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Abstract  20 

Following photopigment bleaching, the rhodopsin and cone-opsins show a characteristic 21 
exponential regeneration in the dark with a photocycle dependent on the retinal pigment 22 
epithelium. Melanopsin pigment regeneration in animal models requires different pathways to 23 
rods and cones. To quantify melanopsin-mediated light adaptation, we first estimated its 24 
photopigment regeneration kinetics through the photo-bleach recovery of the intrinsic 25 
melanopsin pupil light response (PLR). An intense broadband light (~120,000 Td) bleached 26 
43% of melanopsin compared to 86% of the cone-opsins. Recovery from a 43% bleach was 27 
3.4X faster for the cone-opsin than melanopsin. Post-bleach melanopsin regeneration followed 28 
an exponential growth with a 2.5 min time-constant (τ) that required 11.2 min for complete 29 
recovery; the half-bleaching level (Ip) was ~4.47 log melanopic Td (16.10 log melanopsin 30 
effective photons.cm-2.s-1; 8.25 log photoisomerisations.photoreceptor-1.s-1). The effect on the 31 
cone-directed PLR of the level of the melanopsin excitation during continuous light adaptation 32 
was then determined. We observed that cone-directed pupil constriction amplitudes increased 33 
by ~10% when adapting lights had a higher melanopic excitation but the same mean 34 
photometric luminance. Our findings suggest that melanopsin light adaptation enhances cone 35 
signalling along the non-visual retina-brain axis. Parameters τ and Ip will allow estimation of 36 
the level of melanopsin bleaching in any light units; the data have implications for quantifying 37 
the relative contributions of putative melanopsin pathways to regulate the photopigment 38 
bleach. 39 
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1. Introduction 43 

Following exposure to an intense light, the dark adaptation properties of the rod and 44 
cone pathways show a characteristic exponential recovery to their maximal sensitivity when 45 
quantified using visual psychophysics (Hollins & Alpern, 1973; Lamb & Pugh, 2004; Pianta 46 
& Kalloniatis, 2000; Wald et al., 1950), the electroretinogram (ERG) (Mahroo & Lamb, 2012; 47 
Paupoo et al., 2000; Thomas & Lamb, 1999), the pupil light response (PLR) (Alpern & 48 
Campbell, 1963; Alpern et al., 1959; Ohba & Alpern, 1972), and retinal densitometry (Alpern 49 
& Ohba, 1972). The regeneration time-constant is ~5X faster for the cone than rod pathways 50 
(Hecht et al., 1937; Lamb, 1981; Reuter, 2011). The dark adaptation photocycle is well-defined 51 
for rhodopsin and cone-opsins and requires the retinal pigment epithelium (RPE) to convert the 52 
all-trans retinal to 11-cis retinal (for review, Lamb & Pugh (2004)). Emerging evidence from 53 
mouse models of melanopsin photopigment regeneration indicates that it requires different 54 
pathways to rods and cones. Melanopsin might resist photic bleaching (Sexton et al., 2012) due 55 
to partial (Zhao et al., 2016) or complete independence (Tu et al., 2006) from the RPE for its 56 
photocycle and other characteristics including strong binding between its chromophore and 57 
opsin, conversion to an active meta-state following phototransduction (Sexton et al., 2012), 58 
and bistability (Mure et al., 2009) or tristability (Emanuel & Do, 2015). In humans, 59 
melanopsin-expressing intrinsically photosensitive retinal ganglion cells (ipRGCs) contribute 60 
to non-image forming control of the PLR (Adhikari et al., 2015; Cao et al., 2015; Gamlin et 61 
al., 2007; Gooley et al., 2012; Kardon et al., 2009; Markwell et al., 2010; Spitschan, 2019b; 62 
Tsujimura et al., 2010; Zele et al., 2019a) and circadian photoentrainment (Markwell et al., 63 
2010; Provencio et al., 2000; Zele et al., 2011), and to image forming vision (Allen et al., 2019; 64 
Brown et al., 2012; Cao et al., 2015; DeLawyer et al., 2020; Spitschan, 2019a; Spitschan et al., 65 
2017; Zele et al., 2019b; Zele et al., 2020b; Zele et al., 2018). To understand how melanopsin 66 
adapts to the light environment for regulating these phenomena, here we estimate melanopsin 67 
bleach and regeneration kinetics by measuring the melanopsin-directed PLR post-exposure to 68 
an intense light. Given that melanopsin-directed visual responses (Zele et al., 2019b; Zele et 69 
al., 2020b) and non-visual pupil responses (Adhikari et al., 2015; Gamlin et al., 2007) are first 70 
evident in high mesopic to low photopic illumination (20 – 200 Td), we measured melanopsin 71 
post-bleach recovery to a steady-state light adaptation level. 72 

 Light and dark adaptation optimise the visual response to environmental illumination 73 
level (Barlow, 1972) through adjustments of the sensitivity of rod and cone pathways (Barlow, 74 
1972; Boff et al., 1986; Hecht et al., 1937; Hood & Finkelstein, 1986; Hood, 1998; Joselevitch, 75 
2008; Lamb & Pugh, 2004; MacLeod, 1978; Zele & Cao, 2015). There is evidence from rodent 76 
models that melanopsin cells form independent postreceptoral pathways and receive extrinsic 77 
rod and cone inputs (Belenky et al., 2003; Güler et al., 2008) and also in non-human primates 78 
(Dacey et al., 2005). Also, melanopsin activation influences cone-mediated ERG in mice 79 
(Allen et al., 2014; Prigge et al., 2016) and humans (Adhikari et al., 2019) and human visual 80 
contrast discrimination (Zele et al., 2019b) potentially through retrograde feedback networks 81 
from melanopsin cells to outer retina (Sekaran et al., 2003; Zhang et al., 2008). The vision and 82 
pupil control pathways share retinal photoreceptors but are different in that ipRGCs entirely 83 
form the afferent pupil control pathway in mice (Güler et al., 2008) and non-human primates 84 
(Ostrin et al., 2018). Here we measure the cone-directed PLR during continuous light 85 
adaptation with high or low melanopic excitation to determine whether the melanopsin 86 
influence on cone signalling extends to the pupil control pathway. 87 

 88 



 

2. Materials and methods 89 

2.1. Participants and ethics statement 90 

Three male observers (age; O1, 30 yrs; O2, 37 yrs; and O3, 44 yrs) were recruited 91 
to participate in the study. Two observers (O1 and O2) were authors; O3 was an experienced 92 
psychophysical observer who was naïve to the purpose of the experiments. All protocols were 93 
carried out in accordance with the Queensland University of Technology Human Research 94 
Ethics Committee approval (no.: 1700000510) and followed the tenets of the Declaration of 95 
Helsinki. Informed written consent was obtained from all participants. A comprehensive 96 
ophthalmic examination was conducted on each observer, including the assessment of visual 97 
acuity (Bailey-Lovie Log MAR Chart), contrast sensitivity (Pelli-Robson Chart), colour vision 98 
(Ishihara pseudoisochromatic plates and L’anthony Desaturated D-15 Test), intraocular 99 
pressure (Icare® ic100, Icare Finland Oy, Vantaa, Finland) and fundus examination with 100 
fundus photography (Canon non-Mydriatic Retinal Camera, CR-DGi, Canon Inc.) and optical 101 
coherence tomography (RS-3000 OCT RetinaScan Advance, Nidek Co. Ltd., Tokyo, Japan). 102 
All participants had best corrected visual acuity better than 6/6, trichromatic colour vision, and 103 
no ocular and systemic disease. 104 

