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A B S T R A C T S

abstract of the thesis

In addition to the canonical photoreceptors, rods and cones, a novel
melanopsin-expressing retinal ganglion cell (mRGC) was recently dis-
covered. The novel photopigment melanopsin in the human retina
has been shown to express invertebrate-like bistable properties both
in vitro and in vivo. In bistable photopigment systems, light elicits
photosensory responses and drives photoregeneration of the chro-
mophore to restore photic responsiveness. These studies have shown
that prior light exposure can modulate the amplitude of subsequent
photic responses of melanopsin.

In this thesis, the putative bistability of melanopin in humans is
examined. The bistability was studied using 1) pupillary light reflex
(PLR) as a tool, 2) developing a method for quantifying the effects
of lens density for melanopsin-mediated photoreception, and 3) pro-
viding a quantitative mathematical framework for modeling bistable
pigment systems and non-image forming (NIF) visual system.

Exploiting the bistable properties of melanopsin could allow for
optimization of spectral light distribution in experimental, industrial,
domestic and clinical phototherapy applications by appropriate use
of the photoregenerative effects of long wavelength light.

Keywords: light; melanopsin; melanopsin bistability; modeling; lens den-

sity; photoreception

väitöskirjan tiivistelmä

Perinteisten fotoreseptorien, sauvasolujen ja tappisolujen, lisäksi verk-
kokalvolta on löydetty melanopsiinia sisältäviä gangliosoluja. Foto-
pigmentti melanopsiinin on huomattu käyttäytyvän ihmisen verkko-
kalvolla selkärangattomien eläimien bistabiilin näköjärjestelmän tavo-
in sekä in vivo- ja in vitro- olosuhteissa. Bistabiileissa fotopigmenttijär-
jestelmissä valo aiheuttaa sensoristen vasteiden lisäksi kromoforin fo-
generaation vastevalmiisen tilaan. Nämä aiemmat tutki-mukset ovat
osoittaneet, että aiempi valoaltistus voi moduloida siitä seuraavia
melanopsiinivasteita.

Tässä väitöskirjassa melanopsiinin oletettua bistabiiliutta tutkittiin
käyttäen 1) Pupillireaktiota työkaluna, 2) kehittämällä kvantitaviinen
menetelmä mykiöntiheyden vaikutuksiin melanopsiini-fotoreseptios-
sa, ja 3) kehittäen kvantitatiivisen matemaattisen kehyksen bistabi-

v



ilien pigmenttijärjestelmien ja ei-visuaalisen näköjärjestelmän mallin-
tamiseen.

Melanopsiinin bistabiileita ominaisuuksia on mahdollista optimoi-
da valon spektrikoostumusta niin tieteellisissä, teollisissa, kotitalouk-
sellisissa ja kliinisissä valoterapia sovelluksissa hyväksikäyttämällä
punaisen aallonpituusalueen fotoregeneroivia vaikutuksia.

Avainsanat: valo; melanopsiini; melanopsiinin bistabiilisuus; mallintami-

nen; mykiöntiheys; fotoreseptio

résumé de la thèse

En plus des photorécepteurs canoniques traditionnels (bâtonnets et
cônes), des cellules ganglionnaires contenant le photopigment méla-
nopsine ont récemment été découverts. Une étude récente de notre
laboratoire a suggéré que, dans la rétine humaine, ce nouveau pho-
topigment exprime des propriétés bistables similaires à celles notées
chez les invertébrés tant in vitro qu’in vivo. Dans les systèmes de
photopigments bistables, la lumière déclenche une réponse photo-
sensorielle mais permet aussi la régénération du chromophore pour
rétablir la réactivité lumineuse du photopigment. Cette dernière étude
a montré qu’une exposition lumineuse antérieure peut moduler l’amp-
litude des réponses lumineuses de la mélanopsine.

L’objectif de ma thèse est d’étudier (1) la bistabilité présumée de la
mélanopsine chez l’Homme en utilisant comme outil le réflexe pho-
tomoteur pupillaire. Ma thèse comporte aussi 2) le développement
d’une technique d’évaluation quantitative des effets du brunissement
du cristallin oculaire sur la photoréception impliquant la mélanop-
sine; 3) le développement d’un modèle mathématique portant sur le
fonctionnement des photopigments bistables et du système photique
non visuel.

L’exploitation des propriétés bistables de la mélanopsine et l’utilisa-
tion appropriée des effets photorégénérateurs des longueurs d’ondes
lumineuses longues pourraient servir dans l’optimisation de la com-
position spectrale des applications photothérapeutiques (expérimen-
tales, industrielles, domestiques et cliniques).

Mots Clefs: Mélanopsine; Bistabilité de la mélanopsine; Modèle; Densité

du cristallin; Photoréception
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P R E FA C E

aim of the thesis

The aim of the thesis is to investigate the putative bistability of mela-
nopsin by three means: 1) with a PLR study on the dark regenera-
tion of PLR sensitivity, 2) developing a method for measuring lens
density, thus quantifying the retinal photon density, and 3) modeling
quantitatively the putative bistable melanopsin system and providing
a framework for predictions and validation of the bistability experi-
mentally.

structure of the report

The report is structured to seven chapters, the first begin this intro-
duction, the following four chapters reviewing the essential literature
(1, 2, 3 and 4) needed for understanding the research projects (5). The
final chapter summarizes the work and and discusses about future
prospects (6).

Chapter 1 : NIF system

The basics of circadian rhythms, chronobiology and non-image form-
ing (NIF) system are reviewed as a general background for the three
following literature review chapters.

Chapter 2 : Visual system

The human visual system is reviewed in regard to three aspects: 1)
the ophthalmic optics, 2) the canonical visual system employed in
visual responses, and 3) the non-image forming (NIF) system with
the characterization of the novel photopigment melanopsin.

Chapter 3 : Pupillary Light Reflex (PLR)

The human pupillary light reflex (PLR) is discussed in this chapter in
depth as it was later used as the tool to study melanopsin-dependent
photoreception. The literature analysis is extended beyond the typical
scope used in melanopsin-related studies in an effort to provide a
more complete idea of PLR as a tool.
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Chapter 4 : Melanopsin bistability

In this chapter, the invertebrate bistable photopigment systems are
reviewed first in regard to physiology and quantitative modeling.

Chapter 5 : Research projects

The research projects undertaken for the completion of this work are
divided into five following subsections.

Introduction to PLR as a a tool

The first subsection describes the technical details of the pupillomet-
ric setup used in this work and in a previous study (Mure et al. 2009)
from the same group, along with a pilot study done on individual
PLR variability.

“Photic memory” PLR study

The second subsection investigates the existence of dark regeneration
of photosensitivity in melanopsin photoreception using PLR in hu-
mans. This absence of dark renegeration in bistable flies were referred
as “photic memory” by Hochstein et al. 1973.

Changes in PLR with aging

Third subsection studies the changes in PLR during aging. The study
compares the pupil responses to monochromatic blue (480 nm) and
green (560 nm) light between the control young group and healthy
aged individuals.

Measuring ocular density in humans

In the fourth subsection, a psychophysical method developed for
quantifying the human ocular media density is presented. With ag-
ing the ocular media density increases attenuating the light entering
the retina, thus the quantitative knowledge of light filtering is essen-
tial for studying non-image forming (NIF) responses.

