73 

As light levels rise and rod vision speeds up, rod signals are thought to be transmitted by the 74 

secondary rod pathway to cones via Cx36 gap junctions (Cx36-dependent rod pathways) and 75 

are then relayed to cone bipolar cells (Nelson, 1977; Schneeweis and Schnapf, 1999; Deans et 76 

al., 2002; Abd-El-Barr et al., 2009; O'Brien et al., 2012). However, in mouse the coupling 77 

strength of rod-cone Cx36 gap junctions decreases significantly following prolonged exposure to 78 

light (Ribelayga et al., 2008; O'Brien et al., 2012; Li et al., 2013; O'Brien, 2014; Jin et al., 2015; 79 

Zhang et al., 2015), potentially attenuating the contribution of these pathways to temporal 80 

sensitivity under mesopic conditions. Alternatively, fast rod signals may be transmitted by the 81 

tertiary rod pathway via direct synaptic contacts largely to cone OFF bipolar cells (DeVries and 82 

Baylor, 1995; Soucy et al., 1998; Hack et al., 1999; Tsukamoto et al., 2001; Field and Rieke, 83 

2002; Tsukamoto et al., 2007; Li et al., 2010; Pang et al., 2010; Lei, 2012; Pang et al., 2012; 84 

Tsukamoto and Omi, 2014; Cowan et al., 2016). A final alternative route for fast rod signals in 85 
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mesopic lights follows from recent electrophysiological evidence in mouse and primate showing 86 

that the primary (or dominant) pathway can respond to relatively fast (up to16 Hz) temporal 87 

variations at irradiance levels of up to 250-300 R*/rod/sec  (Ke et al., 2014; Grimes et al., 88 

2018b).  While the relative contributions of these pathways (or particular branches of these 89 

pathways) to temporal vision in the mesopic range is unclear, it is likely to be dependent on 90 

mean illumination level and temporal properties of the stimulus. 91 

Mouse rods have been shown to signal incremental flashes at irradiance levels of up to 104-105 92 

R*/rod/s after prolonged adaptation (Yin et al., 2006; Altimus et al., 2010; Naarendorp et al., 93 

2010; Tikidji-Hamburyan et al., 2017), yet the contribution of rods to perceptual temporal 94 

contrast sensitivity (TCS) under such bright conditions and which rod pathway(s) relay these 95 

signals are not known. Here, we investigated the properties of rod-driven mesopic temporal 96 

contrast sensitivity (TCS) using the GNAT2cpfl3 mouse model (Chang et al., 2006) to isolate rod 97 

responses and a forced-choice operant behavior assay developed in our lab (Umino et al., 98 

2018; Umino et al., 2019). Following the validation of GNAT2cpfl3 mice for this study, we address 99 

four questions related to rod-driven vision: 1) how does rod-driven temporal contrast sensitivity 100 

in GNAT2cpfl3  mice change as light levels rise through the mesopic range, 2) how does temporal 101 

contrast sensitivity develop during prolonged periods of light adaptation, 3) is the secondary rod 102 

pathway required to mediate the response to fast variations in mesopic lights, and 4) what are 103 

the irradiance levels that delimit the mesopic irradiance range in mice?  104 

 105 

  106 

  107 
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Methods: 108 

Animal strains. 109 

All procedures were approved by the Institutional Animal Care and Use Committee at SUNY 110 

Upstate Medical University and were in compliance with both the Guide for the Care and Use of 111 

Laboratory Animals and the ARVO Statement for the Use of Animals in Ophthalmic and Vision 112 

Research.  The following strains of adult mice (3-6 months of age, male and female) were used 113 

and maintained on a C57BL/6J background ((WT) Jackson Laboratory):  Cx36-/- ((Cx36) 114 

Guldenagel et al., 2001), GNAT1-/- ((G1) Calvert et al., 2000), GNAT2cpfl3/cpfl3 ((G2) Chang et al., 115 

2006), GNAT2-/- ((G2KO) Ronning et al. (2018), provided by M. Burns, UC Davis), GNAT1-/-116 

::GNAT2cpfl3/cpfl3 ((G1::G2) crossed in our lab), and GNAT2cpfl3/cpfl3::Cx36-/- ((G2::Cx36) crossed in 117 

our lab). Figure 1 shows the retina routing schematics for the mouse lines listed above. Mice 118 

were maintained on a 14-h light/10-h dark cycle at SUNY Upstate Medical University (Syracuse, 119 

NY).  With the exception of mice used for operant behavior experiments (see Operant Behavior 120 

Assay), all mice were provided food and water ad libitum.   121 

Operant Behavior Assay 122 

To determine temporal contrast sensitivity of control and transgenic mice, we used an operant 123 

behavior assay, as described previously (Umino et al., 2018; Umino et al., 2019).  Briefly, mice 124 

are trained to detect and indicate whether an overhead light stimulus is flickering or not 125 

flickering. This is a forced-choice visual task that requires cortical input and resultant decision-126 

making.  To provide motivation to learn and perform the task, mice are maintained on a food 127 

restriction schedule (85-90% expected body weight).  The operant behavior chamber (Lafayette 128 

Instruments, Lafayette, IN) is equipped with a custom-built overhead programmable LED-based 129 

light stimulus (505 nm or 405 nm central emission), a reward tray, and two nose-poke ports on 130 



 

7 
 

the opposite wall of the chamber to indicate response. Following a heads-up tone, the mouse 131 

starts a trial with a visit to the reward tray. The mouse is presented with an overhead light 132 

stimulus (flicker or no flicker) along with a cueing tone indicating that the trial is under way.  The 133 

mouse responds by visiting the corresponding left (flicker) or right (no flicker) nose-poke port on 134 

the opposite wall and returns to the reward tray for positive reinforcement. All responses are 135 

recorded automatically using ABET II Standard software (Lafayette Instrument Company, 136 

Lafayette, IN) and compiled at the end of each session as the following output variables:  Hit 137 

(correctly report presence of flicker), False Alarms (report flicker when no flicker presented), 138 

Miss (report no flicker when flicker presented), and Correct Rejection (correctly report presence 139 

of no flicker).  Training mice to learn and perform this task reproducibly takes approximately 1 140 

month.   141 

To obtain a measure of sensitivity that is independent of daily response bias and motivation, we 142 

apply the theory of signal detection (TSD). TSD is commonly used in psychophysical studies of 143 

sensory systems (Macmillan and Creelman, 2005) and is applicable to our behavior assay 144 

(Umino et al., 2018).  TSD defines a discriminability factor, d’, which provides a bias-free 145 

measure of flicker sensitivity in mouse (Umino et al., 2018).  Hit vs False Alarm pairs cluster 146 

along the Receiver Operating Characteristic (ROC) curve defined by d’.  147 

To determine temporal contrast sensitivity, we first measured the psychometric functions (plots 148 

of the sensitivity index, d’, in response to different contrast levels) at a set temporal frequency 149 

and mean illumination. In each daily session mice were first tested with a corrective protocol of 150 

~300 trials at a constant contrast adjusted to elicit d’ values of ~2. After completing the 151 

corrective protocol (~30-40 minutes), mice ran a testing protocol (typically 400-500 trials, 1-2 152 

hours) in which the contrast was randomly varied (5-6 different contrast conditions in 5% 153 

increments). To generate the psychometric functions we calculated and plotted the values of d’ 154 
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for each contrast. Because the psychometric functions are approximately linear with contrast 155 

(Umino et al., 2018) we fit the data with a regression line. We repeatedly measured and 156 

averaged the psychometric functions until the cumulative value of the correlation factor R2 was 157 

0.75 or higher – a process that often required averaging two or three psychometric functions. 158 

We then determined the contrast threshold as the contrast at the intersection point between the 159 

linear interpolation and the line for d’ = 1 (~70% correct response). We defined contrast 160 

sensitivity as the inverse of the contrast threshold. Measurements were repeated at multiple 161 

frequencies and mean illumination levels to produce temporal contrast sensitivity functions 162 

(TCSFs) for mice.  163 

Determination of retinal irradiance 164 

Retinal irradiance of WT,G2, G2::Cx36, and G1 mice was determined as described previously 165 

(Umino et al., 2018; Umino et al., 2019).  Briefly, values of corneal irradiance were measured 166 

with an M370 Optometer (Graseby Optronics, FLA) placed in the position of the cornea of the 167 

mice and directed towards the side panels of the chamber. The corresponding steady-state 168 

pupil areas of freely behaving mice in the operant chamber were determined as described by 169 

Bushnell et al. (2016) and the values are listed in Table 1. The values of corneal irradiance and 170 

pupil areas were used to estimate retinal irradiance using the approach described by Lyubarsky 171 

et al. (2004) and Umino et al. (2019) (see Table 1 listing the pupil areas and corresponding 172 

retinal irradiance values for each mouse line used in this study). The differences in pupil area 173 

and retinal irradiance values for WT, and G2 mice were relatively small, therefore, for practical 174 

purposes, we assumed that the irradiance values were the same for these mice. A similar 175 

argument applied to the retinal irradiance values of G2 and G2::Cx36 mice. In contrast, the 176 

differences in pupil area and retinal irradiance values for WT and G1 mice were substantial and 177 

indicated in the corresponding figures.  Note that in our behavioral experiments we express 178 
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retinal irradiance in terms of photon flux at the retina (ph/s/μm2) rather than in 179 

photoisomerizations/rod/s because the prolonged exposure to high irradiance levels used in the 180 

operant behavior experiments are likely to have bleaching effects that will change the effective 181 

collecting area of rod photoreceptors. For reference purposes, Table 1 also shows the 182 

corresponding photoisomerisation rates (R*/rod/sec) at 505 nm (Lyubarsky et al., 2004), 183 

uncorrected for bleaching effects and calculated as shown below. 184 

Estimation of photoisomerization rates in rods and cones. 185 

To estimate the photoisomerization rates of rods and ‘pure’ M- and S-opsin containing cones in 186 

response to 405 and 505 nm stimuli we applied the following formulas (Lyubarsky et al., 2004): 187 

( ) = ( ) ( ) ( )   (1) 188 

and  189 

  ( ) = π 1 − 10 ( )       (2) 190 

Where ( ) is the photoisomerization rate, Q( ) is corneal irradiance, ( ) is media loss, Apupil is 191 

the pupil area as a function of illumination level, Aretina = 18 mm2 (Lyubarsky et al., 2004), and 192 

ac( ) is the end-on collecting area at the retina. To calculate ac(  we adopt the parameter 193 

values estimated by Lyubarsky et al. (2004): light funneling by the inner segment f = 1.3, 194 

quantal efficiency  = 0.63,  outer segment length of photoreceptors L=13 m for cones and L= 195 