 105 

2.2. Apparatus, calibrations, and pupil recording 106 

In Experiment 1, photoreceptor bleaching was performed with a halogen lamp 107 
(17.7 x 12.5 cm; 131° x 115° visual angle at 4 cm) (Fig. 1) producing a broadband spectrum 108 
(CIE illuminant A, 1.3 x 10-5 Watts.cm-2.s-1, 39,400 cd.m-2, 123,716 photopic Td with ~2 mm 109 
pupil diameter; correlated colour temperature = 2,788 K). To measure the post-bleach recovery 110 
of photoreceptor-directed pupil light responses (PLR), a separate 5-primary photostimulator 111 
having a 12-bit resolution and a 488 Hz high frequency limit was used to independently control 112 
the excitation of L-, M-, and S-cone opsins, rhodopsin and melanopsin (Cao et al., 2015). The 113 
photostimulator consists of five primary lights formed by combining light emitting diodes 114 
(LEDs) and narrow-band interference filters with peak wavelengths (full widths at half 115 
maximum) at 456 nm (10 nm), 488 nm (11 nm), 540 nm (10 nm), 594 nm (14 nm) and 633 nm 116 
(15 nm) (Cao et al., 2015). The primary lights’ outputs are combined using fibre optic cables 117 
and a spatial homogeniser and focused by a field lens at the plane of a 2 mm artificial pupil in 118 
Maxwellian view creating a 30° circular field (Fig. 1). A central 10.5° macula blocker is used 119 
to avoid photo-absorption by the macular pigment. A small hole (<1 min of arc) in the centre 120 
of this macular blocker provides a fixation point. The light outputs are controlled by an LED 121 
driver (TLC5940) and an Arduino microcontroller (Arduino Uno SMD R3, Model A000073) 122 
by using a customised software (Xcode, Version 3.2.3, 64-bit, Apple, Inc., Cupertino, CA, 123 
USA) on Apple MacPro Quadcore Intel computer (Mac OS X, Version 10.6.8) (Adhikari et 124 
al., 2019; Zele et al., 2019a; Zele et al., 2018).  125 

The spectral outputs and CIE 1964 10° chromaticity coordinates of the five primary 126 
lights were measured with a SpectraScan® Spectroradiometer PR-655 (Jadak – A Novanta Co., 127 
North Syracuse, NY, USA). The luminance outputs were measured with a calibrated 128 
radiometer (ILT1700 Research Radiometer; International Light Technologies, Inc., Peabody, 129 
MA, USA). The excitations of LMS cones, rods and melanopsin cells were calculated based 130 
on CIE 1964 10° standard observer cone fundamentals (Smith & Pokorny, 1975), CIE 1951 131 
scotopic luminosity function, and melanopsin spectral sensitivity function (Adhikari et al., 132 
2015; al Enezi et al., 2011), respectively. For an equal energy spectrum light at 1 photopic Td, 133 



 

the photoreceptor excitation relative to photopic luminance with a 2:1 L:M cone ratio is L-cone 134 
(l) = 0.6667, M-cone (m) = 0.3333, S-cone (s) = 1, rhodopsin (r) = 1 and melanopsin (i) = 1. 135 
To obtain the maximum instrument gamut, we used an orange appearing adapting background 136 
with the following relative photoreceptor excitations: l = 0.752, m = 0.248, s = 0.105, r = 0.319, 137 
and i = 0.235 for Experiment 1 (Zele et al., 2018). In Experiment 2, we examined the effect of 138 
melanopsin adaptation on cone-driven pupil responses by implementing an adapting 139 
background with low (0.195) or high (0.245) melanopsin excitation (i) while retaining the same 140 
smlr photoreceptor excitations as in Experiment 1. 141 

To correct for the effect of individual differences in photoreceptor spectral 142 
sensitivities and pre-receptoral filtering on silent-substitution paradigms (Pokorny et al., 2004; 143 
Sun et al., 2001), the differences were estimated using Heterochromatic Flicker Photometry 144 
(HFP). The sensitivity difference between an individual observer and the CIE 1964 10° 145 
standard observer was then used to adjust the output of each primary light (for details, see 146 
Adhikari et al., (2019)). 147 

The PLR was recorded with an infrared (IR) video camera (640 × 480 pixels; 60 148 
Hz; Point Grey FMVU-03MTM-CS; Richmond, BC, Canada) through a telecentric lens 149 
(Computar TEC55, 55 mm telecentric lens; Computar, Cary, NC, USA) under IR illumination 150 
(λmax = 851 nm) (Feigl et al., 2011; Zele et al., 2019a; Zele et al., 2011). Chin rest, head restraint, 151 
and temple bar stabilised the observer’s head during pupil recording. The pupil videos were 152 
processed offline to extract pupil diameter as a function of time using custom designed 153 
MATLAB software (R2017b; Mathworks, Natick, MA) with artefacts due to eye blinks 154 
removed and linear interpolated. The PLR amplitude was quantified with reference to baseline 155 
pupil diameter defined as the average of the 100 ms pre-stimulus data immediately before 156 
stimulus pulse onset (Fig. A.2 and A.4). The peak pupil constriction amplitude (% baseline 157 
diameter) was defined as the smallest pupil diameter during the pulse stimulation, which we 158 
call the ‘PLR amplitude’ hereafter. Measurements and analyses followed the Standards in 159 
Pupillography (Kelbsch et al., 2019). 160 

 161 

2.3. Experiment 1: Bleaching adaptation of melanopsin photoreception 162 

To determine melanopsin regeneration kinetics, the right eye of the observer was 163 
pre-exposed for 70 s to the halogen lamp. Immediately after offset of this bleaching light, the 164 
test stimuli were presented to the right eye and the consensual PLR (mm diameter of the left 165 
eye) was recorded during a 15 min recovery period (Fig. 1A). Bleaching adaptation is 166 
conventionally quantified in the dark by varying stimulus intensity to obtain a criterion 167 
response (Alpern & Campbell, 1963; Alpern et al., 1959; Alpern & Ohba, 1972; Hollins & 168 
Alpern, 1973; Lamb & Pugh, 2004; Pianta & Kalloniatis, 2000; Thomas & Lamb, 1999; Wald 169 
et al., 1950); however, the generation of photoreceptor-directed lights using the silent-170 
substitution technique requires a non-zero illumination level. Both Paupoo et al., (2000) and 171 
Mahroo and Lamb (2004) have measured the bleaching adaptation responses of cone ERG in 172 
response to repetitive but fixed-intensity red flashes on a rod-saturating blue background (1700 173 
scotopic Td). We therefore extended that approach to measure the PLR post-bleach recovery 174 
using fixed-contrast melanopsin-directed pulses during steady photopic light exposure. Given 175 
that melanopsin threshold response occurs at the mesopic to photopic transition in the visual 176 
(Zele et al., 2019b; Zele et al., 2020b) and pupil pathways (Adhikari et al., 2015; Gamlin et al., 177 
2007), we applied a 2,000 photopic Td adaptation level. During post-bleach photopigment 178 
regeneration, the effective stimulus contrast will increase gradually following offset of the 179 