Model for melanopsin bistability

In the last subsection, a quantitative framework is provided for the
putative melanopsin bistability allowing simulation of the bistable
photoreception. The framework is implemented in Matlab and pro-
vided with a graphical user interface (GUI).
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Chapter 6 : Conclusions and future directions

The last chapter sums up the work presented in this report and pro-
vides ideas for further research.
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N O N - I M A G E F O R M I N G ( N I F ) V I S U A L S Y S T E M

Non-image forming (NIF) visual system refers to the processing of
light information by the eyes and the brain with no resulting visual
perception in contrast to normal definition of vision as a visual expe-
rience. The phenomenon of light responses without “classical visual
photoreceptors” rods and cones (See Section 2.3) was first demon-
strated in the 1920s by Keeler 1927 in mice with pupil constriction
(as reviewed by Van Gelder 2008). The term “non-image forming” was
first suggested by Gary Pickard in his study of circadian rhythm reg-
ulation in hamsters (Pickard 1982). Sometimes “circadian visual sys-

tem” (Morin and Allen 2006; Foster and Hankins 2007) is used as
a synonym for the functionally same visual system. The non-image
forming (NIF) visual system can be seen as a broader definition with

“circadian vision” only being one subsection the whole NIF system. In
this chapter, the concept of circadian rhythms is introduced with an
emphasis on the effects of light to physiology. More detailed analysis
of human visual system is done in the next chapter (2).

1.1 circadian rhythms

Circadian rhythms (’circa’ means about, and ’dies’ means day) refer to
intrinsically generated rhythms in organisms varying from cyanobac-
teria (Williams and Poole 2006) to humans (Czeisler et al. 1999). The
field of biology studying biological rhythms (including circadian) is
chronobiology (chrono = time). Biological rhythms also range across
a frequency spectrum, from ~100 Hz (neuronal firing rate) up to circa
10-9 Hz for very long population cycles (period τ~10 ms up to ~20

years). Periods (τ referring to intrinsic period of organism) of cir-
cadian rhythms range between 22 and 26 hours, and are then syn-
chronized to the external period of exactly 24 hours (process referred
as entrainment). Apart from circadian rhythms there are ultradian
rhythms (τ << 24 h); infradian rhythms (τ >>24 h); circannual rhythm
[τ ~1 year)]; circatidal rhythms (τ ~12.4 o 24.8 h) in anticipation of
tides; and circalunar rhythms (τ ~ 29.5 days ~ 1 month, rotation of
moon around earth).

Periodic leaf movements in plants were first discovered by Andros-
thenes Thasius 325 BC, followed by observation of De Mairan in 1729

that plants rhythms persisted in constant darkness and postulation of
’flower clock’ by Linnaeus in 1751. First demonstration of intrinsically
generated rhythms in primates was provided by Simpson and Gal-
brath 1906 in the core body temperature (CBT) of squirrel monkeys.

1
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de Candolle 1832 noticed first the deviation of intrinsic period from
24 hours of day-night cycle in plants followed by the same observa-
tion in white-footed mice (Johnson 1926). de Candolle 1832 had seen
the period length to be influenced by environmental light intensity,
later formally coined as the “Aschoff’s rule” byAschoff 1960.

Persistence of a free running rhythm in constant conditions demon-
strates the existence of an oscillator in animal or plant (i.e. rhythm
generation). An overt rhythm can be based on both exogenous and
endogenous influences. The external timing cues like light that are
capable of entraining organism, are referred as zeitgebers (German for
time givers). Other common non-photic zeitgebers (e.g. Honma et al.
2003; Mistlberger and Skene 2005) are temperature (Miyasako et al.
2007), food intake (Fuller et al. 2008), social cues (Aschoff et al. 1971),
and pharmaceutical administration (Burgess et al. 2008). In the ex-
treme case of purely endogenous regulation, the rhythm will immedi-
ately cease upon turning off the zeitgeber, such as the light-dark cycle.
In the other extreme of pure endogenous generation, the rhythm will
appear to be self-sustained, and continue for ever without dampen-
ing of amplitude. How to study circadian rhythms are reviewed for
example by Wirz-Justice 2007 and Hofstra and de Weerd 2008.

The master circadian clock in mammals is located in the suprachi-
asmatic nucleus (SCN), a small hypothalamic structure. SCN lesions
abolish the circadian rhythmicity of physiological and behavioral func-
tions (Moore and Eichler 1972; Stephan and Zucker 1972). The au-
tonomous nature of the SCN has been elegantly demonstrated by
Ralph et al. 1990 who showed that SCN transplants can restore cir-
cadian rhythms that display the period of the donor animal rather
than that of the host. Circadian pacemaker can be functionally ex-
plained on the basis of harmonic oscillator by van der Pol 1934 ob-
tained from studies with electrical discharge oscillations in fluores-
cent lamps. SCN in mammals connect to other accessory clock struc-
tures in the brain forming a clock network (see reviews by Herzog
2007; Baggs et al. 2009; Kyriacou and Hastings 2010; Colwell 2011)
rather than a centralized master clock.

In popular literature, dysfunctions in human circadian system has
been linked to the prevalence of Seasonal Affective Disorder (SAD,
Partonen and Magnusson 2001; Wirz-Justice 2009) or as known also as
’winter depression’. The etiology of SAD is still unknown (for reviews,
see for example Rosenthal et al. 1984 and Rohan et al. 2009) but the
reduced light intensity has been suggested as a reason with psycho-
logical effects from changes in weather (Keller et al. 2005; Denissen
et al. 2008). Light therapy has been used successfully for the treatment
of SAD via assumed light-clock interaction.
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1.2 non-image forming responses to light

In this section, the most important non-image forming responses to
light in animals are reviewed briefly with the length needed for un-
derstanding this thesis (continuation of the Master’s thesis of the au-
thor, Teikari 2006a). The three most used measures of the NIF-system
are locomotor activity (mainly in rodents), sleep-activity cycles; and
melatonin rhythm and melatonin suppression. In my work the mea-
sure have been pupillary light reflex (PLR) which is reviewed in more
detail in chapter 3. In addition, there has been an increased inter-
est for acute effects of light to human brain functioning with brain
imaging techniques such as functional magnetic resonance imaging
(fMRI).

1.2.1 Locomotor activity

Observing the locomotor activity [when the animals are active on
a running-wheel or doing some other activity (Poirrier et al. 2006;
Ou-Yang et al. 2011)] is very common in rodent studies. The regu-
lation of circadian rhythms of locomotor activity appears to involve
hypothalamic relays in the ventral subparaventricular zone (vSPVZ)
and dorsomedial nucleus (DMH) as lesion of each of these structures
can abolish the observed rhythm (Lu et al. 2001; Chou et al. 2003). The
locomotor activity of rodents is also acutely inhibited when the ani-
mals are exposed to light during their activity period at night Redlin
and Mrosovsky 1999. In nocturnal rodents an acute suppression of lo-
comotion (negative masking, see review by Mrosovsky 1999) occurs
in bright light (Aschoff and Goetz 1988) in an irradiance-dependent
manner (Mrosovsky 1994). In dim light as opposed to darkness, an
increase in locomotion (positive masking) is seen because visual guid-
ance of movement enhances locomotion. In humans, the activity fluc-
tuations do not seem to exhibit circadian rhythm (Ivanov et al. 2007),
mainly due to environmental masking while it is still possible to see
significantly altered activity fluctuations in specific conditions such
as patients with Alzheimer’s disease (Hu et al. 2009).

1.2.2 Melatonin

Melatonin is a hormone discovered in the late 1950s (Lerner et al.
1958) in bovine pineal tissue where it is secreted nocturnally (for an
extensive review see Reiter et al. 2010). It was early on discovered
that its secretion was connected to the environmental light-dark cycle
(Snyder and Axelrod 1965). Besides the pineal gland, other organs
may have the capability of producing melatonin (Hardeland 2009),
such as in the retina (Gern and Ralph 1979). Melatonin production is
driven by the master circadian clock SCN (for specific brain circuitry
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see for example Hastings and Maywood 2008) as it was seen that
the rhythm was abolished by SCN lesion (Moore and Klein 1974).
Nocturnal melatonin cycle persists relatively unchanged until about
middle age, after which the nighttime peak of melatonin start to be
dampened both in humans (Sack et al. 1986) and in aged mammals
(Reiter et al. 1981). The question, whether this dampening can be
compensated in the elderly is still an open question (Brown et al.
2011a).