25 m for rods, specific axial density D(  Max) = 0.018 od/ m. The accepted values for end-on 196 

collecting areas in rods and pure cones at the wavelengths of maximal sensitivity are, for rods, 197 

acR( nm) = 0.87 m2 (Lyubarsky et al., 2004) and for pure M-cones, acM( nm)=1.0 m2 198 
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(Naarendorp et al., 2010). We adopt a similar value for pure S-cones acS( nm)=1.0 m2. With 199 

knowledge of ac(  Max) we derive the value of ac( ) at other wavelengths using the relation: 200 

( ) = ( ) ( )  (3),201 

where  202 

D( ) = D( Max)*RS( )  (4) 203 

and RS( ) is the relative sensitivity for each pigment calculated from the respective opsin 204 

nomograms (Govardovskii et al., 2000) and media losses (Jacobs and Williams, 2007) using the 205 

rodent -optics toolbox (Lucas et al., 2014). We applied equation (3) to calculate the values for 206 

the end-on collecting areas at the stimulus wavelengths of 405 and 505 nm: acR(405 nm) = 0.27 207 

m2, acR(505 nm) = 0.86 m2, acM(405 nm) = 0.24 m2, acM(505 nm) = 1.0 m2, acS(405 nm) = 208 

0.14 m2, and acS(505 nm) = 10-6 m2.  209 

Electroretinograms 210 

Mice were dark-adapted overnight and all procedures were performed under dim red light.  Mice 211 

were anesthetized by intraperitoneal injection of a ketamine/xylazine mixture (90 and 9 mg/kg, 212 

respectively), and their pupils dilated with a drop of 1% tropicamide. The anesthetized mice 213 

were then placed on a heating pad (37° C) inside a Ganzfeld ColorDome stimulator (Diagnosys, 214 

Espion E2 system). Reference and ground electrodes were placed in the mouth and 215 

intradermally next to the tail, respectively. A drop of 2.5% hypromellose GONAK solution 216 

(AKORN) was applied to the eye and gold loop electrodes were placed on the cornea under 217 

infrared illumination. After completing the setup procedure mice were dark-adapted for 10 218 

minutes prior to the start of recordings. Flash ERGs were elicited with 4 ms green (500nm) 219 
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flashes ranging from (-3 to 5 log R*/rod). Flicker ERGs were elicited by a sinusoidal stimulus 220 

(100% contrast) at varying mean luminance (-1 to 5.5 log R*/rod/s) and temporal frequencies. 221 

Stimulus intensities were converted to rod photoisomerization rates using the conversion factor 222 

as defined in Lyubarsky et.al., 2004 (see their Eq. 10). 223 

The b-wave response amplitudes were measured as the difference in amplitude from the a-224 

wave trough to the b-wave peak using Diagnosys software tools and data analyzed with 225 

SigmaPlot software (Systat, Software Inc). Flicker ERG data was analyzed by Fourier 226 

transformation and the magnitude of the fundamental component plotted as a function of 227 

background intensity.  228 

Optomotor responses 229 

Optomotor contrast sensitivity of mice was measured by observing optomotor reflex behavior 230 

using a two-alternative forced choice protocol in combination with the OptoMotory© apparatus 231 

(Prusky et al., 2004) as described previously (Umino et al., 2008). Briefly, dark-adapted mice 232 

were placed on a pedestal located at the center of an enclosure formed by four computer 233 

monitors that display the virtual stimulus gratings. The optomotor stimulus consisted of vertically 234 

oriented, sinusoidal patterns rotating in the clockwise or counter-clockwise direction as selected 235 

randomly by the computer-controlled protocol prior to the start of a trial. Trial durations were 5 236 

seconds. Head movements of mice were monitored by an observer using infrared illumination 237 

and a video camera positioned above the animal. The observer selected the direction of rotation 238 

based on the mouse movements unaware of the direction that the pattern rotated during the 239 

trials. Auditory feedback indicated to the observer whether the selected direction was correct or 240 

incorrect. A computer program controlled the contrast of the stimulus following a staircase 241 

paradigm (Umino et al., 2006) that converged to a threshold value arbitrarily defined as 70% 242 

correct responses (Prusky et al., 2004). Contrast sensitivity was defined as the reciprocal of the 243 
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threshold value. Sensitivity for each mouse was estimated as the average of four independent 244 

trials. Results from trials differing by more than two standard deviations from the average were 245 

discarded. Spatial and temporal frequencies of the stimulus grating are indicated in the text. 246 

Luminance within the OptoMotry© enclosure was attenuated with neutral density filters (Lee 247 

Filters; Burbank, CA) positioned between the computer monitors and the mice. Light calibrations 248 

were performed as described previously (Umino et al., 2008). 249 

Tissue Preparation and Immunohistochemistry 250 

Eyecups were fixed for 15 minutes in 4% paraformaldehyde (1% for Cx36 antibody) diluted in 251 

0.1 M phosphate buffer, pH 7.4 (PB).  After fixation, eyecups were washed in PB and 252 

cryoprotected with a sucrose gradient (15%, 20%, 30%).  They were then embedded in Tissue-253 

Tek OCT medium (Sakura), frozen on dry ice, and cryosectioned at 16 μm.  Sections were 254 

blocked with a solution of 10% normal donkey serum in PBST (PBS + 0.3% Triton X-100) at 255 

room temperature for 1 hour.  They were then incubated with primary antibodies diluted in 256 

blocking medium at room temperature overnight.  Next, sections were washed in PBS and 257 

incubated with secondary antibodies diluted in blocking medium at room temperature for 2 258 

hours, washed in PBS, and mounted with ProLong Diamond Antifade Mountant (Life 259 

Technologies).  An LSM780 confocal microscope was used to image 2-3 sections in 2-3 animals 260 

for each antibody combination. 261 

Antibodies 262 

The following primary antibodies were used: mouse anti-Cx36 (Cx36,1:100, Molecular Probes 263 

Cat# 36-4600, RRID:AB_2314259), rabbit anti-cone arrestin (CAR,1:2500, gift from Dr. Cheryl 264 

Craft, USC, see (Zhu et al., 2002)), rabbit anti-calbindin D28K (Calb,1:2000, Swant Cat# CB 38, 265 

RRID:AB_10000340), rabbit anti-PKCα (1:3000, Santa Cruz Biotechnology Cat# sc-208, 266 
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RRID:AB_2168668), mouse anti-CtBP2 (1:2000, BD Biosciences Cat# 612044, 267 

RRID:AB_399431), biotinylated peanut agglutinin (PNA) (1:500, Vector Laboratories Cat# B-268 

1075, RRID:AB_2313597). The following secondary antibodies were used: (Cx36)TRITC goat 269 

anti-mouse (1:400, Jackson ImmunoResearch Labs Cat# 115-025-003, RRID:AB_2338478), 270 

(CAR)Cy5 goat anti-rabbit (1:400, Jackson ImmunoResearch Labs Cat# 111-175-144, 271 

RRID:AB_2338013), (CtBP2)TRITC donkey anti-mouse (1:400, Jackson ImmunoResearch 272 

Labs Cat# 715-025-151, RRID:AB_2340767), (PKCa,Calb) Alexa Fluor 488 donkey anti-mouse 273 

(1:1000, Molecular Probes Cat# A-21202, RRID:AB_141607), and AMCA-avidin (1:500, Vector 274 

Laboratories Cat# A-2008, RRID:AB_2336102). 275 

Quantification and statistical analysis 276 

For the temporal contrast sensitivity functions involving both WT and G2 mice, two-way analysis 277 

of variance (2-way ANOVA) was used with the nominal factors being genotype and frequency. 278 

Holm-Sidak’s procedure for pairwise multiple comparisons was performed to test the hypothesis 279 

that mean measurements obtained from G2 mice were not different from WT mice. A similar 280 

analysis using a 3-way ANOVA was applied to comparisons of contrast sensitivity between G2 281 

and G2::Cx36 mice with nominal factors being temporal frequency, genotype and irradiance. 282 

High temporal frequencies where two or more mice exhibited TCS = 1 were not included in the 283 

analysis to minimize the skewing of the variance by non-responding mice. 2-way repeated 284 

measures ANOVAs were performed to compare pupil areas (and retinal irradiance values) of 285 

WT, G1, G2, and G2::Cx36 mice; nominal factors being pupil area (or retinal irradiance) and 286 

corneal irradiance. When necessary, logarithmic transformations of data were performed prior to 287 

statistical analysis to fulfill normality and equal variance requirements for the ANOVA. In the 288 

case of the contrast sensitivity vs retinal irradiance functions (behavior) or magnitude vs retinal 289 

irradiance (ERG data), 2-Way Repeated Measures ANOVA was performed independently at 290 
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each temporal frequency with the nominal factors being genotype and irradiance. Data to 291 

compare critical flicker frequency values of WT and G2 mice did not pass normality tests, thus, 292 

a 1-Way ANOVA on Ranks was performed. For quantification of ONL and OPL thickness 293 

measurements at both 500 and 800 μm, a 2-way RM ANOVA was performed.  Data analysis 294 

was performed with SigmaStat software (Systat Software, San Jose, CA). All plots display mean 295 

± SEM.  In some cases, error bars are smaller than symbols. Numbers of mice and p-values are 296 

indicated in the figure legends.  297 

 298 

 299 

  300 
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Results 301 

Validation of the ‘black’ GNAT2cpfl3 mouse model to isolate rod-driven responses 302 

We sought to determine the properties of rod-driven TCS in mesopic lights, while minimizing 303 

cone contributions. Selective stimulation of rods in wild-type mice with standard stimuli such as 304 

chromatic adaptation or silent substitution methods is not feasible, because mouse rod 305 

absorption spectra overlap closely with those for M-cones (Jacobs et al., 1991; Nikonov et al., 306 

2006; Wang et al., 2011; Allen and Lucas, 2016). To circumvent this problem, we studied TCS 307 

in mice that carry a spontaneous point mutation in the GNAT2 gene that reduces cone 308 

phototransduction efficacy, GNAT2cpfl3 (Chang et al., 2006) (see Figure 1B for routing 309 

schematic). GNAT2cpfl3 mice display normal rod responses and desensitized cone responses 310 

that can only be detected with intense flashes (Chang et al., 2006; Allen et al., 2010; Brown et 311 

al., 2011).  However, prior to using GNAT2cpfl3 mice for our behavioral studies we addressed two 312 

potential confounds in these mice: 1) a thinning of the outer nuclear layer by four months of age 313 

as reported in albino GNAT2cpfl3 mice (Chang et al., 2006) , and 2) residual cone activity in 314 