 

bleaching light thereby resulting in an increase in the PLR amplitude. The test stimuli were a 180 
1 s rectangular pulse that alternated between a melanopsin-directed (23% Weber contrast, 181 
rhodopsin, and LMS-cone silent) and an LMS-cone-directed increment (23% Weber contrast, 182 
rhodopsin and melanopsin silent) generating 45 melanopsin and 45 LMS trials in one session 183 
(Fig. 1A). The LMS-cone-directed stimulus had L-, M-, and S-cones modulated in phase to 184 
produce a cone luminance signal and provided a control condition to directly compare our 185 
outcomes with the published studies that evaluated dark adaptation of the photopic luminance 186 
mechanism (Mahroo & Lamb, 2012; Pianta & Kalloniatis, 2000; Rushton & Henry, 1968). 187 
Hereafter, we use the term ‘cone-opsin’ to indicate all three cone opsins and the cone-opsin 188 
recovery kinetics derived from the LMS-cone-directed PLR (see Section 2.6) represent their 189 
combined contributions to the luminance pathway. The 1 s stimulus pulse was preceded by a 2 190 
s pre-pulse interval used to establish the baseline pupil diameter for each trial; this stimulus 191 
was followed by a 7 s post-pulse interval to allow recovery to baseline pupil diameter before 192 
starting the successive trial. The pre- and post-pulse intervals included photoreceptor-directed 193 
temporal white noise (Hathibelagal et al., 2016) that randomly modulates the LMS-cone and 194 
rhodopsin excitations (40% Michelson contrast) without changing melanopsin excitation (Zele 195 
et al., 2018) in order to desensitise inadvertent rod and cone photoreceptor intrusions during 196 
presentation of melanopsin-directed lights including from penumbral cones (Zele et al., 2019a; 197 
Zele et al., 2019b; Zele et al., 2018). Note that this photoreceptor-directed noise does not 198 
produce any measurable pupil constriction (Zele et al., 2019a). 199 

The post-bleach PLR measurement was conducted over at least 10 repeated 200 
sessions per observer, on different days at similar times to minimise the effect of circadian 201 
variation on melanopsin contributions to the PLR (Zele et al., 2011). The pre-bleach light-202 
adapted PLR in response to the melanopsin- and LMS-cone-directed stimuli was estimated 203 
during a 2 min exposure to the same stimulus sequence (Fig. 1); at least 10 repeated estimates 204 
were performed for each observer. The data from the repeated sessions were averaged. To 205 
eliminate the effect of inter-individual variability in the pre-bleached PLR amplitudes on the 206 
post-bleach PLR amplitudes, the post-bleach data were normalised to the respective averaged 207 
pre-bleach data. 208 



 

 209 

Fig. 1. (A) Bleaching adaptation pupillometry protocol (Experiment 1). Each pupillometry 210 
session included a 70 s exposure to a bleaching light and a 15 min continuous pupil recording. 211 
The PLR was recorded in response to a repetitive and interleaved stimulus window including 212 
a 1 s incremental pulse stimulus (melanopsin-directed or LMS-cone-opsin-directed) preceeded 213 
by a 2 s pre- and followed by a 7 s post-pulse interval with temporal white noise that modulated 214 
the LMS-cone and rhodopsin excitations (SMLR). Forty-five melanopsin-directed and 45 215 
LMS-cone-directed stimulus pulses were presented during one 15 min session. (B) Light 216 
adaptation pupillometry protocol (Experiment 2). Each session included a 15 min dark 217 
adaptation, a 2 min adaptation to the background light, and a 15 min continuous pupil 218 
recording. The stimulus sequence was the same as in (A) except that the 1 s incremental pulse 219 
was always LMS-cone-directed and noise was not applied. 220 

 221 

 222 



 

2.4. Experiment 2: Effect of melanopsin adaptation on cone function 223 

To determine the influence of melanopsin adaptation on cone inputs to the pupil 224 
control pathway, the PLR to LMS-cone directed incremental pulses (23% Weber contrast) was 225 
measured during 15 min of continuous light adaptation to an adapting background (Fig. 1B) 226 
with either high (i = 0.245) or low (i = 0.195) melanopsin excitation, but with the same cone 227 
and rhodopsin excitations (and photopic luminance). There was a 25% difference in 228 
melanopsin excitation between the two conditions. The adaptation level was either photopic 229 
(2,000 Td) or mesopic (20 Td), with the latter forming the control condition because it is below 230 
the melanopsin threshold level (Zele et al., 2019b). The stimulus sequence was the same as in 231 
Experiment 1 except that temporal white noise was not required because the test pulses were 232 
always LMS-cone directed (Fig. 1B). To eliminate any effect of pre-exposure to light, the 233 
observers dark adapted for 15 min before Experiment 2. The test sequence started following a 234 
2 min adaptation period to the background light. At least 5 repeated estimates were conducted 235 
for each observer; the data from the repeated sessions were averaged. 236 

 237 

2.5. Photopigment bleach estimation 238 

The photopigment bleach was estimated following the framework provided by 239 
Hollins and Alpern (1973) and Thomas and Lamb (1999) where the fraction of photopigment 240 
bleached ‘B’ is estimated as, 241 

𝐵𝐵 =  I
I+Ip

(1 − exp (−�1 + I
Ip
� t˳

τ
))       (1) 242 

and t˳ is the light exposure duration (70 s), I is the retinal illumination of the 243 
bleaching light with a 2 mm pupil (123,716 photopic Td for cones and 307,929 scotopic Td for 244 
rods, where scotopic Td = 2.489 * photopic Td (Wyszecki & Stiles, 1982)). Parameter Ip is the 245 
steady-state equilibrium retinal illumination (when the rate of bleaching is equal to the rate of 246 
regeneration) that bleaches half the pigment (4.3 log photopic Td for cones and 4.3 log scotopic 247 
Td for rods) (Alpern, 1971; Rushton & Henry, 1968; Thomas & Lamb, 1999), and τ is the time-248 
constant of pigment regeneration (1.5 min for the cone-opsins and 7 min for rhodopsin) 249 
(Alpern, 1971; Coile & Baker, 1992). A 70 s exposure to the broadband halogen lamp produced 250 
86% cone-opsin bleach and 88% rhodopsin bleach. Melanopsin bleach estimation is described 251 
in Section 2.6. 252 

 253 

2.6. Model fit for the post-bleach pupil light response recovery 254 

Measured raw pupil light response (PLR) amplitudes were plotted as a function of 255 
time to determine the post-bleach PLR recovery. It was assumed that the post-bleach PLR 256 
recovery is determined by photopigment regeneration as previously reported (Alpern & Ohba, 257 
1972). The PLR recovery data were described using a first order exponential function that was 258 
fitted using a least-squares fitting algorithm where the regeneration of the photopigment P(t) 259 
at time t is defined by Eq. (2), where 260 

P(t) =  1 –  Bexp(−t/τ)            (2) 261 



 

and B is the initial bleaching level (see Section 2.3.1). Parameter P(t) was replaced 262 
with the normalised PLR amplitude data in the fitting. For the LMS-cone data, B was calculated 263 
as described above (Eq. (1)) and τ was varied to optimise the best model fit. Given there is no 264 
available estimate of melanopsin bleaching, both B and τ were varied for the model fit to 265 
estimate the melanopsin bleach level. The B and τ values so derived were used in Eq. (1) to 266 
calculate the steady-state retinal illumination Ip required to bleach half of the melanopsin 267 
photopigment. 268 