Melatonin was first discovered to be suppressed by light by Lewy
et al. 1980 and the light-induced melatonin suppression has been
used extensively to quantify the circadian responses (Brainard et al.
2001). It is considered to be more stable marker (Benloucif et al. 2005)
for changes in circadian phase / entrainment than core body tem-
perature (Cagnacci et al. 1992; Rajaratnam and Arendt 2001). In the
context of phase changes, the dim light melatonin onset (DLMO) is
used to track changes of experimental conditions imposed on intrin-
sic rhythms (Pandi-Perumal et al. 2007). There are various definitions
for the time point for DLMO (Benloucif et al. 2008) but conceptu-
ally it is the time point when melatonin levels exceed some relative
or absolute threshold defined for the given protocol. Melatonin can
be combined with light therapy for optimized phase shifts (DJ-Skene
2003), for example for alleviating jet lag-related circadian problems
(Dean et al. 2009).

1.2.3 Sleep-Alertness

The sleep is typically described with two-component model (Borbély
1982; Daan et al. 1984) consisting of an homeostatic component (pro-
cess S) and a circadian component (process C). The homeostatic com-
ponent describes the propensity of falling asleep correlating with the
amount spent awake, whereas the circadian component (Saper et al.
2005b) reflects the ’internal wakefulness’ signal that in certain extent
tries to compensate for the sleepiness set by homeostatic component
especially late in the evening (Strogatz et al. 1987). The two-process
model can be extended into a three-process model, where the compo-
nent of sleep inertia (Process W) is added (Åkerstedt and Folkard
1997; Åkerstedt et al. 2004). Sleep inertia is a transitional state of
lowered arousal and impaired cognitive performance occurring im-
mediately after awakening from sleep (Tassi and Muzet 2000), phe-
nomenon not sufficiently described by the process S and process C.

All three processes can be theoretically manipulated with light ex-
posure (see short review by Dijk and Archer 2009), for example by
phase-shifting the alertness signal for process C (Duffy et al. 1996);
acutely alerting the individual and acting against process S (Cajochen
et al. 2000; Lockley et al. 2006; Vandewalle et al. 2006); and by dawn
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simulation upon awakening for process W (Giménez et al. 2010). How-
ever, it should be noted that the three processes are not necessarily
independent and the observed responses can be thought more as sys-
tem response . The acute alerting effects (Effects to process S) of light
(see reviews by Cajochen 2007 and Vandewalle et al. 2009) are proba-
bly the most studied of the these three components (Ali 1972; Badia
et al. 1991; Daurat et al. 1996; Lockley et al. 2006) with recent interest
to promote the productivity of workers manipulating general lighting
(Juslén 2007; Viola et al. 2008; Vetter et al. 2011). The neuroimaging
studies have shown that the thalamus is the structure most consis-
tently recruited in response to light exposures during a cognitive task
(Vandewalle et al. 2007a; 2006; 2007b) with the in activity in the tha-
lamus directly relating to the improvement in subjective alertness in-
duced by the light exposure (Vandewalle et al. 2006). The exact brain
circuitry responsible for the light-induced alertness regulation is not
well-known (see Vandewalle et al. 2009)

In rodents, light has shown to acutely promote alertness diurnal an-
imals and sleepiness in nocturnal animals during darkness (Altimus
et al. 2008; Lupi et al. 2008; Tsai et al. 2009), in addition to simply
conteracting the sleepiness drive. In humans, light has shown to have
wavelength-dependent effects on the sleep architecture as measured
with electroencephalography (EEG; Kozaki et al. 2005; Münch et al.
2006). These results were further supported by a field study with
environmental light recorded with wrist-worn actigraphs (accelerom-
eter measuring motor activity, see review by Sadeh 2011 for use in
sleep research), in which wavelength-dependent effects were found
for sleep quality (Santhi et al. 2011).

1.2.4 Cognition & Emotions

Recently there have been studies suggesting the role of ambient light
as a major modulator of brain function and cognition in humans (Van-
dewalle et al. 2009). Studies using memory tasks with fMRI showed
improved cognitive performance both during biological night (Per-
rin et al. 2004) and during biological day (Vandewalle et al. 2007a;
2006; 2007b) with blue light over green and violet light (Vandewalle
et al. 2007b); blue light over green light (Vandewalle et al. 2007a); and
with bright ’white’ light (Perrin et al. 2004; Vandewalle et al. 2006).
Blue light (470 nm) was shown to elicit immediate responses after
light onset in hippocampus and amygdala (Vandewalle et al. 2007b).
According to the authors (reviewed in Vandewalle et al. 2009), this ac-
tivation raises the possibility that blue light could favor an early affec-
tive and mnemonic arousal potentially participating in prompt behav-
ioral adaptation to the environment. The amygdala (Aggleton 1992)
activity would suggest therapeutic value for light treatment in mood
disorders (Vandewalle et al. 2009; Rautkyä et al. 2011; Stephenson
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et al. 2012). Furthermore, the same authors showed that light could
wavelength-dependently modulate emotional response to vocal stim-
uli (Vandewalle et al. 2010), as well the strength of light modulation
of cognitve responses depending on the circadian phase (Vandewalle
et al. 2011).

1.2.5 Adverse effects of light

The increased trend to use blue light to promote “human health” (e.g.
Viola et al. 2008; Vetter et al. 2011) and the emergence of a “24/7-
society” (Kreitzman 1999; Williams 2011) have suggested to have ad-
verse effects on human health. Recently a term “light-at-night” (LAN)
has been introduced (Pauley 2004; Lyytimäki 2006; Kayumov et al.
2007; Stevens et al. 2007; Navara and Nelson 2007; Kantermann and
Roenneberg 2009; Schernhammer and Stone 2011; Kloog et al. 2011)
to describe the shown correlation between night exposure to light
and prevalence of colorectal (Kloog et al. 2009), and especially breast
cancer in women (Pukkala et al. 1995; Wu et al. 2011; Hansen and
Stevens 2011). The prevalence of breast cancers have been linked to
nocturnal melatonin suppression by light (Srinivasan et al. 2008), but
no causal relation has yet been established.

The increased use of nocturnal artificial lighting is in general re-
ferred as “light pollution” (Teikari 2007b) due to the problems caused
for astronomical observations (Kocifaj et al. 2010; Park 2011), wildlife
(Rich and Longcore 2005; Hölker et al. 2010) and for economy (Gall-
away et al. 2010). The light pollution from blue-enriched light sources,
such as those from metal halide lamps and LEDs is stronger (Johnson
and Shah 2011; Bierman 2012) mainly due to the Rayleigh-scatter in
the atmosphere that scatters blue light more (Kocifaj 2011).

The use of blue light has been associated also with “blue light haz-
ard” (BLH) which refers to the increased phototoxicity of blue light
due to higher photon energy of short wavelength radiation (see re-
views by Sliney 2006; Wu et al. 2006; van Norren and Gorgels 2011;
Hunter et al. 2012) with an established human action spectrum peak-
ing at ~320-400 nm similar to the one obtained for rodents (Knels et al.
2011). There is also evidence that the susceptibility to retinal damage
has a circadian rhythm and can be modulated by the exogenous ad-
ministration of an antioxidant (Vaughan et al. 2002).
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V I S U A L S Y S T E M

2.1 light

In studies of phototransduction, the light-induced responses are strict-
ly speaking quantized resulting from absorption of discrete num-
ber of photons, being in contrast of typical photometric macroscopic
quantification of light responses (see e.g. Zwinkels et al. 2010). Thus
it is typical to express light intensity either as total photon density or
as photon density per wavelength (spectral irradiance). The energy
of a photon Ephoton is defined typically using either of the following
three relations:

Ephoton = h̄ωphoton = hνphoton =
hc

λphoton
(1)

where h̄ is the reduced Planck constant (h/2π), ω is angular fre-
quency (2πν), is the, h is the Planck constant (∼ 6.625 × 10−34 J · s−1),
ν is the frequency of the photon (in Hz), c is the speed of light
(∼ 3.0 × 108 m/s), and λphoton is the wavelength expressed typically
in nanometers. In other words, monochromatic red light with a wave-
length ~650 nm of the same optical power as of a monochromatic
blue light (480 nm) will have ~1.3 times (=650/480) more photons.