GNAT2cpfl3 mice that may mask rod responses under the mesopic illumination conditions used 315 

for our operant behavior studies.  316 

To minimize retinal degeneration and thinning of the outer nuclear layer (ONL) that is intrinsic to 317 

albino backgrounds such as GNAT2cpfl3 mice (LaVail, 1980; Rapp and Williams, 1980; Naash et 318 

al., 1996), we bred the GNAT2cpfl3 line onto the C57BL/6J (‘black’) background.  We refer to this 319 

crossed line as G2. No overt anatomical changes were observed in retinas of G2 mice at 3 to 6 320 

months of age, the time period of our behavioral studies (Figure 2A-D). Measurements of ONL 321 

and outer plexiform layer (OPL) thickness indicate no significant thinning of G2 retinas up to 6 322 

months of age at distances of 500 μm and 800 μm from the optic nerve (Figure 2A, no 323 

significant difference in genotype (p=0.558) or genotype x location interactions (p=0.065), 2-way 324 
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RM ANOVA). We observed no aberrant sprouting of Calbindin-expressing horizontal cell 325 

processes in G2 or G2::Cx36 mice (Figure 2B-B’’), which are typically present in mice with 326 

synaptic deficiencies (Bayley and Morgans, 2007).  The double transgenic G2::Cx36 mice have 327 

both disrupted cone responses and disrupted Cx36-dependent rod circuits (Figure 1C). Co-328 

immunolabelling for rod bipolar cells (PKCα, green), ribbon synapses (CtBP2, red), and cone 329 

terminals (PNA, blue) indicated only occasional ectopic bipolar cell synaptic processes that 330 

extend into the ONL, similar to those observed in WT retinas (Figure 2C-C’’, arrows). The 331 

apposed expression of CtBP2 and PNA at the base of cone terminals in control, G2 and 332 

G2::Cx36 retinas is consistent with the presence of synaptic ribbons in cones (Figure 2C-C’’, 333 

insets). These findings support the notion that G2 mice exhibit no overt morphological signs of 334 

retinal degeneration or remodeling up to 6 months. Cx36 gap junctions between rod and cone 335 

photoreceptors provide the first step in the transmission of rod signals along the Cx36-336 

dependent secondary rod pathway (Deans et al., 2002; Volgyi et al., 2004).  Both WT and 337 

dysfunctional G2 cones express Cx36 gap junctions at the cone terminal (Figure 2D-D’), with no 338 

obvious morphological changes.  As expected, Cx36 was not observed in G2::Cx36 retinas 339 

(Figure 2D’’).  340 

Dark-adapted-flash ERGs of 3 month old G2 and G2::Cx36 mice exhibited reduced b-wave 341 

amplitudes compared to WT mice (Figure 2E, 2-way RM ANOVA, significant genotype 342 

interactions: WT vs G2: p=0.001, WT vs G2::Cx36: p=0.007). Robust activation of rod pathways 343 

in the three genotypes was observed in response to scotopic flashes (< -1 log R*/rod). However, 344 

in response to higher flash intensities (> -1 log R*/rod) the intensity-response curves of G2 and 345 

G2::Cx36 mice peeled off gradually, as expected for reduced cone contributions. The responses 346 

of G2::Cx36 mice exhibited a further reduction in amplitude compared to G2 mice for flashes 347 

eliciting > 1 log R*/rod (significant genotype x intensity interactions (p<0.001), 2-way RM 348 

ANOVA), consistent with a loss of function as described previously for Cx36-/- mice (Abd-El-Barr 349 
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et al., 2009). Flash ERG responses were relatively stable between 3-6 months only differing at 350 

the brightest flash intensity in WT and G2::Cx36 mice (Figure 2F, significant time x stimulus 351 

interactions for WT (p<0.001) and G2::Cx36 mice (p=0.014) but not for G2 mice (p=0.060), 352 

consistent with the notion that G2 and G2::Cx36 lines did not experience functionally significant 353 

remodeling or degeneration over the 3 to 6 month period of the behavioral studies described 354 

below.  355 

We previously reported a sharp reduction in rod-driven optomotor sensitivity in albino GNAT2cpfl3 356 

mice at illumination levels eliciting more than -4.5 log cd/m2 (-1.6 log R*/rod/s) (Umino et al., 357 

2008). In contrast, ‘black’ G2 mice have robust optomotor responses that extend to at least 2 358 

log cd/m2 (3 log R*/rod/s) (Figure 3A). To determine if this response arose from residual cone 359 

activity, we compared optomotor responses of ‘black’ G2 mice with those of GNAT1-/-360 

::GNAT2cpfl3 (G1::G2) double mutant mice that lack rod function (Calvert et al., 2000) and have 361 

impaired cone phototransduction bred on a C57BL/6J congenic background (Figure 1E). The 362 

G1::G2 mice have negligible optomotor sensitivity in response to 1,500 R*/rod/s (Figure 3B), 363 

confirming that the responses in G2 mice arise largely from rods and not from desensitized 364 

cones. However, sensitivity of G1::G2 mice increased significantly at 50,000 R*/rod/s (Figure 365 

3B), consistent with residual cone responses at high irradiance levels. These results show that 366 

1) the reduced range of responses of albino G2 mice that we reported previously (Umino et al., 367 

2008) were associated with the albino background and 2) rod-driven responses in ‘black’ G2 368 

mice are functional over an extended mesopic range.  A possible explanation for the genotypic 369 

difference is that the higher rate of photoisomerizations reaching the photoreceptors across the 370 

transparent eye and pupil of the albino mice will drive the rods into saturation at lower ambient 371 

light levels compared to that observed in the pigmented C57BL/6J background (Lyubarsky et 372 

al., 2004; Nathan et al., 2006; Naarendorp et al., 2010). Such differences in pigmentation were 373 

not accounted for in the original study (Umino et al., 2008). 374 
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Dark-adapted flash ERGs of G1::G2 mice exhibit robust b-wave responses to flashes above 2 375 

log R*/rod (Figure 3C), consistent with previous reports (Allen et al., 2010; Brown et al., 2011). 376 

Notably, the responses of G1::G2 mice are shifted to the right by approximately 1.5 log units 377 

relative to the responses of G1 mice, suggesting a 30-fold loss in sensitivity in cones of G2::G1 378 

mice relative to those of G1 mice. To better assess the influence of the residual cone input in 379 

the light-adapted conditions of our behavioral studies, we compared ERG responses of WT and 380 

G2 mice to 16 Hz sinusoidal flicker presented at increasing irradiance levels (Figure 3D). The 381 

magnitude of the flicker responses of WT mice followed a non-monotonic relation with two local 382 

maxima: a first peak at low irradiance levels (2.5-3 log R*/rod/s) attributed to rod-driven 383 

responses and a second peak at higher irradiance levels (5 log R*/rod/s) attributed to cone-384 

driven responses (Nusinowitz et al., 2007). The flicker responses of G2 mice matched closely 385 

with the responses of WT mice at low irradiance levels (-1 to 3 log R*/rod/s). However, as 386 

irradiance was increased past the first peak, the responses of G2 mice diverged from control 387 

responses and declined steadily over the next ~2 log increase in irradiance, consistent with 388 

diminished cone contributions to the light-adapted flicker ERG. The asymptotic reduction in 389 

magnitude of the response can be explained in terms of response attenuation as rods saturate 390 

in steady lights (Nakatani et al., 1991; Fortenbach et al., 2015; Grimes et al., 2018b). The 391 

declining trend reverted at irradiance levels above 5 log R*/rod/s and is consistent with intrusion 392 

of the desensitized cone response at high irradiance levels. We note that the irradiance at which 393 

the desensitized cone response is apparent in G2 mice (~5 log R*/rod/s) is shifted 394 

approximately 30-fold to the right relative to the irradiance where the G2 response peels-off 395 

from the WT response (~3.5 log) (Figure 3D). These data are consistent with the relative 396 

desensitization observed in the flash ERGs, and suggest that the irradiance range of our 397 

operant behavior studies (see marked regions in Figure 3D) is below the region where cone 398 

intrusion is apparent.  399 
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Rods are sufficient to mediate TCS to high but not low temporal frequencies in bright 400 

mesopic light levels. 401 

Here we investigated the limits of rod-driven behavioral TCS across the mesopic range. We 402 

measured temporal contrast sensitivity functions (TCSFs) of WT and G2 mice at multiple mean 403 

retinal irradiance values using an alternative forced choice operant behavior assay (see 404 

Methods). At low mesopic light levels producing ~400 ph/s/μm2, the TCSFs of WT and G2 mice 405 

had similar and overlapping band-pass shapes with peak sensitivity of 2.7 at 12 Hz (Figure 4A; 406 

no significant genotype (p=0.51) or genotype x frequency interactions (p=0.981), 2-way 407 

ANOVA). Below 12 Hz, TCS declined gradually to a plateau of ~1.5.  Above 12 Hz, TCS 408 

decreased sharply, crossing the abscissa (contrast sensitivity = 1) at 30 ± 2.2 Hz. At this limiting 409 

frequency, mice can no longer discriminate a flickering light from a steady light, and it is 410 

therefore considered a measure of the critical flicker fusion (CFF) frequency. The close overlap 411 

of the TCSFs in WT and G2 mice suggest that at the low mesopic light level of 400 ph/s/μm2 rod 412 

pathways are sufficient to determine TCS over the range of temporal frequencies tested.  413 

At brighter light levels producing ~8000 ph/s/μm2 the TCSFs of WT mice had a peak value of 414 

3.2 at 24 Hz (Figure 4B), as described previously (Umino et al., 2019). Below 24 Hz, TCS 415 

decreased gradually to a plateau of approximately 1.8.  Above 24 Hz, TCS declined sharply to a 416 

CFF of 42 ± 1.1 Hz. Thus, when the background light level is increased from intermediate to 417 

upper mesopic intensities, TCSFs of WT mice exhibit an increase in both the peak sensitivity 418 

and dynamic range. The TCSFs of G2 mice also shifted to higher frequencies (peak at 21-24 419 