Conventionally, it is assumed that cone-opsin and rhodopsin regeneration follows 269 
a first-order exponential defined by τ (Hollins & Alpern, 1973; Rushton & Henry, 1968) which  270 
is dependent on the photopigment bleach level (Burns & Elsner, 1985; Paupoo et al., 2000; 271 
Smith et al., 1983). Given that an alternate “rate-limited” model of photopigment regeneration 272 
has been proposed based on the recovery of the photopic ERG a-wave amplitudes (Lamb, 1981) 273 
where the initial rate of regeneration during ~6 min post-bleach is independent of bleach level 274 
(Mahroo & Lamb, 2012) and steeper than in the exponential model, a rate-limited model was 275 
also used to describe the data. The model was defined by Eq. (3), where  276 

PP(t) = 1 − KmW( B
Km

exp � B
Km
� exp �−1+Km

Km
vt�)     (3) 277 

and P(t) is the fraction of photopigment regeneration at time t (min), v is the initial 278 
rate of response recovery (min-1), and Km is a semi-saturation constant at which recovery 279 
reaches at its maximum rate (Lamb, 1981). For melanopsin, parameter B was derived from the 280 
exponential model fit. 281 

 282 

2.7. Precision of the photoreceptor isolation 283 

Photoreceptor isolation was confirmed through four control experiments conducted 284 
in accordance with previous methods: (1) Rhodopsin-directed incremental pulses (18% Weber 285 
contrast, 500 ms, 5 Td adaptation level) were visible only after ~4 min of dark adaptation post-286 
bleach. (2) Temporal colour matching of a cone-directed pulse (test; 18% Weber contrast) with 287 
a rhodopsin-directed pulse (reference; 18% Weber contrast) required an increase in S/(L+M) 288 
and (L+M) but a decrease in L/(L+M) in agreement with previous studies (Cao et al., 2005; 289 
Cao et al., 2008a; Cao et al., 2008b). (3) At 0.2 Td, the rod critical flicker frequency was 15.8 290 
Hz, consistent with the literature (Cao & Lu, 2012; Conner, 1982; Conner & MacLeod, 1977; 291 
Teikari et al., 2012; Zele & Cao, 2015) whereas cone-directed flicker was invisible; (4) At 0.2 292 
Td, rhodopsin-directed pulses produced a clear transient PLR at the pulse onset whereas cone-293 
directed pulses elicited no PLR. 294 

The narrowing of the photoreceptor spectral nomograms with photopigment 295 
bleaching (Dartnall, 1962) may introduce inaccuracies in estimated photoreceptor excitations 296 
calculated using spectral nomograms determined in the absence of photopigment bleaching. 297 
We therefore estimated the inadvertent luminance (LMS-cone) and chromatic (L-M) intrusions 298 
in the melanopsin-directed incremental pulse that could arise from the narrowing of the spectral 299 
sensitivities due to the bleaching. It was assumed that the broadband halogen spectrum would 300 
cause a similar narrowing in all opsin nomograms as calculated using the estimates provided 301 
by Dartnall (1962). The photopigment bleach levels during the 15 min post-bleach recording 302 
period was estimated using Eq. (2) for the cone-opsins, rhodopsin and melanopsin. These 303 
estimated photopigment spectra were used to calculate new theoretical smlri photoreceptor 304 



 

excitations for generating a melanopsin pulse at each post-bleach time to compare with the 305 
smlri excitations used in the main experiment. For this study, potential intrusions from cone 306 
pathways are important. Cone-inputs to the inferred magnocellular and parvocellular pathways 307 
are up to 10X more sensitive than melanopsin photoreception (Zele et al., 2018) and so small 308 
cone intrusions can contaminate melanopsin-directed PLRs (Zele et al., 2019a). The difference 309 
in the smlri excitations between the unbleached and bleached states were therefore calculated 310 
to estimate the level of intrusion of potential achromatic (i.e., +L+M+S) or chromatic signals 311 
(i.e., +L-M) in the putative melanopsin-directed pulse during photopigment bleach recovery. 312 

This analysis shows that the theoretical melanopsin-directed pulse used in the main 313 
experiment will introduce an estimated maximum -8.5% Weber contrast LMS-cone intrusion 314 
and a +4.3% L-M-cone intrusion immediately post-bleach (time 0 min) (Fig. 2). These 315 
intrusions are suprathreshold for the cone pathways (Zele et al., 2019b; Zele et al., 2018). With 316 
increasing post-bleach recovery time, the level of cone intrusion decreases and is below the 317 
respective cone pathway detection threshold at ~1 min for LMS and ~4 min for L-M; that the 318 
stimulus is not isoluminant with the background means the predominant cone-intrusions are 319 
achromatic signals during the initial ~1 min of the bleach recovery. Our application of the cone- 320 
and rhodopsin-directed temporal white noise during the pre- and post-pulse periods (Fig. 1) 321 
further limits the effect of non-melanopsin photoreceptor intrusions, including those from 322 
penumbral cones (Horiguchi et al., 2013; Spitschan et al., 2015; Zele et al., 2018). Control 323 
experiments in one observer (O1) demonstrated that in the absence of the noise, the 324 
melanopsin-directed PLRs showed a cone-like post-bleach recovery of the PLR (see Results) 325 
corroborating our published findings that noise desensitises cone intrusions in melanopsin-326 
directed pupil light responses (Zele et al., 2019a). Moreover, the pupil constriction threshold is 327 
0.14 to 0.9 log units higher than for vision (Burke & Ogle, 1964) and therefore the estimated 328 
cone intrusions due to photopigment bleaching would have lower interference in the 329 
melanopsin-directed PLR. That any cone photoreceptor intrusion has a minor effect on the 330 
outcomes is evident in the post-bleach melanopsin-directed PLR which shows the characteristic 331 
slow and sustained pupil constrictions (see Results), consistent with previous reports (Zele et 332 
al., 2019a).  333 

    334 

Fig. 2. Predicted time-course of cone intrusions in post-bleach melanopsin-directed pulse. 335 
Achromatic (+L+M+S; grey line) and chromatic (+L-M; red line) cone intrusions (% Weber 336 
contrast) in the melanopsin-directed incremental pulse (23% Weber contrast at 2,000 Td) 337 
brought about by changes in the photoreceptor spectral nomograms due to photopigment 338 
bleaching. The horizontal dotted line indicates no cone intrusion. Negative values indicate 339 
decremental Weber contrasts from the adaptation level and the positive values indicate 340 



 

incremental contrasts. The vertical dashed lines indicate the post-bleach times when the cone 341 
intrusions are below the respective chromatic and achromatic visual detection thresholds. 342 

 343 

2.8. Statistical Analysis 344 

Statistical analyses were conducted using GraphPad Prism (GraphPad Software, 345 
Inc., CA, USA). The data frequency distributions were estimated using the D’Agostino and 346 
Pearson omnibus normality test. In Experiment 1, the best-fitting non-linear exponential and 347 
rate-limited models were used to describe the post-bleach recovery of the PLR. Goodness of 348 
fit was evaluated using a Chi-square test (P > 0.05). In Experiment 2, the PLR amplitudes over 349 
time were compared between the low and high melanopsin excitation conditions by comparing 350 
the slopes and intercepts of the best-fitting linear regressions (F-test, confidence interval = 351 
95%, p < 0.05). Frequency distributions of the PLR amplitudes were plotted using a Gaussian 352 
function defined by Eq. (4) where 353 

YY = A ∗ exp(−0.5 ∗ �X−Mean
SD

�
2
)       (4) 354 

and amplitude A is the height of the centre of the distribution in Y units, X is the 355 
PLR amplitude (%), Mean is the average of the PLR amplitudes (%), and SD is the standard 356 
deviation (%). 357 