The spectral content of the light depend on the type of the light
source (see Elvidge et al. 2010 for review of light sources), rang-
ing from polychromatic thermal radiators (sun, incandescent lamp,
candle) spectrum corresponding to Planck blackbody radiation, spec-
trally “flat” Xenon arc sources, gas discharge lamps (fluorescent, metal
halide lamps) exhibiting peaked spectral power distribution (SPD)
corresponding to fluorescence peaks used in the lamp; to quasi-mono-
chromatic light-emitting diodes (LEDs) and to monochromatic laser.
The latter sources, LED and laser can be estimated conveniently as
“Gaussian light sources” when knowing the peak wavelength and the
half-bandwidth (HBW or full-width at half-maximum FWHM, de-
scribing the “broadness” of the spectral power distribution) of the
light source, as following (Hecht 1988):

σ = (HBW/2)× 2.355 (2)

where σ is the standard deviation of the Gaussian pectral power
distribution, see the Matlab implementation in B.1.1.

7
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2.2 ophthalmic optics

2.2.1 Radiation transfer

From the optical parameters of the human eye (simplified optical
model in Figure 1) and from the radiometric parameters of a light
source, it is possible to calculate irradiance reaching the retina. Reti-
nal irradiance Er is directly related to source radiance Ls (brightness):

Er =
πdpτ

4 f 2 · Ls =
τEc Ap

Ar
(3)

where, Er is the retinal irradiance, dp is the pupil diameter in mm,
f is the focal length of the eye [estimated to be 1.67 cm (Gullstrand’s
model eye, Longhurst 1974; Land 1981) or 2.22 cm used in more re-
cent literature (Vohnsen and Rativa 2011a)], LS is source radiance,τ is
the lens transmittance, Ec is corneal irradiance, Ap is the pupil are in
mm², Ar is the area of the retinal image in mm². The corneal irradi-
ance Ec (Sliney 2005; 1991) depends on the source geometry:

EC = Ls · Ωs = Ls ·
As

r2 =
Er4 f 2

τπd
·

As

r2

=
4

τπd2
p

·
f 2As

r2 ·
Pr

Ar
=

Er Ar

τAp
(4)

where, Ec is corneal irradiance, LS is source radiance, Ωs is solid
area in steradians, As is the source area in mm², r is the distance
between the source and the lens, Pr is the retinal optical power, τ is
the lens transmittance, dp is the pupil diameter in mm, f is the focal
length of the eye, Er is the retinal irradiance, Ar is the area of the
retinal image in mm², Ap is the pupil are in mm².

In practice the source radiance in this context refer to the light seen
by the observer and not necessarily the light source itself, and the
brightness therefore can refer to the surface radiance of a indirectly
illuminated Ganzfeld (formless field of light without visual edges)
dome for example. The image size (diameter) of the source at the
retina can be calculated as following:

dr = ds
f

r
= α f (5)

where dr is the size of the image at the retina, ds is the size of the
source, f is the focal length of the eye, r is the distance between the
source and the lens, α is the angular subtense of the source.

The pupil diameter dp along with lid closure (Sliney 1997) mechan-
ically regulate the light entering the retina. The pupil diameter dp

varies from 1.5mm to 8mm on average (Reeves 1920) allowing max-
imal reduction in light intensity of log10 (1.5mm/8mm)2 ~ 1.45 log
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Figure 1: A The human eye as an optical system (Sliney 2005). B Photorecep-
tor optics (Warrant and Nilsson 1998)

units. The magnitude of lid opening (palpebral fissure constriction),
thus its effect on field of view (FOV, see 2.3.1) can be estimated with
the following empirical formula (Sliney 2008): ϕFOV = 34°-0.0013L,
where ϕFOV is the upper field-of-view angle in degrees and L is the
luminance in cd·m². The upper field-of-view angle of a group of sub-
jects typically spans a range of about 25° (Deaver et al. 1996).

In regard to the NIF photoreception (see Section 2.4 below), the
effect of pupil size on retinal irradiance and melatonin suppression
is addressed by Takahashi et al. 2009, the ffect of angular subtense
(visual field size) on the pupillary light reflex by Stanley and Davies
1995, the effect of light source geometry on retinal irradiance by We-
ber et al. 2004, the aging-related changes in radiative transfer re-
viewed by Charman 2003, and the problems of using human pho-
tometric quantities in animals is discussed by Bullough et al. 2006.
In general radiative transfer issues are improperly addressed in NIF
photoreception studies (Weber et al. 2004).

2.2.2 Stiles-Crawford effect

In previous purely geometric optics analysis of the human eye, the re-
lation between pupil size and retinal irradiance is considered to be lin-
ear, but strictly speaking this is not true as it was shown by Stiles and
Crawford 1933 that luminous efficiency of light varies as a function of
the pupil location. In other words, the light hitting obliquely photore-
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ceptors is less efficient eliciting a visual sensation compared to direct
axial stimulation. This was shown originally for human cones in vivo

(Stiles and Crawford 1933) and later in vitro (Enoch 1963) for human
cones and for invertebrate photoreceptors (Snyder 1975). This was
termed as Stiles-Crawford effect (SCE) of type I. Quantitatively, the
phenomenon for cones is well characterized by the equation (Stiles
and Crawford 1933; Vohnsen and Rativa 2011a):

η = 10−ρr2
(6)

where η is the luminous visibility light beam entering, respectively,
at the peak of the curve at a distance r millimeters from the peak lu-
minous efficiency. The peak of sensitivity is usually thought to reside,
though not invariably, close to the center of the pupil. It has been
found sufficient to describe the shape of directional sensitivity with
a single parameter ρ (~0.05 mm-2). In other words, there is approxi-
mately a threefold reduction in luminous efficiency when a narrow
beam is displaced from the center to the edge of a 6.5 mm diameter
pupil.

The SCE have been shown to be more pronounced in cones re-
sponsible for photopic (daylight) vision, and originally thought to be
insignificant for rods (Van Loo and Enoch 1975); which are responsi-
ble for scotopic (night) vision. However, it has been suggested by the
results by Alpern et al. 1983 that a significant SCE could exist for rods
while still less pronounced than for cones. The differential directional
effect for rods and cones is most likely due to the microanatomical
and molecular differences (Westheimer 2008). It has been suggested
that the SCE has its origin most likely somewhere in the retinal re-
ceptor cells and the photon capture by the photopigment molecules.
However, the exact mechanism is still unknown (Westheimer 2008;
Enoch and Lakshminarayanan 2009), but it has been linked to the
electromagnetic coupling of light wave to light-responsive outer seg-
ments of photoreceptors (see Section 2.3 and 4.1.1) as in radar waveg-
uides (Toraldo di Francia 1949; Bernard and Miller 1970) and in opti-
cal fibers (Snitzer and Osterberg 1961; Vohnsen 2007). In melanopsin-
mediated NIF photoreception (Section 2.4), the SCE (type I and II)
can be expected to be insignificant, as there are no waveguiding or
optical elements optimizing the photon catch of melanopsin-mRGCs
(Do et al. 2009)

2.2.3 Spectral transmittance of ocular media

Knowledge of spectral transmission in the ocular media is of impor-
tance in vision research. In vivo determinations of various retinal vi-
sual sensitivities require as exact as possible knowledge of the ocu-
lar spectral filtration for the used light stimulus. The spectral char-
acteristics of the ocular media is typically expressed in optical den-
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Figure 2: Ocular media with absorbance of the lens using two standard ob-
servers with ages 25 yr and 65 yr based on the model of van de
Kraats and van Norren 2007a. The macular pigment density is nor-
malized to unity density at peak based on the formulation of Wal-
raven 2003.

sity (OD(λ]) units which define the absorption in log units and the
transmittance is then defined by the Beer-Lambert law (e.g. Wind
and Szymanski 2002; Sassaroli and Fantini 2004; Kocsis et al. 2006):
τ(λ) = 10−OD(λ) , where τ(λ) is the transmittance in % as a function
of wavelength. The ocular media consist of cornea, aqueous humor,
crystalline lens, and vitreous humor (see Figure 2). The spectral ab-
sorption profile for visible light is dominated by the absorption of the
crystalline lens (van de Kraats and van Norren 2007a). Additionally,
the human lens is absorbing more light especially on the short wave-
length range of visible light (van de Kraats and van Norren 2007a),
compared to mouse (Jacobs and Williams 2007) and rat (Gorgels and
Norren 1992) ocular media that starts filtering significantly at deeper
blue and UV range.