Hz). but exhibited a reduction in TCS to low frequencies relative to WT mice, with a negligible 420 

response to 4.5 – 6 Hz flicker (Figure 4B, significant genotype (p<0.001) and genotype x 421 

frequency interactions (p=0.005), 2-Way ANOVA). TCS recovered gradually for temporal 422 

frequencies below 4.5 Hz, but remained significantly lower than that of WT mice.  Above 21 Hz 423 
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the TCS of G2 mice declined sharply from its peak of 2.4 to a CFF at 36 Hz, which is slightly 424 

lower than that observed for WT (42 Hz) (p=0.043, 1-Way ANOVA on Ranks). Thus, at upper 425 

mesopic intensities, rods are sufficient to mediate high temporal frequencies in G2 mice with 426 

desensitized cones.  427 

At higher retinal irradiances of ~20,000 - 35,000 ph/s/μm2 (top of the mesopic range) the TCSFs 428 

of WT mice acquired a low-pass shape without significant changes in the dynamic range (Figure 429 

4 C, D). In contrast, at ~20,000 ph/s/μm2, G2 mice exhibited a loss in sensitivity to low temporal 430 

frequencies, resulting in a sharply tuned bandpass TCSF that spans from 12 to 30 Hz (Figure 431 

4C). Within this range, TCS was significantly reduced compared to WT (Figure 4C, significant 432 

genotype interaction (p<0.001), 2-Way ANOVA). G2 mice showed only minimal TCS to 24 Hz at 433 

irradiance levels of ~35,000 ph/s/μm2 (Figure 4D, significant genotype (p<0.001) and genotype 434 

x frequency interactions (p=0.001), 2-Way ANOVA).  435 

Plots of the families of TCSFs encapsulate the complex irradiance- and frequency-dependent 436 

transformations in the response properties of WT (Figure 4E) and G2 (Figure 4F) mice. With 437 

increasing background intensity, TCSFs of WT mice transformed progressively from a band-438 

pass to a low pass shape, largely due to an increase in TCS to temporal frequencies below 9 Hz 439 

(Figure 4E). Above 9 Hz, WT TCSFs overlap closely and share a common asymptotic decrease 440 

in TCS to a CFF of 42 Hz (except for the TCSF at 400 ph/s/μm2, which decreases sharply to a 441 

CFF of 24 Hz). Light adaptation had the opposite effects on G2 mice (Figure 4F). With 442 

increasing background intensity, TCS to low frequencies decreased, resulting in increasingly 443 

narrower TCSFs. Sensitivity to high temporal frequencies began to decrease at irradiance levels 444 

above 8000 ph/s/μm2 and was almost negligible at 35,000 ph/s/μm2 levels. These results 445 

suggest that the loss in TCS in G2 mice originates from saturation of the rod responses in bright 446 

lights, and argue against the possibility that TCS is mediated by the intrusion of desensitized 447 
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cone responses in G2 mice (Chang et al., 2006) or the intrinsic photoresponses of ipRGCs 448 

(Berson et al., 2002; Hattar et al., 2002; Schroeder et al., 2018). These two alternative 449 

possibilities would predict constancy or strengthening of the responses as light levels increase 450 

within this range.  451 

Rod-driven TCS to high temporal frequencies develops gradually over time 452 

During our testing, we observed that G2 (but not WT) mice were relatively insensitive to flicker 453 

during the first 10 to 15 minutes of the corrective trials intended to familiarize mice with high 454 

irradiance and high frequency properties of the test stimulus (see Methods and Umino et al., 455 

2018 for details of the corrective trials).To quantitatively characterize these behavioral 456 

differences between the two genotypes, we systematically tested their sensitivity to high 457 

frequencies eliciting maximal sensitivity (e.g., 12-21 Hz). At dim irradiance levels producing 10 458 

and 400 ph/s/μm2 at the retina, the d’m values (d' measured during corrective trials; Umino et 459 

al., 2018) of both WT (Figure 5A) and G2 (Figure 5B) mice rose quickly to its asymptotic value 460 

with a time-course that is well fit by rising exponential functions (R2 > 0.7). At higher irradiance 461 

levels producing 8000 and 20,000 ph/s/μm2, d’m values of WT mice also grew rapidly along an 462 

exponential function (R2 > 0.7); however, those of G2 mice followed an s-shaped hyperbolic 463 

time course that grew at a slower rate than that of WT mice (R2 > 0.9). To compare the 464 

responses of WT and G2 mice we define the time to response (TTR) as the time that a 465 

behaving mouse requires to reach the threshold value of d’m = 1. TTR increased with irradiance 466 

(Figure 5A, B) but decreased with flicker contrast as shown for a representative G2 mouse 467 

(Figure 5C). Similar results were observed in two WT and two G2 mice. 468 

We quantitatively assessed the kinetics of the time-dependent rise of d’m by systematically 469 

comparing the TTR to 21 Hz in four WT and G2 mice. A flicker frequency of 21 Hz was chosen, 470 

because it is the value that elicits the maximal response in G2 mice (see Figure 4C, D). All mice 471 
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were exposed to 20,000 ph/s/μm2, and flicker contrast was adjusted individually to elicit similar 472 

d’ values (ranging from 2.5 to 3) in each mouse. TTR values were determined by interpolation of 473 

the rising exponential and s-shaped functions fitting the WT and G2 responses, respectively. 474 

Under experimental condition 1 (Figure 5D), mice were run immediately after the 1 hour dark-475 

adaptation period. In this condition, the sensitivity of WT mice developed quickly, resulting in a 476 

TTR value of 10 minutes or less (closed symbols, Figure 5E), while G2 mice had a TTR value of 477 

approximately 30 minutes (Figure 5F). To determine if prior exposure to light (light-adaptation) 478 

alters the TTR, we tested mice with Condition 2 (open symbols in Figure 5E, F) where mice 479 

were exposed to steady light for 60 minutes prior to the test (Fig. 5D). In these conditions TTR 480 

in WT mice did not change significantly, remaining under 10 minutes, while TTR in G2 mice 481 

decreased to levels observed in WT mice (Figure 5G, significant genotype x condition 482 

interaction (p = 0.002), 2-Way ANOVA; p-values for pairwise comparisons (Holm-Sidak method) 483 

indicated in plot). Note that the asymptotic value of d’m measured at the end of the runs (60 484 

mins) can match (eg. WT M1 and G2 M1) or overestimate (eg. WT M2 and G2 M2) the 485 

discriminability factor d’ determined following a 1.5 hour trial without corrective intervention 486 

(indicated at time = 150 mins), suggesting that corrective trials can improve decision making in 487 

some mice. Our results suggest that the contributions of rods to TCS depend not only on the 488 

irradiance and frequency of the flicker, but also on the time of light adaptation (Tikidji-489 

Hamburyan et al., 2017). 490 

Cx36-independent rod pathways are sufficient to relay rod-driven TCS to high 491 

temporal frequencies 492 

To dissect the contributions of Cx36-dependent and Cx36-independent rod pathways to TCS we 493 

compared TCSFs of G2 and G2::Cx36 double mutant mice. Figure 1 illustrates the targets of 494 

disruption in G2 and G2::Cx36 mice. G2 mice have disrupted cone responses while their rod 495 
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pathways remain largely intact (Figure 1B). In contrast, G2::Cx36 mice have both disrupted 496 

cone responses and disrupted Cx36-dependent rod circuits (which includes the canonical 497 

secondary pathway and ON branch of the primary rod pathway) leaving only functional Cx36-498 

independent rod pathways (tertiary pathway and OFF branch of the primary rod pathway which 499 

drive primarily OFF and not ON retinal ganglion cells (Figure 1C)).  500 

At 400 ph/s/μm2, TCSFs of G2 and G2::Cx36 mice have a similar characteristic bandpass 501 

shape (Figure 6A; no significant genotype (p = 0.549) or genotype x frequency interactions (p = 502 

0.108, power = 0.3), 2-Way ANOVA). At the brighter, mesopic, light level of 8000 ph/s/μm2, 503 

TCSFs of G2 and G2::Cx36 mice again have similar TCSFs (Figure 6B; no significant genotype 504 

(p = 0.746) or genotype x frequency interactions (p = 0.139, power = 0. 35, 2-Way ANOVA). 505 

The small difference in TCS at 12-18 Hz was not statistically different. However, a linear model 506 

with three nominal variables (temporal frequency, genotype and irradiance levels) improves the 507 

power of the statistical test and demonstrates higher TCS in G2::Cx36 than in G2 mice at 12 508 

and 18 Hz, but not at lower frequencies (genotype x frequency interactions (p = 0.009, power = 509 

0.83), 3-Way ANOVA, multiple comparisons with Holm-Sidak method, p< 0.001 for genotype 510 

within 12 Hz, p = 0.033 for genotype within 18 Hz, and p > 0.05 for all other frequencies). 511 

Together, these results suggest that, despite a minor difference in TCS at 12 – 18 Hz, (1) Cx36-512 

dependent rod pathways are not required for TCS at the mesopic light levels tested, and (2) 513 

Cx36-independent rod pathways can relay both low and high temporal frequencies at lower 514 

mesopic light levels (400 ph/s/μm2), but largely high frequencies at upper mesopic lights (8000 515 

ph/s/μm2). Furthermore, WT, G2 and G2::Cx36 mice have similar TCS at 440 ph/ m2/s 516 

(compare the TCS functions in Figures 4A and 6A). Given that Cx36-independent pathways are 517 

thought to drive largely OFF and not ON ganglion cells (see Figure 1C), these results raise the 518 

interesting possibility that ON pathways are not major contributors to perceptual flicker detection 519 

in either G2 or WT mice under these experimental conditions. Future experiments are required 520 
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to determine whether these results arise from a shift in the dynamic balance between ON and 521 

OFF pathways under our experimental conditions. 522 

The mesopic range shifts with temporal frequency 523 

Rods and cones are canonically accepted to relay slow and fast signals, respectively. However, 524 

comparison of TCS in WT and G2 mice at 8000 ph/s/μm2 (Figure 4B) suggest that at upper 525 

mesopic light levels, cones mediate TCS to low temporal frequencies (6 Hz), while rods – via 526 

Cx36-independent pathways – can mediate TCS to high temporal frequencies (21 Hz). To gain 527 

insights into the mechanisms underlying this paradoxical result we compared TCS in WT, G2 528 

(low cone sensitivity) and G1 (no functional rods) mice (Figure 1). Systematic measurements 529 

were focused on the responses to low (6 Hz) and high (21 Hz) flicker frequencies and carried 530 

out in small irradiance increments (0.3 - 0.6 log increments) to resolve potential rod-rod or rod-531 

cone interactions (MacLeod, 1972).   532 

TCS of G2 mice to 6 Hz flicker remained relatively constant over an extended irradiance range 533 