 358 

3. Results 359 

3.1. Experiment 1: Bleaching adaptation of melanopsin inputs to pupil light response  360 

Melanopsin photopigment bleaching and regeneration kinetics were determined 361 
post-exposure to a 123,716 photopic Td light by tracking the time-course of recovery of the 362 
PLR amplitude in response to a melanopsin photoreceptor-directed pulse and compared to 363 
contrast-matched LMS-cone-opsin-directed PLRs. The pre-bleach melanopsin-directed PLR 364 
showed a slow constriction at pulse onset (latency to constriction = ~567 ms for the melanopsin 365 
PLR and ~383 ms for the cone PLR) and a sustained constriction after pulse offset whereas the 366 
LMS-cone-directed PLR showed a transient constriction at pulse onset with a rapid redilation 367 
to the baseline after pulse offset (Fig. 3), consistent with previous reports (Zele et al., 2019a). 368 
The melanopsin-directed PLR amplitude during pulse stimulation was 2.04 ± 0.23% (mean ± 369 
standard error of the mean, SEM) compared to 6.57 ± 0.34% cone-directed PLR (Fig. 3). At 1 370 
min post-bleach, the LMS-cone PLR amplitude was 67% lower (2.14 ± 0.21%) than the pre-371 
bleach baseline then progressively increased over time and recovered to the pre-bleach 372 
amplitude (~6.6%) after ~9 min (Fig. 3). In contrast, at 1 min post-bleach the melanopsin PLR 373 
amplitude was 32% lower (1.39 ± 0.19%) than the pre-bleached baseline then progressively 374 
recovered to the pre-bleach amplitude (~2%) after ~11 min (Fig. 3). Figure 3 shows the pupil 375 
traces at pre-bleach and those at 1, 2, 3, 4, 5, and 15 min post-bleach. Figure 4 shows all PLR 376 
amplitudes extracted from the traces every 20 s both at pre-bleach and post-bleach.  377 



 

 378 

Fig. 3. Post-bleach recovery of melanopsin-directed PLR (green lines) and cone-directed PLR 379 
(grey lines). Light-adapted (2,000 Td) PLRs at pre-bleach (baseline) and selected post-bleach 380 
times show that the relative reduction in melanopsin-directed PLR following offset of a 381 
123,716 photopic Td bleaching light is less than in cone-directed PLR amplitudes. Data show 382 
the average responses (± 95% confidence limits; shaded regions) from 3 observers. The 1 s 383 
stimulus pulse and temporal white noise are shown on the abscissa in the bottom row.  384 

The post-bleach regeneration kinetics of melanopsin and cone-opsin were derived 385 
from the post-bleach PLR amplitudes normalised to the average pre-bleach amplitude (Fig. 4). 386 
Both the best-fitting exponential function (Eq. (2)) and rate-limited model (Eq. (3)) provided 387 
satisfactory goodness of fits to the time-course of regeneration (Cone-opsin; exponential: χ2

44
 388 

= 0.14 to 0.64 in 3 observers, sum of squared errors (SSE) = 0.118 to 0.570, p = 1; rate-limited: 389 
χ2

44
 = 0.14 to 0.56, SSE = 0.096 to 0.525, p = 1; melanopsin; exponential: χ2

44
 = 0.172 to 0.805, 390 

SSE = 0.168 to 0.785, p = 1; rate-limited: χ2
44

 = 0.173 to 0.803, SSE = 0.166 to 0.757, p = 1). 391 
Therefore, only the exponential models are shown in Fig. 4 (lines). The three observers had 392 
similar post-bleach recoveries and therefore we computed the average time-course (fourth row, 393 
Fig. 4). 394 

There are two phases during the initial post-bleach regeneration of cone-opsins 395 
with different τ values (Pianta & Kalloniatis, 2000); that our pupil data were collected with a 396 
low temporal resolution (10 s) in order to characterise the entire PLR recovery to baseline, only 397 
a single recovery phase was observed. For the melanopsin PLR, the average τ was 2.48 ± 0.01 398 
min and the time to complete recovery (T) to the pre-bleach amplitude was 11.22 ± 0.11 min, 399 
1.5X and 1.2X slower than for the cone PLR, respectively (τ = 1.68 ± 0.05 min; T = 9.11 ± 0.77 400 
min) (Table 1). For the melanopsin post-illumination pupil response (PIPR) quantified at 1.8 s 401 
after pulse offset (Zele et al., 2019a), the post-bleach recovery was nearly identical to that for 402 
the melanopsin PLR, with τ = 2.48 min and T = 11.04 min on average (Fig. A.1). The estimated 403 
melanopsin bleach was ~43%, half of the cone-opsin bleach (86%). For direct comparison, we 404 
therefore re-measured the cone PLR recovery following 43% cone bleach (70 s exposure to a 405 
22,600 photopic Td illumination using the same bleaching light) (Fig. 4, black circles and 406 
lines). With the percentage bleach matched, the cone PLR had ~3.4X faster τ (0.74 ± 0.01 min) 407 
and T (3.33 ± 0.00 min) than for the melanopsin PLR. The steady-state pupil size measured 408 
during the pre-pulse period (Fig. A.2) also recovered exponentially with a τ of ~4 min, 1.5X 409 
faster than reported for pupil recovery in the dark (Alpern & Campbell, 1963; Alpern & Ohba, 410 



 

1972). This indicates that the post-bleach pupil size recovery under light adaptation is mediated 411 
by all photoreceptor classes compared to the rod-mediated recovery measured in the dark. 412 

 413 

Fig. 4. Post-bleach PLR recovery of the melanopsin and cone pathways. The 123,716 photopic 414 
Td broadband light (offset at time 0 min) bleaches 86% of the LMS-cone-opsin (left panels) 415 
and 43% of the melanopsin (right panels). The light-adapted (2,000 Td) PLR amplitudes 416 
sampled every 20 s during the 15 min post-bleach recovery are shown for three observers (O1, 417 
O2, O3) for the LMS-cone-opsin (grey filled circles) and melanopsin-directed conditions 418 
(green filled circles, with noise; unfilled blue squares (for O1), without noise). The black 419 
unfilled circles represent the LMS-cone-opsin recovery following the melanopsin and cone-420 
opsin equated bleach (43%, see text for details). Bottom panels show the data averaged across 421 
the three observers; the 43% cone bleach data (black unfilled circles) are also plotted in the 422 
right panel for comparison with melanopsin (green filled circles). The post-bleach PLR 423 
amplitudes are normalised to the pre-bleach amplitude (before time 0 min). The solid lines 424 
indicate the best-fitting linear regressions (pre-bleach data) and first-order exponential models 425 
(post-bleach data). 426 



 

 427 
Table 1 428 
Post-bleach regeneration time-constant (τ, min) and time to complete recovery (T, min) of 429 
melanopsin- and LMS-cone-opsin-directed PLRs. 430 