The cornea is estimated to be of the order of 0.1 density units in
the visible light range (van den Berg and Tan 1994; van de Kraats and
van Norren 2008). The other media, e.g., the lens capsule (Murata
1987), the aqueous humor (Boettner and Wolter 1962) and the vitre-
ous humor (Boettner and Wolter 1962) have negligible absorbance in
visible range. The humors are mainly composed of water and start
to absorb in deep-red/near-infrared range (Ma et al. 2011, Smith and
Baker 1981). Below 320 nm, absorption by tryptophan residues be-
comes substantial (Kolozsvári et al. 2002; van de Kraats and van Nor-
ren 2007a) in the ocular media.

Light passing through the ocular media is also subject to light scat-
ter which can be separated to scatter types: 1) Rayleigh-Gans scatter
(Coppens et al. 2006), which is typically due to submicroscopic den-
sity fluctuations and thus can be found in all media with the resulting
spectral shape being somewhere between being constant over wave-
length and having the shape of the Rayleigh component (∝ λ4). 2)
Mie scattering (van de Hulst 1957) occurring on particles large in re-
lation to the wavelength with the resulting spectral shape being con-
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stant over wavelength, thus acting as a neutral density filter on top of
retina.

On top of the central retina known as fovea there is a concentra-
tion of macular pigments that preferably absorb blue light (Walraven
2003). The density of the macular pigments decrease exponentially
with eccentricity (Delori et al. 2001), but the peak density and the rate
of decrease vary amongst individuals (Hammond et al. 1997a). There
is evidence than with aging the macular pigment can gradually accu-
mulate and spread out to the periphery of retina (Chen et al. 2001b),
while others have found no significant age dependence (Berendschot
and van Norren 2005). Macular pigment density has been tradition-
ally measured with psychophysical methods (Ruddock 1963; Bone
and Landrum 2004) or with reflectometer (Bone et al. 2007), but re-
cently multispectral imaging solutions have emerged (Fawzi et al.
2011).

The early reference dataset used for ocular filtration was the spec-
tral template provided by Wyszecki and Stiles 1967, followed by Stock-
man et al. 1999, and the current state of art model by van de Kraats
and van Norren 2007a for human ocular media excluding macular
pigment. The model consist of five age-dependent spectral templates
with a sixth spectrally neutral “neutral density filter” as shown in
Figure 2.

In special cases such as with intraocular straylight measuruments
(Ijspeert et al. 1990; van den Berg et al. 2009b; Michael et al. 2009), the
transmural (ocular wall) and iris transmittance need to be explicitly
addressed in contrast of assuming them to be light-tight structures
(van den Berg et al. 1990). The translucency of iris and the ocular wall
are exploited by ophthalmologists when performing diaphanoscopy
(cf Greenwood 1913), in which a light guide is positioned against
the sclera and the pupil is seen to glow from within (La Hey et al.
1993). Additionally, the retinal veil resulting from transmural trans-
mittance can degrade visual performance, the blue-eyed individu-
als sometimes experiencing a reddish veil over dark areas when a
low sun shines on the side of their eyes (van den Berg et al. 1991).
van den Berg et al. 1991 estimated the irises of blue-eyed individuals
to attenuate the red light only 0.72 log units and the green for 1.48

log units, whereas the corresponding attenuation values were 2.27

for red and 2.64 log units for green light in brown-eyed individuals.
In addition to the translucency of the iris and the surrounding ocu-
lar wall, fundal reflections (Vos 1963; van de Kraats and van Norren
2008) might contribute to the pigmentation-related differences. Fur-
thermore, the iris pigmentation have been shown to correlate directly
with choroidal pigmentation (Weiter et al. 1985) and to be reduced
with aging (Schmidt and Peisch 1986).

Additionally, the closed human eyelid functions as a long-pass fil-
ter favoring the transmission of red light over blue light (Moseley
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Figure 3: Eyelid transmittance. Redrawn from (Moseley et al. 1988).

et al. 1988; Robinson et al. 1991; Ando and Kripke 1996) as shown in
Figure 3. The eyelid functions as a filter analog to the fly screening
pigments (see sub 4.1.4 later) that favor the conversion of metarho-
dopsin to rhodopsin state. Bright light transmitted through eyelids
can elicit physiological responses such as suppress melatonin secre-
tion (Hätönen et al. 1999), but the light transmitted through eyelids
at night when sleeping most likely won’t have significant physiolog-
ical responses (Kantermann and Roenneberg 2009) even though in-
creased nocturnal artificial light have been linked to decreased sleep
quality (Forejt et al. 2004). Additionally, even the dim red light could
regenerate the “meta-melanopsin” back to the responsive “R state”
partly explaining the positive responses from “dawn simulator” stud-
ies (Leppämäki et al. 2003; Van De Werken et al. 2010; Fromm et al.
2011), thus the melanopsin system (see Section 2.4 later) being the
most responsive then upon dawn as suggested by Mure 2009.
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Figure 4: Anatomy of the eye. (A) Superior view of transverse section of
right eyeball. (B) Sagittal view of the eye. (Tortora and Derrickson
2008)
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2.3 classical visual phototransduction

The spectrum of light that is visible to humans and most other mam-
mals spans wavelengths of ~400–700 nm. Humans with normal color
vision can distinguish many thousands of colors (Krauskopf and Karl
1992; Neitz and Neitz 2008) which is achieved by comparing signals
from three types of cone photoreceptors. These are differentially sen-
sitive (Merbs and Nathans 1992) to short (S, ~430 nm), medium (M,
~530 nm) and long (L, ~560 nm) wavelengths (much like Bayer array
in modern digital cameras, Bayer 1976), but whose tuning is broad
enough that each responds to light throughout much of the visible
spectrum. The presence of three types of cone photoreceptor makes
human color vision ‘trichromatic’. Vision is dichromatic when there
are two types of color sensitive detectors as in some color blind hu-
mans (see simulation in Wong 2011). The extreme example in animal
kingdom are the mantis shrimps having up to 14 (check) different
photopigments (Cronin et al. 2002). There are three kinds of human
dichromacy: protanopia (lacking the L-cones), deuteranopia (lacking
the M-cones), and tritanopia (lacking the S-cones). In addition to the
cone photoreceptors, the human retina contains rod photoreceptors
with the photopigment rhodopsin, that are mediating the vision in
dim light (scotopic) conditions (Makous 2004). In older literature, the
S-, M- and L-cone pigments have been referred as cyanolabe, chloro-
labe and erythrolabe, respectively; and the rhodopsin as visual pur-
ple.