(10 – 3000 ph/s/μm2), consistent with Weber’s Law of adaptation (Umino et al., 2018; Umino et 534 

al., 2019), and declined sharply to negligible levels with higher irradiance levels (Figure 7A, filled 535 

triangles). In contrast, TCS of G2 mice to 21 Hz exhibited a non-monotonic relation with a 536 

maximal value of 4 at 2000 – 3000 ph/s/μm2 (Figure 7A, open squares). TCS of G1 mice to 6 Hz 537 

flicker exhibited three distinct phases in the response: TCS first increased steadily for irradiance 538 

values between 100 – 1000 ph/s/μm2, plateaued over the next ~1.0 log unit increase in 539 

irradiance and then resumed the increasing trend for irradiance values >10,000 ph/s/μm2 540 

(Figure 7B, filled triangles). TCS of G1 mice to 21 Hz followed the same trend as that observed 541 

in response to 6 Hz, but is right-shifted by approximately 1 log, which is consistent with a 10-fold 542 

lower sensitivity (Figure 7B, open squares).  543 
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Comparison of TCS in WT, G2, and G1 mice helps delimit the regions where rods and cones 544 

may contribute to TCS in WT mice. At 6 Hz, WT and G2 mice have similar TCS at irradiance 545 

values of 10 – 3000 ph/s/μm2, but sensitivity of G2 mice are significantly reduced at higher 546 

intensities (Figure 7C, significant genotype (p<0.001) and genotype x intensity interactions 547 

(p<0.001), 2-Way ANOVA). This suggests that rods are sufficient to drive low (6 Hz) temporal 548 

frequency TCS at retinal irradiance levels of up to 3000 ph/s/μm2.  Analogously, WT and G1 549 

mice have similar TCS at irradiance values > 1000 ph/s/μm2, consistent with the notion that 550 

cones drive TCS at higher irradiance values (Figure 7C, note that retinal irradiance values of the 551 

measurements do not always match because of differences in respective pupil areas in WT and 552 

G1 mice- see Methods and Table 1 – and as a consequence we were not able to statistically 553 

compare TCS in WT and G1 mice). WT, G1, and G2 mice have similar TCS values for 554 

irradiance values between 1000 and 3000 ph/s/μm2 (Figure 7C, 2-Way ANOVA). These results 555 

suggest a potential interdependence between rod and cone pathways of WT mice (Walraven et 556 

al., 1990; Buck, 2014).  557 

 At 21 Hz, WT and G2 mice have similar TCS at irradiance values of 100 – 8000 ph/s/μm2 558 

(Figure 7D, significant genotype x intensity interactions (p=0.05), 2-Way ANOVA). This 559 

suggests that rods can drive TCS at much higher irradiance values when stimulated with higher 560 

(21 Hz) temporal frequencies compared to lower (6 Hz) temporal frequencies (Figure 7C vs. 561 

7D).  Prolonged light adaptation (as per Fig. 5) increased sensitivity of G2 mice at irradiance 562 

levels >104 ph/s/μm2 (Fig. 7E open red vs filled pink squares). Intriguingly, TCS of G1 mice is 563 

reduced compared to that of WT mice at irradiance levels below 20,000 ph/s/μm2 (Figure 7D). 564 

These results suggest that cones may contribute to, but do not significantly drive the responses 565 

in WT mice within this range. They further indicate an essential role for rod pathways in 566 

mediating TCS at high mesopic irradiance levels and high temporal frequencies.   567 
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We loosely defined the mesopic range by the irradiance levels where significant TCS values are 568 

first detected in G1 (left or low range limit) mice and where G2 mice stop responding (right or 569 

high limit) (blue lines in Figure 7C and D) and mapped these values on a plot of flicker 570 

frequency vs irradiance (Figure 8). In this plot, the area to the left of the G1 threshold line 571 

includes all irradiance-temporal frequency combinations where rods alone drive TCS. The area 572 

to the right of the G2 saturation line indicates cone-driven TCS, while the overlapping region 573 

corresponds to the mesopic region (where TCS is expected to be driven by rods and/or cones). 574 

The upper frequency limit indicates the CFF values as measured for WT mice in Figure 4.  575 

Interestingly, the mesopic range shifts diagonally to the right as temporal frequency increases. 576 

As a result of this shift, the relative contribution of rods and cones to TCS at a given irradiance 577 

level changes with frequency: at low irradiance values (1000 ph/s/μm2, black arrow in Figure 8), 578 

TCS to low frequencies (6 Hz) is driven by both rods and cones while the response to high 579 

frequencies (21Hz) is driven largely by rods. Similarly, at 8000 ph/s/μm2 (grey arrow in Figure 580 

8), TCS to low frequencies is driven largely by cones as the rod system saturates, while TCS to 581 

high frequencies is driven by both rods and cones.  582 

Relative contributions of M- and S-opsin containing cones to TCS 583 

The retina of mice is sparsely populated by two types of cones: genuine cones exclusively 584 

expressing S-opsin pigment (Haverkamp et al., 2005) and cones that co-express M and S 585 

opsins along a dorso-ventral gradient (Applebury et al., 2000). Functionally, cones in the ventral 586 

retina are overwhelmingly driven by S-opsin which has a peak sensitivity at 360 nm, while cones 587 

in the dorsal retina are strongly driven by M-opsin with peak sensitivity at 510 nm (Fig. 9a) 588 

(Nikonov et al., 2006; Wang et al., 2011; Baden et al., 2013; Chang et al., 2013), providing mice 589 

with the ability to make dichromatic color discriminations (Jacobs et al., 2004). In the 590 

experimental setup we used in our experiments so far described, the overhead LED has a peak 591 
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emission at 505 nm. This wavelength effectively stimulates rhodopsin and M-opsin but it poorly 592 

stimulates the S-opsin (Fig. 9A). In addition, this setup has a 2.5:1 ratio of the overhead to side 593 

illumination in the chamber, raising a concern that these stimuli may be poorly activating cones. 594 

To assess the contribution of S-opsin containing cones in the ventral retina to TCS, we tested 595 

the response of mice to overhead flicker stimulation at a lower wavelength, 405 nm, which 596 

effectively drives both rhodopsin and M-opsin as well as S-opsin (Fig. 9A). We estimated the 597 

photoisomerization rate of rods and those of cones that exclusively express M-opsin (“pure M-598 

cones”) or S-opsin (“pure S-cones”) using the respective end-on collecting areas (see Methods). 599 

This approach allows us to compare the relative activation of rods and cones (prior to bleaching) 600 

in response to light stimulation of 405 and 505 nm wavelengths at different intensities (Fig. 9B).  601 

The photoisomerization rates of cones co-expressing different proportions of M- and S-opsin fall 602 

within the range delimited by the pure M- and S-cones (Fig. 9B). For example, a 405 nm stimuli 603 

eliciting 1000 photoisomerizations/sec in rods will produce approximately 500 604 

photosiomerizations in pure S-cones and 900 photosiomerzations/sec in pure M-cones. For 605 

cones co-expressing M- and S-opsin the photoisomerization rates would fall in the range 606 

between 500 and 900 photoisomerizations/sec, dependent on the proportions of M- and S-opsin 607 

being expressed.   608 

We measured TCS of WT mice to 405 nm stimuli over a range of intensities that ranged from 609 

300 to approximately 2000 rod photoisomerizations/ sec, the range where cone contributions 610 

with 505 nm stimuli are first observed in the G1 mouse (Fig. 7). In response to 6 Hz flicker, TCS 611 

remained relatively constant for both 405 and 505 nm stimuli (Fig. 9C), while TCS to 21 Hz 612 

flicker exhibited a nonmonotonic relationship with photoisomerization rates (Fig. 9D). The 613 

similarity in TCS values measured with 405 and 505 nm stimuli at both 6 and 21 Hz suggests 614 

that activation of the S-expressing cones (range 100 to 1000 photoisomerizations/sec, see Fig. 615 

9B) does not dramatically contribute to TCS when M-cones are similarly co-activated. Future 616 



 

28 
 

studies are required with light stimuli of low wavelengths to fully characterize the role of S-opsin 617 

in conditions when M-opsin in cones is weakly activated. 618 

Similar TCS in G2 and G2 KO mice 619 

A mouse model with a complete knockout of the GNAT2 gene (G2 KO) has recently been 620 

produced (Ronning et al., 2018). The G2 KO mouse is bred on a C57BL6/J background, does 621 

not present obvious retinal degeneration and, unlike G2 (cpfl3) mice (GNAT2cpfl3 line bred onto 622 

the C57BL/6J (‘black’) background), does not respond to intense light flashes. We compared 623 

TCS of G2 (cpfl3) to that of G2 KO mice to confirm that cone activity is not driving TCS in G2 624 

mice. We tested the responses to low (6 Hz) and high (21 Hz) to 505 nm flicker because they 625 

represent the most salient features of the responses in G2 mice. The plots of TCS as a function 626 

of retinal irradiance for G2 and G2 KO mice overlap closely (Fig. 10), confirming that cone 627 

activity does not contribute significantly to the responses of G2 mice and that both lines of mice 628 

can be used interchangeably within the experimental conditions of our studies.  629 

  630 
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Discussion 631 

In this study, we show that, in daylight conditions, rod-driven vision in G2 mice exhibits high 632 

sensitivity to high temporal frequencies, but not to low temporal frequencies. Our data also 633 

suggest that, in wild-type mice, cone-driven responses supplement the loss in rod-driven 634 

sensitivity to slow temporal variations. Furthermore, Cx36-independent rod pathways play a 635 

critical functional role in extending the dynamic range of rod-driven vision.  These results 636 

provide new insights to our understanding of the rod and cone-driven contributions to temporal 637 

contrast sensitivity during the mesopic transition.  638 

Validity of our models 639 

Here, we used transgenic mouse models to isolate Cx36-independent rod pathways.  We 640 

detected desensitized G2 cone responses with intense irradiance levels >105 ph/s/μm2 (Figure 641 

3), similar to that reported by others (Chang et al., 2006; Allen et al., 2010; Brown et al., 2011).  642 

However, the responses of desensitized cones are unlikely to be contributing significantly to 643 

TCS in our experiments, as these intense light levels (>105 ph/s/μm2) are 4-10-fold brighter than 644 

the upper limit of our behavioral studies. Additionally, we also show that TCS in both G2 mice 645 

and in the recently developed GNAT2 knockout mice (Ronning et al., 2018) decline at the 646 

brighter intensities used in this study, as is expected for saturation of rod-driven responses 647 