 431 

Observer 
Cone-opsin  
86% Bleach  

Cone-opsin  
43% Bleach  

Melanopsin  
43% Bleach  

τ T τ T τ T 

O1 1.63 8.33 0.72 3.33 2.50 11.33 
O2 1.63 8.33 0.75 3.33 2.50 11.33 
O3 1.78 10.67 0.75 3.33 2.45 11.00 

Mean 
± SEM 

1.68 
± 0.05 

9.11 
± 0.77 

0.74 
 ± 0.01 

3.33  
± 0.00 

2.48  
± 0.01 

11.22  
± 0.11 

 432 

In order to provide a framework to calculate the melanopsin bleach level with lights 433 
of any irradiance and duration, we next estimated parameter Ip to apply in Eq. (1). Given that 434 
the photometrically measured luminance of a light does not represent the melanopsin spectral 435 
response, we derived melanopsin Ip for three different measurement units to define opsin 436 
specific excitations: 1) Photoreceptor effective Td (Rebec & Gunde, 2014), 2) photoreceptor 437 
effective photons.cm-2.s-1 (Revell & Skene, 2007), and 3) photoisomerisations.photoreceptor-438 
1.s-1 (Lyubarsky et al., 2004). Parameter Ip for the cone-opsin and rhodopsin in Td was defined 439 
in Section 2.5; here we estimated it for the latter two units. Parameter I was calculated for the 440 
different light units as described in the following (Table 2). 441 

To calculate melanopic effective Td, photopic Td was multiplied by a melanopic 442 
action factor (Acv) (Rebec & Gunde, 2014), defined as 443 

 𝐴𝐴cv =   ∫
C(λ)S(λ)d(λ)700

400

∫ V(λ)S(λ)d(λ)700
400

                    (5) 444 

where C(λ) is melanopic spectral sensitivity, V(λ) is photopic 10° luminosity 445 
function, and S(λ) is spectral output of the light source. 446 

To express a light in terms of photon absorptions for a specific opsin, photoreceptor 447 
specific effective photon flux (φ) (Revell & Skene, 2007) was calculated by cross-correlating 448 
the spectral output of the light source S(λ) with the photoreceptor spectral sensitivity P(λ) 449 
corrected for pre-receptoral filtering (Jacobs & Williams, 2007; Revell & Skene, 2007) using 450 
Eq. (6), where  451 

φ =  ∫P(λ)S(λ)          (6). 452 

In this analysis, the photoreceptor spectral sensitivities were specified based on the CIE 453 
1964 10° standard observer cone fundamentals (Smith & Pokorny, 1975), the CIE 1951 454 
scotopic luminosity function, and melanopsin spectral sensitivity function (Adhikari et al., 455 
2015; al Enezi et al., 2011). The cone-opsin effective photon flux for the L-, M-, and S-cones 456 
were combined using the relative weighting factors based on the ratio of L-cone, M-cone, and 457 
S-cone availability (L:M:S = 0.53:0.38:0.09) in the human retina (Dartnall et al., 1983).  458 



 

To express a light in terms of the resultant rate of photoisomerisations in a 459 
photoreceptor (Lyubarsky et al., 2004), photoisomerisations.photoreceptor-1.s-1 (φp) was 460 
calculated as, 461 

φ𝑝𝑝  =  φ(Ap

𝐴𝐴𝑟𝑟
)ac(λ)        (7) 462 

where φ is effective photon flux (Eq. (6)), Ap/Ar is the ratio of pupil area (3.14 463 
mm2) to retinal area (1,094 mm2) (Kolb et al., 1995), and ac(λ) is the collecting area of a single 464 
photoreceptor. In this analysis, we adopt a 0.5 µm2 area for rods (Nikonov et al., 2005; Nikonov 465 
et al., 2006) and 1 µm2 for cones (Naarendorp et al., 2010) averaged across the retina, and 5 466 
µm2 for melanopsin cells, with the assumption that melanopsin phototransduction occurs 467 
uniformly over the entire cell surface (Do et al., 2009). Note that these photoreceptor areas are 468 
obtained from mouse models and the calculations can be updated with human and non-human 469 
primate data when available. 470 

 471 

Table 2  472 
Photopigment specific excitations (I) produced by the bleaching light and half-bleaching 473 
steady-state light levels (Ip) for all opsin types in three different light units. 474 

 475 

Opsin Log effective Td Log effective 
photons.cm-2.s-1 

Log photoisomerisations. 
photoreceptor-1.s-1 

I Ip I Ip I Ip 
Cone-opsin 
 

5.09 4.30 16.69 15.89 8.14 7.35 

Rhodopsin 
 

5.49 4.30 16.42 15.89 7.58 7.35 

Melanopsin 
 

4.76 4.54 16.29 16.10 8.45 8.25 

 476 

 The half-bleaching steady-state level (Ip), where photopigment bleach and 477 
regeneration are at an equilibrium, was estimated at 4.54 log effective Td (equivalent to 16.10 478 
log effective photons.cm-2.s-1 or 8.25 log photoisomerisations.photoreceptor-1.s-1) for 479 
melanopsin, which was higher than for the cone-opsin or rhodopsin (Table 2). Since we did not 480 
measure the rhodopsin-directed PLR and Ip for rhodopsin in scotopic Td is approximately the 481 
same as for cone-opsin in photopic Td (Alpern, 1971; Ripps & Weale, 1969; Rushton, 1961; 482 
Rushton & Henry, 1968; Thomas & Lamb, 1999) (see Section 2.5), we assumed that Ip for 483 
rhodopsin and cone-opsin is equivalent in opsin effective photons or photoisomerisations as 484 
well (Table 2). Having evaluated the regeneration time-constant (τ) and the equilibrium retinal 485 
illumination (Ip) for all opsin types, we then calculated the photopigment bleach (B) value for 486 
a larger range of light levels above and below Ip (Fig. 5). With increasing opsin excitation, 487 
there is an inverse sigmoid relationship as a function of the percentage of unbleached opsin. In 488 
general, the melanopsin bleach with a broadband halogen light is less than for the cone-opsin 489 
and rhodopsin for an opsin specific excitation (vertical slices in Fig. 5). In accordance with our 490 
assumption of equivalent Ip for rhodopsin and cone-opsin in opsin effective light units, the 491 



 

rhodopsin and cone-opsin bleach levels overlap when plotted as a function of opsin effective 492 
units (Fig. 5B, C, D) but differ when plotted as a function of photopic Td (Fig. 5A).   493 

 494 

Fig. 5. Estimated photopigment bleach level as a function of opsin specific excitation in three 495 
different light units. Unbleached steady-state equilibrium photopigment percentage was 496 
calculated as a function of (A) photopic Td as well as opsin specific (B) effective Td, (C) 497 
photon flux, and (D) photoisomerisations for melanopsin (green line), cone-opsin (grey line), 498 
and rhodopsin (dashed black line - overlapping with cone-opsin). The horizontal dotted line 499 
indicates a 50% bleach and the vertical lines indicate the equilibrium retinal illumination (Ip). 500 



 