Cones are arranged to a triangular photoreceptor mosaic which is
a seemingly randomly organized in regard to the different cone types
(Curcio et al. 1990; Roorda and Williams 1999). The average human
retina contains 4.6 million cones, and 92 million rods (Curcio et al.
1990), the mosaic being dominated by L- and M-cones with the S-
cones being in a minority (5–10% of all cones, Calkins 2001). The cen-
tral retina, fovea, contains the highest density of cones (Curcio et al.
1990), thus also corresponding to the region of highest visual acu-
ity (Navarro et al. 1993; Rossi and Roorda 2010). In the fovea, there
is additionally a small rod-free zone of a size ranging from 0.85 de-
grees (Ahnelt et al. 1987) to 1.25 degrees (Curcio et al. 1990), the rod
densities increasing towards the peripheral retina. Recently, the cone
packing density was shown to decrease with aging (Song et al. 2011).
Amongst human individuals, the L:M-cone ratio varies between 1:4
and 15:1 without loss of normal color vision (Carroll et al. 2002),
with the similar variation is seen in New World monkeys (Jacobs and
Williams 2006). Despite this large variation, total information repre-
sented by the cone mosaic seem to remain relatively insensitive to
changes in L/M cone ratio (Garrigan et al. 2010).

Human retina has a scotoma called “blind spot”, corresponding to
patch (situated ~12–15° temporal and ~1.5° below the horizontal, of a
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size ~7.5°× 5.5°) lacking of light-detecting photoreceptor cells on the
optic disc of the retina where the optic nerve passes through it. This
is compensated in practice filled-in by the visual system (Komatsu
2006; referred as inpainting in computer vision Bertalmio et al. 2000).

In turn, the photoreceptors are connected to a network of other
retinal cell types with a recent estimate of the retinal network being
composed of at least 50 clearly distinct cell types (Masland 2001; Gol-
lisch and Meister 2010; Azeredo da Silveira and Roska 2011; Masland
2011). The simplified schematic of the retinal circuitry for perceptual
vision is shown in Figure 5. The retinal circuit is composed of five ma-
jor classes of neurons within a layered structure: outer nuclear layer
(ONL); OPL, outer plexiform layer (OPL); inner nuclear layer (INL);
inner plexiform layer (IPL); and ganglion cell layer (GCL). Addition-
ally, there is pigment epithelium (RPE) that serves for providing nutri-
ents for the retinal cells important in regeneration of visual sensitivity
(Wang and Kefalov 2011).

Rod and cone photoreceptor cells transduce light into electrical
signals and synapse onto bipolar and horizontal cells. Rod photore-
ceptors mediate night (scotopic) vision; cone photoreceptors mediate
daylight (photopic) vision. Bipolar cells integrate and convey pho-
toreceptor signals to retinal ganglion cells (RGCs) and amacrine cells.
Horizontal cells perform lateral processing by interacting with bipo-
lar and photoreceptor cells; amacrine cells perform lateral processing
by interacting with bipolar cells and RGCs. RGCs transmit visual in-
formation, in the form of spatiotemporal patterns of action potentials
brain.

Each major retinal cell class consists of multiple cell types dis-
tinguished by morphology, connectivity, and light response proper-
ties. Thus the “retinal circuit”’ can be be considered to consist of
many “microcircuits” instead of one big circuit (Dacey 1999). For
example, by anatomical and molecular criteria ganglion cell types
number about 15-17 in mammalian retina (Wässle 2004; Field and
Chichilnisky 2007; Berson 2008; Masland 2011), whereas the func-
tional studies typically reveal around 5 (Carcieri et al. 2003). The
anatomical diversity suggests that there is much function left to be
discovered in the human retina (Gollisch and Meister 2010) as the dis-
covery of intrinsically photosensitive retinal ganglion cells (mRGCs)
demonstrated (Berson et al. 2002, see Section 2.4).

2.3.1 Visual fields

Human visual field is typically divided into four areas which are
superior (upper), inferior (lower), nasal (closer to the nose) and tem-
poral fields (away from nose, peripheral), which correspond to lower,
superior, temporal and nasal parts of retina, respectively as the exter-
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Figure 5: Schematic illustration of the primate retina in cross-section. In
general, the processes of on bipolars terminate in the inner lay-
ers of the IPL and synapse on to on RGCs (green); similarly, off
bipolars stratify in the outer layers and synapse on to off RGCs
(red). Some RGCs stratify in more than one layer of the IPL and
receive input from both on and off bipolars (yellow). Bipolar cells,
amacrine cells, and RGCs make cell-type specific contacts in differ-
ent sublayers of the IPL, which contribute to shaping RGC light re-
sponses. Five major circuits, including on and off midget bipolars
synapsing on midget RGCs, on and off diffuse bipolars synapsing
on parasol RGCs, and S cone bipolars synapsing on small bistrat-
ified cells are shown in detail (left). (Right) Shown are two ele-
ments of rod pathway circuitry (Arshavsky 2002): the synaptically
connected A2 amacrine cell and rod bipolar cell. Several bipolars,
amacrines, and RGCs are shown with truncated and/or discon-
nected processes to indicate uncertainty about their morphology
and connectivity.
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Figure 6: Projection of the binocular field of view onto the two retinas.
(Purves 2008)

nal image is inversed on the retina. These four areas these then form
four quadrants termed upper temporal, upper nasal, lower temporal
and lower nasal quadrants. Binocular visual field is larger than either
of the monocular visual fields alone. Forehead, nose and cheeks limit
visual field so that it is larger horizontally than vertically. Binocular
visual field is horizontally about 190°, and below the horizontal level
about 70-80° and above 50-60° (Purves 2008). However, visual process-
ing is not uniform across the visual field: 25% of cortex is devoted to
the central five degrees of the field of view. There is evidence point-
ing differential function for the lower and upper fields (Previc 1990;
Corbett and Carrasco 2011), as also seen in NIF-responses such as
melatonin suppression (2.4.6) and pupillary light reflex (3.2.1).

2.3.2 Spectral sensitivity

The spectral sensitivity of human vision was first measured through
psychophysical experiments in the early part of this century (for early
references see e.g. Hecht et al. 1942; Crawford 1949; and for recent
overview Stockman et al. 2008). The recent studies in animals have
used microspectrophotometry (Govardovskii et al. 2000) as the tech-
nique of choice. Microspectrophotometry allows high-resolution spec-
tral sensitivity functions to be derived from measurements, in com-
parison to psychophysical methods in humans yielding coarser spec-
tral resolution. The derived spectral sensitivity spectra are referred
also as action spectra emphasizing the “task-dependency” of the spec-
tral sensitivity, for example how bright does a surface look as a func-
tion of light wavelength as with photopic luminosity efficiency func-
tion V(λ) (Sharpe and Stockman 2008).

The spectral sensitivity of a mammalian photoreceptor is deter-
mined by a protein coined as opsin that the photoreceptor expresses.
Opsins are located in the outer segments (OS) of rods and cones (see
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Figure 5) bound to a molecule called chromophore (Wald 1964) that
changes its conformation upon absorbing light. The chromophore in
human rods and cones is 11-cis-retinal which is an aldehyde of Vi-
tamin A1. After absorbing a photon, the photopigment undergoes
photoactivation and “bleaches” to opsin and all-trans-retinal (Wald
1968), in other words the photopigment optically decolorizes with
a reduced optical density (see 2.3.3). The classical equation used to
describe the steady-state bleaching relation was the rectangular hy-
perbola derived by Stiles and Crawford 1932 for rhodopsin. This was
later shown to provide a poor fit for the cone bleaching data (Valeton
and van Norren 1983), and subsequently improved by Reeves et al.
1998 and Mahroo and Lamb 2004.