(Figures 4 and 10).  Together, this suggests that the G2 mouse was an appropriate model to 648 

study rod responses under the conditions used in this study. 649 

Electrophysiological recordings support the notion that dark-adapted G2 cones have normal 650 

dark current and receive input from rods by way of Cx36 gap junctions (A. Sampath, personal 651 

communication, November 2018), which is consistent with viable Cx36-dependent secondary 652 

pathways in G2 mice. Additionally, we show that G2 and G2::Cx36 mice exhibit normal learning 653 
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of our operant behavior assay and normal TCS at mesopic light levels (Figure 6A) suggesting 654 

that removal of Cx36, which is widely expressed in the central nervous system (Belluardo et al., 655 

2000; Condorelli et al., 2000; Rash et al., 2000; Feigenspan et al., 2001; Degen et al., 2004; 656 

Frisch et al., 2005; Zlomuzica et al., 2012), does not negatively impact the animals’ behavior for 657 

this task.  658 

Lastly, it is important to note that there are differences in rodent and primate visual systems.  A 659 

recent study comparing electrophysiological recordings in mouse and primate suggest that (1) 660 

primate rods may saturate at lower light levels than mouse rods and (2) the primary rod pathway 661 

is the dominate circuit for rod-driven signals in primate while there are more significant 662 

contributions by the secondary and/or tertiary rod pathways in mouse (Grimes et al., 2018b).  663 

However, it is possible that there are more significant contributions of tertiary rod pathways in 664 

primates after a prolonged period of light-adaptation.  665 

Cx36-independent rod pathways can relay rod-driven TCS to high temporal frequencies 666 

in mesopic light conditions 667 

Here, we found that rod-driven TCS to fast, mesopic light variations does not require Cx36-668 

dependent rod pathways as previously proposed (Sharpe and Stockman, 1999), but rather that 669 

Cx36-independent rod pathways are sufficient to mediate this role. While these results are in 670 

line with the observation that secondary pathways play a minimal role in primate vision (Grimes 671 

et al., 2018b), they are seemingly at odds with electrophysiological studies in mouse retina 672 

which indicate significant secondary rod pathway contribution under mesopic illumination 673 

(Grimes et al., 2014; Ke et al., 2014). One possible explanation for the observed differences 674 

may be methodological, arising from the differences in the time of exposure to mesopic 675 

illumination in the respective studies. Unlike the physiological studies, our behavioral studies 676 

were performed following prolonged periods of exposure to light which is known to decrease  677 
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the coupling strength of Cx36 gap junctions in the outer retina of mice (Ribelayga et al., 2008; 678 

O'Brien et al., 2012; Li et al., 2013; O'Brien, 2014; Jin et al., 2015; Zhang et al., 2015). Thus, the 679 

Cx36-dependent secondary rod pathways may be active at scotopic levels, and thereby 680 

optimized for signaling brief flashes presented in dim lights rather than during steady mesopic 681 

illumination.   682 

Cx36-independent rod pathways include the tertiary rod pathway and the OFF branch of the 683 

primary rod pathway. The primary rod pathway has high gain to detect single photons in dim, 684 

scotopic light conditions (Barlow et al., 1971; Dunn et al., 2006), but also has the ability to adjust  685 

to brighter, mesopic light conditions, by reducing its gain and allowing sensitivity to contrast to 686 

be maintained (Dunn and Rieke, 2008; Jarsky et al., 2011; Oesch and Diamond, 2011; Ke et al., 687 

2014; Grimes et al., 2018a).  The dynamic range of the primary pathway has been shown to 688 

extend up to 250-300 R*/rod/s (Ke et al., 2014; Grimes et al., 2018b), while we observed rod-689 

driven TCS at much brighter light levels (up to 104 ph/s/μm2). This suggests that TCS at higher 690 

irradiance levels may be mediated via the tertiary pathway and not by the OFF branch of the 691 

primary pathway. However, we cannot rule out the possibility that the dynamic range of the 692 

primary pathway is limited during electrophysiological recordings (Grimes et al., 2018b) due to 693 

experimental differences in light-adaptation or absence of a viable pigment epithelium.  694 

Interestingly, as irradiance levels rose through the mesopic range, G2 and G2::Cx36 mice 695 

exhibited a relative loss in TCS to slow but not to fast temporal frequencies (Figures 4 and 6). 696 

Several candidate mechanisms can be proposed to explain the differential loss in TCS to slow 697 

but not to fast temporal frequencies via the Cx36-independent pathways. One possibility is that 698 

low and high frequency information are relayed by distinct rod pathways, wherein the channel 699 

conveying lower frequencies (up to ~10 Hz) saturates at relatively lower irradiance levels than 700 

the channel conveying higher frequencies (>10 Hz). In this case, low temporal frequency 701 
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information may be relayed via the primary rod pathway thought to saturate around 300 R*/rod/s 702 

(Ke et al., 2014; Grimes et al., 2018b). In contrast, high temporal frequency information could be 703 

relayed via direct rod contacts to transient type 3a and type 3b OFF bipolar cells of the tertiary 704 

rod pathway (Ichinose and Hellmer, 2016). A second candidate mechanism that could explain 705 

the frequency-dependent loss in TCS is a selective attenuation of low temporal frequencies by 706 

destructive interference of signals converging along two different rod pathways with different 707 

speeds of transmission. Such mechanisms have been  proposed for interactions between rod 708 

pathways in scotopic lights (Sharpe et al., 1989), or between rod and cone pathways in mesopic 709 

lights (MacLeod, 1972). Further experiments are required to determine the relative contributions 710 

of the two Cx36-independent rod pathways to TCS as a function of retinal irradiance levels and 711 

temporal frequency. 712 

Rod driven TCS at bright mesopic lights and high temporal frequencies develops 713 

gradually over time 714 

Rod-driven TCS to high frequencies and bright mesopic lights develops gradually, over a time 715 

period of ~30-40 minutes (Figure 5). A similar, gradual recovery in rod responses was recently 716 

observed with ganglion cell recordings ex vivo and with dLGN recordings in vivo (Tikidji-717 

Hamburyan et al., 2017). Our findings expand these data to behavioral phenomena, by 718 

demonstrating that this time-dependent feature of rod adaptation is observed at the level of 719 

perceptual vision.  While the exact mechanisms that underlie the slow time-course of rod 720 

adaptation at bright lights are still unclear, it has been hypothesized that this could depend on 721 

light-dependent changes in the regulation of the phototransduction cascade,  resulting in gain 722 

reduction and preventing saturation (Tikidji-Hamburyan et al., 2017). One such mechanism is 723 

the irradiance-dependent translocation of phototransduction proteins, such as transducin, as 724 

these translocations occur at similar light levels (>4x103 R*/rod/s) and a similar time course (~30 725 
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minutes) (Sokolov et al., 2002; Calvert et al., 2006; Lobanova et al., 2007; Slepak and Hurley, 726 

2008).  Another contributing factor to the time-dependent rod adaptation to bright lights is likely 727 

a form of ‘bleaching adaptation’ similar to what occurs in cones (Burkhardt, 1994), and the 728 

response recovery rate correlates with the rate of rhodopsin bleaching (Tikidji-Hamburyan et al., 729 

2017).  Thus, it appears that rods can avoid saturation to relay TCS at high mesopic light levels 730 

by means of a time-dependent light-adaptation mechanism. 731 

The mesopic range shifts with temporal frequency 732 

Comparison of TCS in WT, G2 and G1 mice suggests a lower limit for the mesopic range of 733 

~102 R*/rod/s in response low (6 Hz) temporal frequency flicker (Figures 7-8). This value agrees 734 

closely with the lower mesopic limit to incremental flashes determined with a running wheel 735 

assay (Naarendorp et al., 2010). However, we found that the value of this lower limit is not 736 

absolute and depends on the frequency of the flicker.  At high temporal frequencies (21 Hz) the 737 

lower limit of the mesopic range increased to ~103 ph/s/μm2. Remarkably, over much of the 738 

mesopic range, rods alone (in G2 mice) can mediate normal TCS levels (in WT mice), whereas 739 

cones alone (in G1 mice) cannot mediate normal TCS. Together, these findings suggest that 740 

rod and cone-driven signals do not simply add to produce the mesopic visual thresholds (Buck, 741 

2014). These results indicate that rods are essential for high temporal frequency vision at bright 742 

mesopic light levels and highlights the complexity of the mesopic transition in the vertebrate 743 

visual system.  744 
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Figure Legends: 978 

Figure 1: Rod circuit schematics of control and transgenic mice 979 

A-E:  Circuit diagrams depicting WT (A) and targets of disruption in transgenic mice (B-E). (B) 980 

G2 mice (cpfl3 and KO) have disrupted cone circuits leaving only functional rod circuits.  (C) 981 

G2::Cx36 mice have both disrupted cone circuits and disrupted Cx36-dependent rod pathways 982 

(secondary pathway and ON branch of the primary pathway).  (D) G1 mice have disrupted rod 983 

circuits leaving only functional cone circuits. (E) G1::G2 mice have disrupted rod and cone 984 

circuits. R-rod, C-cone, black resistors-Cx36 gap junctions, RB-rod bipolar, AII-amacrine AII, ON 985 

CB- ON cone bipolar, OFF CB- OFF cone bipolar, GC-ganglion cell, green: primary path circuit, 986 

blue: secondary path and cone path circuit, pink: tertiary path circuit.  987 

Figure 2:  No overt degeneration or remodeling in G2 mouse retinas. 988 

A: Similar thickness in the ONL and OPL of 6 month WT and G2 retinas. Top: Representative 989 

vertical sections labeled with DAPI. Optic nerve head labeled O.N.  Thickness measurements 990 

were performed in two distinct regions: (1) 500 and (2) 800 m from optic nerve (indicated with 991 

white boxes in the figure).  Bottom: ONL and OPL thickness is not significantly different at 500 992 

μm or at 800 μm (two-way RM ANOVA, see results). n=4 mice, 3-4 sections/mouse. Scale bar: 993 

100 μm.  994 

B-D: Confocal images of immunolabeled retinal sections show normal retinal structures in 6 995 

month WT (B-D), G2 (B’-D’) and G2::Cx36 retinas (B’’-D’’). B-B’’: Calbindin (green) labels 996 

horizontal cells (arrow) and some types of amacrine cells (arrowhead). C-C’’:  Immunolabeling 997 

of rod bipolar cells with antibody against PKC  (green), ribbon synapses in photoreceptor 998 

terminals with antibody against CtBP2 (red) and cone terminals labeled with PNA (blue). Arrows 999 
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point to representative extended rod bipolar cell dendrites rarely observed in both WT and G2 1000 

retinas. Insets show detailed synaptic structure of boxed regions.  D-D’’:  Immunolabeling of 1001 