 501 

3.2. Experiment 2: Effect of melanopsin adaptation on cone inputs to pupil light response 502 

Having determined that melanopsin photopigment shows resistance to bleaching 503 
compared to cone-opsin and given the evidence that melanopsin excitation influences light-504 
adapted cone functions in mouse models (Adhikari et al., 2019; Allen et al., 2014; Prigge et al., 505 
2016; Zele et al., 2019b) as well as humans (Adhikari et al., 2019; Allen et al., 2014; Prigge et 506 
al., 2016; Zele et al., 2019b), we next evaluated whether melanopsin adaptation has any effect 507 
on cone contributions to PLR. Cone-directed PLR amplitudes were measured every 10 s during 508 
a 15 min adaptation period (90 pupil amplitude data points) to the continuously presented 509 
adapting field having either high (i = 0.245) or low (i = 0.195) melanopsin excitation (Fig. 6A, 510 
C). At a mesopic illumination (20 Td) below the melanopsin threshold (Zele et al., 2019b), 511 
cone PLR amplitudes did not differ between the high and low melanopsin excitation (Fig. 6A). 512 
On the other hand, at a photopic illumination (2,000 Td), cone PLR amplitudes increased by 513 
10% with the high melanopsin excitation (Fig. 6C). Accordingly, the intercepts of the 514 
regression lines fitted to the PLR amplitudes over time were significantly different (F1,177 = 515 
54.75, p < 0.0001) between the high and low melanopsin excitation conditions at 2,000 Td 516 
(Fig. 6C) but not at 20 Td (F1,177 = 0.51, p = 0.48) (Fig. 6A). The slopes of the regression lines 517 
were not significantly different from zero indicating that the LMS-cone-directed PLR was 518 
invariant during continuous light adaptation (Table 3). To determine whether the PLR 519 
amplitudes reported in Figure 6A and C are the direct consequence of the cone-directed 520 
stimulus pulse and not autonomic fluctuations in pupil size (Loewenfeld & Lowenstein, 1993; 521 
Zele & Gamlin, 2020), we analysed the pupil diameters at random times during the 2 s pre-522 
stimulus epochs. The averaged baseline pupil diameters (mm) are shown in Fig. A.3. During 523 
the pre-stimulus epoch, there was a negligible difference in pupil diameter from the baseline 524 
(mean ± SEM, 0.01 ± 0.01%) and independent of the adaptation level (Fig. A.3) indicating that 525 
the pupil constriction is a direct result of the LMS-cone-directed pulse stimulation. 526 

 527 



 

Fig. 6. Melanopsin light adaptation enhances the photopic but not mesopic cone-directed PLR. 528 
(A) LMS-cone-directed PLR amplitudes measured during the 15 min light adaptation (20 Td) 529 
under high-melanopsin excitation (orange filled circles) or low-melanopsin excitation (grey 530 
filled circles). The stimulus window is schematically depicted in the top left panel. The solid 531 
lines indicate the best-fitting linear regressions. (B) Frequency of occurrence of the PLR 532 
amplitudes from Panel A sampled into 0.7% bins and fitted with Gaussian functions (solid 533 
lines). The dotted vertical lines indicate the distribution means. (C) Cone PLR amplitudes 534 
measured during the 15 min light adaptation (2,000 Td) under high-melanopsin excitation 535 
(orange unfilled circles) or low-melanopsin excitation (grey unfilled circles). (D) Frequency of 536 
occurrence of the PLR amplitudes from Panel C. 537 

Table 3  538 
Linear regression parameters for the cone-directed PLR amplitudes at 20 Td and 2,000 Td as 539 
a function of adaptation time.  540 

 541 
To further characterise the enhancement of the cone-directed PLR with melanopsin 542 

light adaptation, the frequency of occurrence of the PLR amplitudes was plotted as a function 543 
of equal size bins (0.7%, chosen to enhance visualisation) (Fig. 6B, D) and modelled using 544 
Gaussian functions (Table 4). The melanopsin enhancement of the cone-mediated PLR 545 
amplitude under a photopic illumination (2,000 Td) was evidenced as a rightward shift of the 546 
Gaussian frequency. Together, the regression analyses and frequency distributions indicated 547 
that it is melanopsin adaptation that increases the cone-directed PLR in photopic illumination, 548 
with no such effect in mesopic illumination below melanopsin threshold. Given the invariance 549 
of cone-directed PLR during the 15 min light adaptation, the average responses were calculated 550 
(Fig. 7).  551 

20 Td Mesopic Adaptation 

Observers 
High-melanopsin Excitation  

(i = 0.245)  
Low-melanopsin Excitation  

(i = 0.195) 
r2 F1,88 Slope p r2 F1,88 Slope p 

O1 0.02 1.86 -0.02 0.18 0.005 0.44 -0.01 0.51 
O2 0.007 0.60 -0.01 0.44 0.009 0.78 -0.01 0.38 
O3 0.001 0.06 -0.01 0.81 0.001 0.06 -0.01 0.81 

Mean  
± SEM 

0.01 
± 0.01 

0.84 
± 0.53 

-0.01 
± 0.00 

0.48 
± 0.18 

0.01 
± 0.00 

0.43 
± 0.21 

-0.01 
± 0.00 

0.57 
± 0.13 

2,000 Td Photopic Adaptation 

O1 0.03 2.96 0.03 0.09 0.01 0.93 0.03 0.34 
O2 0.009 0.81 0.04 0.37 0.007 0.66 0.03 0.42 
O3 0.005 0.44 0.03 0.51 0.001 0.06 0.04 0.81 

Mean  
± SEM 

0.01 ± 
0.01 

1.40 
± 0.79 

0.03 
± 0.00 

0.32 
± 0.12 

0.01 
± 0.00 

0.55 
± 0.26 

0.03 
± 0.00 

0.52 
± 0.15 



 

Table 4 552 
Gaussian distribution parameters of the frequency of occurrence of LMS-cone-directed PLR 553 
amplitudes at 20 Td and 2,000 Td adaptation  554 

 555 

20 Td Mesopic Adaptation 

Observers 
High-melanopsin Excitation  

(i = 0.245) 
Low-melanopsin Excitation  

(i = 0.195) 
Amplitude Mean SD p Amplitude Mean SD p 

O1 47.34 4.33 0.52 0.90 41.14 4.22 0.62 0.72 
O2 30.80 3.09 0.82 0.06 42.13 2.92 0.61 0.31 
O3 26.32 4.88 0.93 0.23 21.90 4.98 1.15 0.14 

Mean  
± SEM 

34.82 
± 6.39 

4.10 
± 0.53 

0.76 
± 0.12 

0.40 
± 0.26 

35.06 
± 6.58 

4.04 
± 0.60 

0.79 
± 0.18 

0.39 
± 0.17 

2,000 Td Photopic Adaptation 
O1 21.23 8.46 1.20 0.54 21.10 7.45 1.23 0.20 
O2 18.08 8.91 1.33 0.24 19.96 8.09 1.28 0.64 
O3 23.45 10.73 1.07 0.76 14.08 10.05 1.81 0.73 

Mean  
± SEM 

20.92 
± 1.56 

9.37 
± 0.69 

1.20 
± 0.08 

0.51 
± 0.15 

18.38 
± 2.18 

8.53 
± 0.78 

1.44 
± 0.19 

0.52 
± 0.16 



 

 556 

Fig. 7. Cone-directed pupil response amplitudes are enhanced under photopic melanopsin light 557 
adaptation. (A) LMS-cone-directed pupil light responses (mean ± 95% confidence intervals) 558 
under high melanopsin (orange lines) and low melanopsin excitation (grey lines) at mesopic 559 
(20 Td, upper panels) and photopic adaptation levels (2,000 Td, lower panels). The stimulus 560 
sequence is depicted along the abscissa (black lines). (B) The pupil light response (PLR) 561 
amplitudes extracted from traces in (A) using the same colour coding (n = 3 observers). 562 
 563 

4. Discussion 564 

Exposure to an intense broadband light (70 s, ~120,000 Td) bleaches 43% (parameter 565 
B, Eq (1) & (2)) of the available melanopsin photopigment compared to 86% of cone-opsin 566 
and 88% of rhodopsin (Fig. 4). The post-bleach recovery of melanopsin as estimated from the 567 
intrinsic pupil light response (PLR) followed an exponential regeneration time course with a 568 
2.5 min time constant (τ) and complete recovery at 11.2 min (T) (Table 1). Compared to cone-569 
opsin, the melanopsin photopigment regeneration was ~3.4X slower under conditions having 570 
equated pigment bleach levels; it would be ~1.2X faster than the reported rhodopsin 571 
regeneration (Pugh, 1975). Using the classic bleach calculation equations with the B and τ (Eq. 572 