The spectral sensitivity of this compound is determined by the
sequence of amino acids that make up the opsin protein. The peak
wavelength sensitivity of the given pigment is the most sensitive to,
is referred as the λmax value of the pigment. There are no known
rhodopsin polymorphisms (Sung et al. 1991) effecting its peak spec-
tral sensitivity. This is contrast to the cones, with an evidence for a
long-wavelength cone polymorphism (Neitz and Jacobs 1986; Deeb
2006; Neitz and Neitz 2011) in human observers with normal visual
function. Dartnall et al. 1983 additionally found bimodal distributions
for the peak spectral sensitivities for both M-cones (~533.7 nm and
~527.8 nm) and L-cones (~563.2 nm and ~554.2 nm), while distribu-
tions were found to be unimodal for rods (~496.3 nm) and S-cones
(~419.0 nm) using microspectrophotometry for removed human reti-
nas due to malignant growths.

The shape of the spectral absorption of all opsins with different
λmax can be expressed using a specific spectral template referred
commonly as a “nomogram”. The earliest nomogram was defined
by Dartnall 1953 later found only suitable for visual pigments with a
λmax ≈ 500 nm (Stavenga et al. 1993). Later modifications were made
by MacNichol 1986, Baylor et al. 1987 and Lamb 1995 among others,
the current “state-of-the-art” nomogram being defined in analytical
form by Govardovskii et al. 2000. To date however, no comprehensive
physical theory exists for the relation between molecular structure
and absorbance characteristics, and the nomogram depend wholly on
empirical curve-fitting to the recorded data. The shape of the nomo-
gram is not strictly speaking invariant either, but depend on the tem-
perature (Koskelainen et al. 2000) and the density of the visual pig-
ment referred as the self-screening effect (Packer and Williams 2003)
analyzed more thoroughly in 2.3.3.

In practice, there is no way of identifying a “true” peak in noisy
data without assumptions on the shape of the underlying function.
Thus, the “wavelength of maximum absorbance” λmax is always a pa-
rameter of fitting data with a certain predetermined template, and,
as such, depends of what template is used (cf. Levine and MacNi-
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Figure 7: Spectral sensitivities of human vision (A) Corneal spectral sensi-
tivities with the cone sensitivities, V(λ) and V′(λ) from the tabu-
lated values of Stockmann and Sharpe. The “melanopic sensitivity”
is given by Enezi et al. 2011. (B) Retinal spectral sensitivities gen-
erated using the nomogram of Govardovskii et al. 2000, with the
peak spectral sensitivities given in legend.
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Figure 8: The absorbance spectrum of an exemplary vertebrate rhodopsin
(λmax~ 500 nm), considered as a sum of absorbance bands, indi-
cated by alpha (α), beta (β), gamma (γ), sigma (σ) and epsilon
(ǫ) normalized to the peak absorbance of the alpha-band (after
Stavenga and van Barneveld 1975). (Stavenga 2010).

chol 1985). For this reason, different authors may give significantly
different λmax values for the same visual pigment and this need not
indicate any real differences (e.g. genetic polymorphism) or inaccu-
racy of data. In general, the high accuracy in knowing the location of
a “true” maximum is unimportant as such, since the peak is so broad
that curves may be significantly shifted without experimentally mea-
surable changes in absorbance at this spectral location (Govardovskii
et al. 2000).

In addition to the “main band” of the nomogram (α-band), there
are sidelobes in shorter wavelengths as illustrated in Figure 8 of which
the β-band was included with the main band in the original formula-
tion of Dartnall 1953 and later separated to analytical formulations of
α-band and β-band in Govardovskii et al. 2000. The effect of β-band
in human photoreception is limited due to ocular media filtration as
shown in 2.2.3, but it has been shown to contribute to visual per-
ception in humans without crystalline lens [aphakic or pseudophakic
subjects, (Griswold and Stark 1992; Tan 1971; Goodeve et al. 1942)].
Due to the uncertainty in the short-wavelength range caused by the
β-band and the pre-receptoral filtering, the nomogram has been tra-
ditionally fitted (proposed first by Dartnall and Lythgoe 1965 ) to
the long-wavelength limb (“λ0.5 equation”), which has a near-linear
slope when plotting the sensitivity in logarithmic units (MacNichol
1986; Govardovskii et al. 2000).

2.3.3 Self-screening

The dependence of the photopigment spectrum on optical density
(OD) is known as self-screening. As photons of many wavelengths
pass axially through the photoreceptor, those of wavelength close to
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the peak sensitivity of the photopigment are absorbed more superfi-
cially leading to broadening of the photopigment spectral sensitivity
as light passes deeper in photoreceptor (Figure 9A). In other words,
the wavelengths outside the peak wavelength are over-represented
as photons deeper in the photoreceptors [see Figure 9B (Warrant and
Nilsson 1998)]. The spectrum of the photopigment contained in an
outer segment of a particular length can be calculated from the Beer–-
Lambert law (e.g. Sassaroli and Fantini 2004):

t(λ) = 10−dce(λ) (7)

where t is the proportion of incident light transmitted (transmit-
tance) as a function of wavelength (λ), d is the path length through
the pigment, c is pigment concentration and e is the absorbance (ab-
sorptivity the original word) of the pigment as a function of wave-
length (λ). Alternatively the effect can be expressed as a function of
the spectral sensitivity (Lamb 1995):

S(λ)ss = log10

{

1 −
[

S(λ) ·
(

1 − 10−D
)]

−D

}

(8)

where S(λ)ssis the spectral sensitivity corrected for self-screening,
S(λ)is the normalized spectral sensitivity of the visual pigment ob-
tained for example using the analytical nomogram by Govardovskii
et al. 2000, D is the density of the pigment in logarithmic units (OD,
optical density), Table 5 listing the values from the literature for dark-
adapted human visual pigments.

In practice, differential pigment densities for example in two cones
expressing the same photopigment will lead to the photoreceptors
having different spectral sensitivities. This has been suggested to be
the case in anomalous trichromats (having all three different cones,
but with the M and L cone sensitivities overlapping) with the ability
for trichromatic color discrimination due to higher L cone pigment
density than the M cone pigment density (termed L’ in deuteranoma-
lous observer). Depending on the photoreceptor optics, the final spec-
tral sensitivity of the photoreceptor can be different than for the pho-
topigment, as suggested in humans with high illuminance affecting
the spectral waveguide properties (Alpern et al. 1987; Fuld et al. 1979)
of the cones. The effect of self-screening on spectral sensitivity have
been the most studied in color matching experiments, in which a
“color-match illuminance effect” has been shown (Wright 1936; Burns
and Elsner 1985) due to the bleaching of the photopigment (reduced
optical density) in response to the experimental light stimulus (Burns
and Elsner 1993). Thus, the effect of optical density becomes more
significant with increased light intensity and should be taken into
account when fitting nomogram models to experimental data with
assumed contribution from multiple photoreceptors.
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Figure 9: Self-screening effect. (A) Percentage absorption spectra of various
concentrations of photopigment with both alpha and beta-bands
included (Govardovskii et al. 2000). For convenience in compar-
ing the shapes of the curves, their maxima have all been equated
to 1 and superimposed. The actual fraction absorbed at the max-
imum is shown for each curve. It is apparent that with increas-
ing concentration the absorption curve steadily increases in width
(B) An illustration of self-screening in a photoreceptor 800 μm
long. The absorbance peak wavelength (λmax) of the resident vi-
sual pigment is taken as 500 μm. In the distalmost 100 μm, the
absorption spectrum resembles the absorbance spectrum. In suc-
cessively more proximal 100 μm segments (as indicated at right),
the absorption spectrum becomes more bi-lobed in appearance,
the lobes displacing further from λmax with increasing depth. The
wavelengths within the lobes are the only wavelengths remaining
which can still be absorbed, with wavelengths around λmax having
already been strongly attenuated. This self-screening significantly
widens the spectral sensitivity of the photoreceptor (Warrant and
Nilsson 1998). Note that the 800 μm is very exaggerated example
for photoreceptor length, the human rod photoreceptor being ~25
μm (Pugh and Lamb 2000) and the cone photoreceptor ~13 μm
(Baylor et al. 1984). The longest known photoreceptor has been
found in dragonfly being ~1,100 μm (Labhart and Nilsson 1995).
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2.3.4 Spectral Opponency