Cx36 gap junctions with antibody against Connexin 36 (Cx36, red) and cone terminals with 1002 

antibody against cone arrestin (CAR, cyan).  Scale bars indicate 20 μm in all images.  1003 

E: Amplitudes of dark-adapted flash ERG b-waves as a function of rod photoisomerizations 1004 

elicited by brief flashes for WT (black circles, n=10), G2 (red triangles, n=10), and G2::Cx36 1005 

mice (purple diamonds, n=10) at 3 months of age. G2 and G2::Cx36 mice exhibit normal rod-1006 

driven flash ERG responses and reduced cone-driven flash ERG responses.  Statistical 1007 

analysis: 2-way RM ANOVA, see text for details. Error bars: SEM are indicated but generally 1008 

smaller than the size of the symbols. 1009 

F:  b-wave amplitudes of WT, G2, and G2::Cx36 mice measured at 3 and 6 months of age.  1010 

Minor changes in amplitude suggest no significant degeneration or remodeling during the time 1011 

course of experiments.  Statistical analysis: 2-way RM ANOVA, see text for details. 1012 

Figure 3:  Desensitized cone responses of G2 mice do not mask rod responses at the 1013 

mesopic light levels used in this study. 1014 

A: Optomotor contrast sensitivity of WT (black circles, n=4) and G2 mice (red triangles, n=6) 1015 

plotted as a function of rod photoisomerizations. Grating parameters: ft = 3 Hz, fs=0.128 1016 

cyc/deg.     1017 

B: Optomotor contrast sensitivity of WT (black bars, n=5), G2 (red bars, n=5) and G1::G2 mice 1018 

(blue bars, n=6) measured at backgrounds levels of 1,500 R*/rod/s and 50,000 R*/rod/s. Grating 1019 

parameters: ft = 1.5 Hz, fs=0.128 cyc/deg  1020 
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C: Amplitudes of dark-adapted flash ERG b-waves as a function of R*/rod for WT (black circles, 1021 

n=5), G2 (red triangles, n=6), G1 (green inverted triangles, n=5), and G1::G2 mice (blue 1022 

diamonds, n=6).   1023 

D: Magnitudes of the response at the fundamental frequency in the flicker ERG response of WT 1024 

(black circles, n=3) and G2 mice (red triangles, n=3) in response to a 16 Hz sinusoidal stimulus, 1025 

100% in contrast and indicated mean retinal irradiance. Region between dashed lines 1026 

represents the intensity range over which subsequent operant behavior experiments were 1027 

performed.  All mice were 2-4 months old. 1028 

Figure 4:  Rods are sufficient to mediate TCS to high but not low temporal frequencies in 1029 

bright mesopic light levels. 1030 

A-D:  Temporal contrast sensitivity functions of WT (black circles) and G2 mice (red triangles) 1031 

measured at mean retinal irradiance values of: (A) 400 ph/s/μm2, WT (n=4) and G2 mice (n=3-1032 

6);  (B) 8000 ph/s/μm2, WT (n=4-9) and G2 mice (n=4-8); (C) 20,000 ph/s/μm2, WT (n=4) and 1033 

G2 mice (n=4-5); and (D) 35,000 ph/s/μm2, WT (n=3-5) and G2 mice (n=3).  Mice were 3-6 1034 

months old. Closed symbols represent mean ± SEM, while the smaller, lighter symbols are 1035 

responses of individual mice (WT=grey, G2=light red). Statistical analysis: 2-way ANOVA see 1036 

text for details, frequency x genotype interactions, *, p<0.05 and +, p<0.01, all other interactions 1037 

p>0.05.  1038 

E-F:  Temporal contrast sensitivity functions over increasing background intensities for (E) WT 1039 

and (F) G2 mice.  Retinal irradiance values of WT and G2 mice were estimated using the pupil 1040 

area values of freely behaving mice as described in Methods.  1041 

 1042 
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 1043 

Figure 5:  Rod-driven TCS to high temporal frequencies develops gradually over time. 1044 

A-B:  Values of d’m measured during corrective trials plotted as a function of time after the start 1045 

of the trial. WT (A) and G2 (B) mice were dark-adapted for one hour prior to the trial. 1046 

Measurements were performed at indicated mean retinal irradiance levels. Flicker contrast was 1047 

70% in all cases except for the tests at 20,000 ph/s/μm2 which were performed with 90% 1048 

contrast flicker. Continuous lines represent fits with rising exponential functions (all curves in A; 1049 

and response at 10 and 400 ph/s/μm2 in B) and s-shaped hyperbolic functions (B: 8,000 and 1050 

20,000 ph/s/μm2). Following the initial 60 minutes of each trial during which the corrective 1051 

protocol (measured d’m) was run, we switched to the normal protocol (without corrective trials) 1052 

and determined the average d’ value over the subsequent 90 minutes. The corresponding value 1053 

of d’ is indicated at time t = 150 minutes. Symbols in these plots and in C, E, and F below 1054 

represent mean ± SEM, n = 4-6 runs in each condition.  1055 

C: The time course of d’m plotted as a function of time for a G2 mouse tested at 8000 ph/s/μm2 1056 

and flicker contrasts 80 and 70%. Flicker frequency was 18 Hz. 1057 

D:  Experimental design applied to studies described in figures E-G. In condition 1, mice are 1058 

tested immediately after a 60 min dark-adaptation period (closed symbols in Figures E and F); 1059 

in condition 2, mice undergo a 60 min light adaptation period prior to testing (open symbols in 1060 

Figs. E and F). Retinal irradiance during the light adaptation period was 20,000 ph/s/μm2. 1061 

Flicker frequency was 21 Hz, and the contrast was adjusted individually to elicit a d’ value 1062 

ranging from 2 to 2.5.    1063 

E-F:  Values of d’m plotted as a function of time measured with Condition I (closed symbols) 1064 

and Condition 2 (open symbols).  (E) d’m values for two representative WT mice (WT M1, WT 1065 
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M2) do not vary with experimental condition; (F) d’m values for G2 mice (G2 M1, G2 M2) rise 1066 

later in Condition 1 compared to Condition 2. Time to respond (TTR) was determined at the 1067 

intersection of the fitting functions with the line representing d’m = 1 (see G below). Fitting 1068 

functions were rising exponential for all data of (E) and data determined under condition 2 in (F). 1069 

Hyperbolic functions fit the responses to condition 1 in (F).   1070 

G:  Time to respond (TTR) for four WT and four G2 mice measured under conditions 1 and 2. 1071 

Analysis: 2 Way RM ANOVA, Holm Sidak method; corresponding p-values for pairwise 1072 

comparisons are indicated on graph. See text for details. 1073 

Figure 6: Cx36-independent rod pathways are sufficient to relay rod-driven TCS to high 1074 

temporal frequencies. 1075 

A-B:  Temporal contrast sensitivity functions of G2 (red triangles) and G2::Cx36 mice (purple 1076 

diamonds) measured at mean retinal irradiance values of (A) 400 ph/s/μm2, G2 (red triangles, 1077 

n=3-6) and G2::Cx36 mice (purple diamonds, n=3); (B) 8000 ph/s/μm2, G2 (n=4-9) and 1078 

G2::Cx36 mice (n=4).  Mice were 3-6 months old.  Closed symbols represent mean ± SEM, 1079 

while the smaller, lighter purple symbols are responses of individual mice G2::Cx36 mice. Data 1080 

for individual G2 mice are shown in Figure 4. Statistical analysis: 2-way ANOVA or 3-way 1081 

ANOVA, see text for details. Retinal irradiance values of G2 and G2::Cx36 mice were estimated 1082 

using the pupil area values of freely behaving mice as described in Methods. 1083 

Figure 7:  The mesopic range shifts with temporal frequency. 1084 

A-B:  Contrast sensitivity as a function of retinal irradiance for (A) G2 mice at 6 Hz (filled red 1085 

triangles, n=4-9) and 21 Hz (open red squares, n=3-8) and (B) G1 mice at 6 Hz (filled green 1086 

triangles, n=4-5) and 21 Hz (open green squares, n=3-4). 1087 
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C-D:  Contrast sensitivity as a function of retinal irradiance for WT (black, n=4-11), G2 (red, n=3-1088 

9), and G1 (green, n=4-5) mice at: (C) 6 Hz and (D) 21 Hz. Sensitivity values in A-D are plotted 1089 

as a function of the WT retinal irradiance (for WT and G2 mice) or corrected for phenotypic 1090 

differences in pupil areas (for G1 mice). See Table 1 for respective pupil area and retinal 1091 

irradiance values. Note: for light conditions where pupil areas were not measured, G1 retinal 1092 

irradiance values were determined by interpolation of data. Filled pink squares in (D) represent 1093 

dark-adapted (D.A.) G2 data and open red squares represent light-adapted (L.A.) G2 data as 1094 

described in Fig. 4.   Red bars represent the intensity range over which rods are active in G2 1095 

mice, green bars represent the intensity range over which cones are active in G2 mice, and blue 1096 

bars represent the mesopic range over which both rods and cones are active.  Dashed red, 1097 

green, and blue lines in (D) represent extrapolated values.  Statistics: 2-way ANOVA, p-values 1098 

for pairwise comparisons are shown in the figure. 1099 

Figure 8:  Map of rod and cone contributions to temporal contrast sensitivity. 1100 

Irradiance vs Temporal Frequency adaptation map showing the irradiance-frequency 1101 

combinations where contrast thresholds are driven largely by rods (pink), cones (green) and rod 1102 

+ cones (blue shading), loosely defining the conditions for scotopic, photopic, and mesopic 1103 

temporal contrast vision in mouse, respectively.  The transition between the pink and blue 1104 

regions was inferred from the cone threshold values of G1 mice at 6 Hz (green triangle) and 21 1105 

Hz (green square), while the transition between blue and green regions was defined as the 1106 

upper irradiance levels eliciting a behavioral response in G2 mice to 6 Hz (red triangle) and 21 1107 

Hz (red square) flicker respectively (see Fig. 6). The blue region with stripes represents 1108 

extrapolated sensitivity at high temporal frequencies (see Fig. 6). The high frequency boundary 1109 

of the map (black circles) is determined by the critical flicker frequency (CFF) values for WT 1110 
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mice measured in this study (Fig. 4) and previously by Umino et al., 2018 (see CFF at 10 1111 

ph/s/μm2).   1112 

Figure 9:  Activation of S-opsin expressing cones does not contribute significantly to 1113 