 

(1)) (Hollins & Alpern, 1973; Mahroo & Lamb, 2004; Thomas & Lamb, 1999), the half-573 
bleaching light level (Ip) was estimated at 4.47 log melanopic Td (16.10 log melanopsin 574 
effective photons.cm-2.s-1; 8.25 photoisomerisations.photoreceptor-1.s-1). With parameters τ and 575 
Ip, the melanopsin bleach levels can be estimated for photometrically and radiometrically 576 
quantified lights. It was then determined that continuous exposure (15 min) to photopic 577 
adapting lights with a higher melanopsin adaptation can increase the cone-directed pupil 578 
constriction amplitude by ~10% (Fig. 6, 7). Compared to cone-opsin and rhodopsin 579 
regeneration, our findings suggest that melanopsin light adaptation might require alternate 580 
avenues for the pigment regeneration and to minimise bleaching, including its strong 581 
chromophore-opsin bond, photoconversion to a meta-state (Sexton et al., 2012), and bistability 582 
(Mure et al., 2009) or tristability (Emanuel & Do, 2015). The melanopsin enhancement of cone 583 
inputs to the PLR is in line with the reports of melanopsin-mediated enhancement of cone 584 
inputs to vision (Zele et al., 2019b), together indicating that melanopsin activity can modulate 585 
photopic cone signalling along both the visual and non-visual retina-brain axes. 586 

For the halogen light used in this study, even though the effective photons for 587 
melanopsin were 0.4 log units lower and the photoisomerisations were 0.3 log units higher than 588 
for the cone-opsins (Table 2), the estimated melanopsin bleach was ~½ of the cone-opsin 589 
bleach. On the other hand, even though the effective photons and photoisomerisations were 590 
different between cone-opsins and rhodopsin, the cone-opsin and rhodopsin bleaches were 591 
identical. The effective photons and photoisomerisations therefore do not explain the inter-592 
opsin bleach differences. The lower melanopsin bleach level could result due to a combination 593 
of four of its unique properties. Firstly, the bond between the chromophore molecule and opsin 594 
protein is stronger in melanopsin than in cone-opsins and rhodopsin (Sexton et al., 2012) and 595 
so it may remain mostly intact during phototransduction, therefore minimising bleaching. 596 
Secondly, melanopsin may possess a bistable (Mure et al., 2009) or tristable (Emanuel & Do, 597 
2015) property wherein shorter wavelengths initiate phototransduction of 11-cis retinal to all-598 
trans retinal whereas longer wavelengths re-isomerise all-trans retinal to the active 11-cis 599 
retinal (Mure et al., 2009). It may be that the shorter wavelengths in the broadband bleaching 600 
light initiated melanopsin phototransduction with the longer wavelength spectral component 601 
inducing re-isomerisation, thereby reducing or nullifying the resultant bleach effects at light 602 
offset. The bleaching light had more long wavelength energy than short wavelength energy; 603 
however, a light (e.g., daylight) with more short wavelength energy would produce more 604 
melanopsin bleach than with the halogen light, due to higher photon capture probability and 605 
lower long wavelength induced re-isomerisation. To test this proposal and quantify the relative 606 
contributions of melanopsin bistability to limiting its bleach; our estimated τ and Ip parameters 607 
will enable future studies to quantify melanopsin bleaching and regeneration for lights with 608 
different spectral properties. Thirdly, melanopsin may convert to a meta-state after the first 609 
level of phototransduction (Sexton et al., 2012), similar to the rhabdomeric photopigment 610 
(Hillman et al., 1983), and so it can still capture photons. With these alternate avenues 611 
potentially important for resisting photopigment bleaching, melanopsin regeneration may also 612 
only partially rely on the RPE-based photocycle, as has been evidenced in mice (Zhao et al., 613 
2016). We observed that melanopsin regeneration had a longer time constant than the cone-614 
opsin (Table 1) indicative of a delayed replenishment of 11-cis retinal, possibly because 615 
melanopsin expressing ipRGCs are further from the RPE than cone photoreceptors. Finally, 616 
the ~104X lower melanopsin pigment density than the cone-opsin and rhodopsin (Do et al., 617 
2009) leads to a 106X lower photon capture probability and potentially a lesser photopigment 618 
bleach for an equivalent opsin specific excitation level. The partial resistance of melanopsin to 619 
photic bleaching observed in our study might facilitate its irradiance signalling during 620 
prolonged light exposure (Wong, 2012). This unique photon counting characteristic is 621 



 

necessary for circadian photoentrainment to encode irradiance changes during the 24 hour day-622 
night cycle without saturating (Berson et al., 2002) as well as to control the pupil size during 623 
steady illumination (McDougal & Gamlin, 2010; Zele et al., 2019a) and input to the 624 
photophobia pathway during daylight illumination (Zele et al., 2020a), and to optimise cone-625 
mediated vision to the environmental illumination (Zele et al., 2019b). 626 

Melanopsin adaptation increased the cone PLR amplitudes by 10%, which is equivalent 627 
to reducing the pupil threshold contrast by 10%. Transient changes in illumination are signalled 628 
by extrinsic cone-inputs to the pupil control pathway to which melanopsin provides minimal 629 
direct contributions (Gooley et al., 2012; McDougal & Gamlin, 2010; Zele et al., 2019a) 630 
whereas melanopsin drives the steady-state pupil diameter during extended light adaptation  631 
(McDougal & Gamlin, 2010; Zele et al., 2019a). The constrictions were larger with the same 632 
contrast cone-directed pulse when melanopsin excitation was higher in the adapting light 633 
indicating that melanopsin signalling enhances cone sensitivity to PLR to keep the pupil small 634 
during transient increases in illumination possibly to minimise optical aberrations and increase 635 
image contrast. The melanopsin-mediated enhancement was constant in magnitude during the 636 
15 min light adaptation at 2,000 Td (Fig. 6), perhaps related to the constant and dominant 637 
contributions of intrinsic melanopsin signalling to the PLR during prolonged illuminations 638 
(McDougal & Gamlin, 2010; Zele et al., 2019a). Evidence suggests melanopsin activation also 639 
enhances cone-directed contrast discrimination in the visual pathway in humans (Allen et al., 640 
2019; Zele et al., 2019b), and influences the cone ERG in mice (Allen et al., 2014; Prigge et 641 
al., 2016) and humans (Adhikari et al., 2019) and RGC activity in mice (Schmidt et al., 2014). 642 
The retina is common in all of these pathways; the source of the melanopsin-mediated influence 643 
on cone signalling is therefore most likely in the retina and involves the intra-retinal retrograde 644 
networks from melanopsin cells to outer retina via dopaminergic amacrine cells (Zhang et al., 645 
2008). 646 

In conclusion, melanopsin exhibits photic bleaching, although to a lesser extent than 647 
cones, with slower regeneration. Our parametrisation of the half-bleaching level and 648 
regeneration time-constant for melanopsin phototransduction has implications for estimating 649 
the melanopsin bleach level for any light units. Continuous adaptation to lights with higher 650 
melanopsin excitation levels but the same photometric luminance results in smaller pupil 651 
diameters to improve visual contrast sensitivity.  652 
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