TCS when co-activated with M-opsin expressing cones.  1114 

A: Normalized sensitivity for rhodopsin (R-opsin), M-opsin and S-opsin plotted as a function of 1115 

stimulus wavelength. Fits to mouse pigments were computed according to Lucas et al. (2014) 1116 

using the Govardovskii nomograms (Govardovskii et al., 2000). Sensitivity after accounting for 1117 

media losses (Jacobs et al., 2004) is shown with dashed lines.  1118 

B: Estimated photoisomerization rates in pure M- (symbol edge green) or S-opsin (symbol edge 1119 

blue) expressing cones plotted as a function of rod photoisomerization rates for 405 (symbol fill 1120 

blue) and 505 (symbol fill green) nm narrowband stimuli (see Methods for details of 1121 

calculations). Photoisomerization rates for cones co-expressing M- and S-opsin at a given 1122 

wavelength fall within the range delimited by the ‘pure’ cones (grey arrows, see text for details).  1123 

C-D:  TCS to 405 nm and 505 nm plotted as a function of initial (prior to bleach) rod 1124 

photoisomerization rates for C) 6 Hz and D) 21 Hz. TCS to 505 nm is same as in Fig. 7 after 1125 

converting retinal irradiance to photoisomerizations/sec in rods. Symbols represent mean +/- 1126 

SD, n = 4-11 mice for 505nm and n = 4 mice for 405 nm.. 1127 

Figure 10:  Similar TCS in G2 and G2 KO mice 1128 

A-B: TCS of G2 and G2 KO mice in response to 505 nm stimuli plotted as a function of initial 1129 

(prior to bleach) rod photoisomerizations in response to (A) 6 Hz and (B) 21 Hz. TCS of G2 mice 1130 

is same as in Fig. 7 after converting retinal irradiance to photoisomerizations/sec in rods. TCS of 1131 

G2 and G2 KO mice matched closely, suggesting that any residual cone function in G2 mice 1132 
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does not alter their TCS. Symbols represent mean +/- SD, n = 3-9 for G2 mice and n=4 for 1133 

G2KO mice. Note: Data points for G2 KO mice were shifted slightly along the x-axis for clarity. 1134 

 1135 

  1136 
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Table 1: Pupil area and retinal irradiance values of WT and transgenic mice.  1137 

Pupil area and retinal irradiance values over a range of corneal irradiance intensities.  Data 1138 

reported as the mean. For retinal irradiance we also indicate, in parentheses, R*/rod/s values for 1139 

reference (ǂinitial: uncorrected for bleaching effects). See Methods sections for details of the 1140 

calculations used to convert irradiance to photoisomerization rates. 1141 

 1142 

 1143 



CA
C RR

RB

ON
GCOFF

GC

AII

X X

X

X

G2::Cx36

OFF
CB

ON
CB

B
C RR

RB

OFF
GC

AII

X

G2(cpfl3 or KO)

OFF
CB

ON
CB

ON
GC

WT

D
C RR

RB

OFF
GC

AII

X

G1

OFF
CB

ON
CB

ON
GC

X
C RR

RB

OFF
GC

AII

OFF
CB

ON
CB

ON
GC

E
C RR

RB

OFF
GC

AII

X

G1::G2

OFF
CB

ON
CB

ON
GC

XX



A

100 um 100 um

WT G2 G2::Cx36
Calbindin

PKC CtBP2 PNA

Cx36 CAR

B B’ B’’

C C’ C’’

D D’ D’’

Log Flash Intensity (R*/rod)

Flash ERG

-3 -2 -1 0 1 2 3 4 5 6

b-
w

av
e 

(m
V)

0
200
400
600
800

1000

WT
G2
G2::Cx36

E F G2

-3 -2 -1 0 1 2 3 4 5 6
0

200
400
600
800

1000
3 month 
6 

G2::Cx36

-3 -2 -1 0 1 2 3 4 5 6
0

200
400
600
800

1000
3 month 
6 *

-3 -2 -1 0 1 2 3 4 5 6
0

200
400
600
800

1000 WT
3 month 
6 *

*

WT G2

000000 umumum 100 0 000 0000 0000010000000000 umuumummummmmmmmmmummmmmmmmumummm

Th
ic

kn
es

s 
(u

m
)

0

20

40

60

80

100 WT
G2

ONL         OPL ONL         OPL

500 um 800 um

Log Flash Intensity (R*/rod)

O.N. O.N.

1

2

1

2

N.S.

N.S.

N.S.

N.S.



Log Retinal Irradiance (R*/rod/s)
-6 -5 -4 -3 -2 -1 0 1 2 3 4

C
on

tra
st

 S
en

si
tiv

ity

1

10

WT
G2

Optomotor
A

Flicker ERG (16 Hz)

Log Retinal Irradiance (R*/rod/s)
-2 -1 0 1 2 3 4 5 6

M
ag

ni
tu

de
 (u

V)

0.1

1

10

100
WT
G2

  ~1,500

C
on

tra
st

 s
en

si
tiv

ity

1

10

100
WT
G2 

G1::G2 

 ~50,000

Optomotor

Retinal Irradiance (R*/rod/s)

B

D

Log flash intensity (R*/rod)
-3 -2 -1 0 1 2 3 4 5 6

b-
w

av
e 

(u
V)

1

10

100

1000

WT
G2

G1::G2
G1

Flash ERG
C



1 10 100

2

3

4

5

1

~8000 ph/s/um2

~35,000 ph/s/um2

1 10 100

2

3

4

5

1

G2

Temporal frequency (Hz)
1 10 100

2

3

4

5

1

400 ph/s/um²
8,000
20,000
35,000

A

100 um

~400 ph/s/um2

1 10 100

C
on

tr
as

t s
en

si
tiv

ity

2

3

4

5

1

WT
G2

~20,000 ph/s/um2

1 10 100

C
on

tr
as

t S
en

si
tiv

ity

2

3

4

5

1

WT

Temporal frequency (Hz)
1 10 100

C
on

tr
as

t s
en

si
tiv

ity

2

3

4

5

1

B

C D

E

* ++ + + + + * **

+ + + + + ++*** *+ + + + +

F



Dark 60 min Run 60 min

Dark 60 min Run 60 minLight 60 min

A

G

Condition I (closed symbols)

Condition II (open symbols)

B

Time (min)
0 20 40 60 80 100 120 140 160

80% contrast
70%

d'
m

0

1

2

3

4

5
d'

Time (min)
0 20 40 60 80 100 120 140 160

d'
m

0

1

2

3

4

5
10 ph/s/um2
400
8,000

20,000
d'

Time (min)
0 20 40 60 80 100 120 140 160

d'
m

0

1

2

3

4

5
10 ph/s/um2
400
8,000
20,000 (90%)

Ti
m

e 
to

 re
ac

h 
d'

=1
 (m

in
)

0

10

20

30

40

50

60

G2 condition I
G2 condition II

WT condition I
WT condition II

<0.001 <0.001

0.32 0.46

C

D E

F
Time (min)

0 20 40 60 80 100 120 140 160

d'
m

0

1

2

3

4

5 WT M1

d'

Time (min)
0 20 40 60 80 100 120 140 160

0

1

2

3

4

5 WT M2
d'

Time (min)
0 20 40 60 80 100 120 140 160

d'
m

0

1

2

3

4

5 G2 M1
d'

Time (min)
0 20 40 60 80 100 120 140 160

0

1

2

3

4

5 G2 M2

d'

WT: 12 Hz, 70% G2: 18 Hz, 70% G2: 18 Hz, 8000 ph/s/um2

Both conditions: 21Hz, 20,000 ph/s/um2



Temporal frequency (Hz)
1 10 100

2

3

4

5

1

400 ph/s/um2

Temporal frequency (Hz)
1 10 100

C
on

tr
as

t s
en

si
tiv

ity

2

3

4

5

1

G2
G2::Cx36

8000 ph/s/um2A

100 um

B

+



G1 

Log Retinal Irradiance (ph/s/um2)
0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4
5

1

6 Hz
21 Hz

21 Hz

Log Retinal Irradiance (ph/s/um2)
0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4
5

1

WT
G2 (L.A.)
G2 (D.A.)
G1  

6 Hz 

Log Retinal Irradiance (ph/s/um2)
0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4
5

1

WT
G2 
G1

G2 

Log Retinal Irradiance (ph/s/um2)
0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4
5

1

6 Hz
21 Hz

A B

C

100 um

D

Weber Li
ne

ar



Log Background Intensity (ph/s/um2)
1 2 3 4 5 6

Te
m

po
ra

l F
re

qu
en

cy
 (H

z)

10

100

100 um

Critical Flicker Frequency

Rod
Rod + 
Cone Cone

Rod
 S

atu
ra

tio
n (

G2 l
im

it)

Co
ne

 th
re

sh
old

 (G
1 

lim
it)

21 Hz

6 Hz



Rod photoisomerizations/sec
100 1000 10000M

 o
r S

 c
on

e 
ph

ot
oi

so
m

er
za

tio
ns

/ s

10-4

10-3

10-2

102

103

104

M-cone
S-cone

M-cone

S-cone

505 nm 405 nm

Wavelength (nm)
300 400 500 600 700

Lo
g 

Se
ns

iti
vi

ty

-6

-5

-4

-3

-2

-1

0

1

S-Opsin
M-opsin
R-opsin

A B

6 Hz

Log R*/rod/s (initial)
-1 0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4

5

1

WT: 505nm
WT: 405nm

21 Hz

Log R*/rod/sec (Initial)
1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4

5

1

DC



A

100 um

6 Hz

Log R*/rod/s (initial)
-1 0 1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4

5

1

(GNAT2 cpfl3/cpfl3)
(GNAT2-/- )

G2
 G2 KO

21 Hz

Log R*/rod/sec (Initial)
1 2 3 4 5

C
on

tra
st

 S
en

si
tiv

ity

2

3

4

5

1

B



 

 1 

Corneal 
Irradiance 
(ph/s/m2) 

Pupil area 
mm2 

Retinal Irradiance 
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505 nm           

1.5E19 0.040 0.047 NA 0.035 0.058 33,069 
(28,770) 

38,856 
(33,804) 

NA 28,935 
(25,174) 

47,950 
(41,716) 

6.7E18 0.060 0.052 NA 0.049 0.088 22,321 
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