Counterintuitive to the existence three spectral classes of cone pho-
toreceptor (2.3.2), there seems to be four unique color hues in hu-
man vision - blue, green, yellow, and red (Bornstein 1973). The four
unique hues arise from opponent pairs formed in the post-processing
pathway between the photoreceptors and the brain, termed blue/yel-
low (B/Y) and red/green (R/G) channels (Chatterjee and Callaway
2003; Stockman et al. 2005; Solomon and Lennie 2007). The oppo-
nency (or mutual exclusivity) refers to the inability to simultaenously
perceive blue and yellow, or red and green. In a simplified model of
color opponency, the signal from blue-yellow channel is expressed
as B/Y = ksS − (kM M + kLL), an antagonistic combination of S-cone
signal (S) with the additive signal from R/G-channel (M + L), the
k being the scaling constant for magnitude of the spectral sensitiv-
ities. For the red-green channel, the combination can be expressed
as R/G = (kLL + kSS)− kM M, an antagonistic combination of addi-
tive signal of L and S-cones (L + S) and M-cone signal (M) (Calkins
2003). The peak of spectral sensitive of the yellow signal of the B/Y-
channel is “formed” at ~570-580 nm (unique yellow) due to cancella-
tion L- and M-cone terms in the L/M-pathway. Another neutral point
is formed similarly near 500 nm when B- and Y-signal terms cancel
each other. Despite of individual and spatial variations in relative
S/M/L-cone numbers, the neutral points have been shown to be re-
markably invariant as a function of retinal eccentricity (Hibino 1992),
color discrimination functioning similarly in fovea and in peripheral
retina (Webster et al. 2010). The color perception of different hues ap-
pear to depend on statistical sampling of the mosaic (Brainard et al.
2008a; Garrigan et al. 2010) instead of linear combination of different
channels as in RGB color systems (Gonzalez and Woods 2002).

In previous section (2.3.2), the cone signals were considered to be
summed linearly to produce a “apparent brightness” sensation as
formulated by the photopic luminous sensitivity V(λ). This linear as-
sumption termed univariance (Naka and Rushton 1966; Mitchell and
Rushton 1971; Rushton and Powell 1972) holds for rod photorecep-
tion [defined by scotopic luminous sensitivity V ′(λ)] which fulfills
the requirement of any system of photometry, which is that the lu-
minous efficiency of any mixture of lights is the sum of the efficien-
cies of the components of the mixture; otherwise known as Abney’s
Law (Abney and Festing 1886; Abney 1913). The original CIE pho-
topic 1924 V(λ) was seriously in error, underestimating the short-
wavelength sensitivity and being limited only to certain tasks (see
Stockman et al. 2008 for discussion). New improved photopic spectral
sensitivities for normal observers [V∗(λ), Sharpe et al. 2005; 2010] and
for aged observers (Sagawa and Takahashi 2001; Sarkar et al. 2011)
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have been proposed to reduce the errors in spectral sensitivity, while
not being able to predict the non-additive chromatic interactions.

In specific responses [see 3.3.4 for pupillary light reflex (PLR)],
the non-additive nature of cone-pathways can be shown, in practice
broadening the spectral sensitivity with possible added notches and
humps of spectral sensitivity (Stiles and Crawford 1933; Thornton
and Pugh 1983; Kurtenbach et al. 1999). The so-called Sloan’s notch
(Sloan 1928; Kimura and Young 1995 in PLR) occurs when the “tar-
get” (stimulus) wavelength produces the same chromatic signal as
the “background light” used for adapting the observer, so the stimu-
lus is detected by less sensitive achromatic pathway. In contrast, the
humps occur when the target stimulus produces a large chromatic
signal with respect to the background. Common way to quantify the
chromatic signal strength, is to to use cone contrast space (Smith
and Pokorny 1996) as used for example with PLR (Tsujimura et al.
2006; Kimura and Young 2010), which simply relates the change in
chromatic signal between target and the background cone excitation
(△Ltarget/Ladapt, L referring to L-cones).

Similar chromatic mechanisms are found in lower vertebrates (Ja-
cobs 1993), with the most extreme example occurring in the parietal
eye of lizards, in which two visual pigments are co-expressed in the
same photoreceptor requiring no post-receptoral cells for the oppo-
nent mechanism (Solessio and Engbretson 1993). This organization of
“internal opponency” has been functionally linked to mediating the
organism’s responses to dawn and dusk (Solessio and Engbretson
1993; Su et al. 2006). Finally, chromatic opponency has been linked to
non-image forming (NIF) responses (see below Section 2.4) in anatom-
ical studies (Dacey et al. 2005), in melatonin suppression studies (see
1.2.2, Figueiro et al. 2005; 2004; 2008; Revell et al. 2010), and in PLR
studies (see 3.3.3, Kimura and Young 1996; 2010).

2.3.5 Irradiance ranges

The visual system is able to operate from starlight to bright sunlight;
over a change in illumination by more than a factor of 10¹¹, despite
the limited (approximately 10²) dynamic range of the retinal ganglion
cells (Fain et al. 2001). Figure 10 illustrates the range of illumination
levels to which the human eye is exposed, from absolute rod thresh-
old and the detection of a few photons to levels that bleach almost
all of the photopigment. The range is divided into three regions (sco-
topic, mesopic, photopic) according to which types of photoreceptor
are functioning. The boundaries between different irradiance ranges
are loosely defined as there are contradictions in the literature of how
high light levels rod still function (Makous 2004). Spectral sensitiv-
ity measurements in man have shown pronounced rod activity up to
high luminances in the retinal periphery (Stabell and Stabell 1981),
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significant rod input up to 1000 (Kurtenbach et al. 1999) trolands ex-
trafoveally Yeh et al. 1995, rod input to both parvocellular and magno-
cellular cells up to 600 td at eccentricities larger than 18 degrees Weiss
et al. 1998 with the rod input increasing with eccentricity. Lee et al.
1997 found that macaque parvocellular cells between 3 and 15 deg
eccentricity show rod input up to 2 td, whereas magnocellular cells
are rod dominated up to 20 td with some cells even show rod input
up to 2000 td. The similar behavior of cone-rod weights as a function
of retinal eccentricity was found with humans using psychophysical
tools (Raphael and MacLeod 2011).

Furthermore, the duplicity theory proposed in early studies (Hecht
et al. 1935) of independent function of rods and cones act indepen-
dently has been shown to be incorrect in recent. Dark-adapted rods
have shown to suppress the cone activity (Goldberg et al. 1983; Heikki-
nen et al. 2011), and the signals from rods and cones being shown to
summate especially in mesopic vision conditions (Naarendorp et al.
1996). Alexander and Kelly 1984 have reported that excitation of cones
moves rod saturation to lower values, this being hypothesized to be
due to the leakage of cone signals into the rods through the gap junc-
tions (Schneeweis and Schnapf 1995). This increased rod saturation
was shown to be even stronger when flashing the background instead
of a steady background adapting field (Adelson 1982).

2.3.6 Ciliary kinetics

In addition to spectral tuning differences of rods and cones, their
response speed (i.e. kinetics of the response) differ significantly. In
cones, a rapid response is crucial in detecting fast events in daylight,
whereas rods need to provide visual information in dim light con-
ditions with longer integration times. In cones, the light response
signalled via transducin molecule (Govardovskii and Firsov 2011) is
rapidly terminated resulting an improved temporal resolution. The
shut-off of activated photopigment/transducin in mammalian cones
is 400-fold faster than that in mammalian rods (approx. 40 ms; cf.
14,000 ms), and this rapid shut-off has been suggested to account for
the ability of mammalian cones to avoid saturation, no matter how in-
tense the steady light becomes (Lamb and Pugh 2006; Lobanova et al.
2010; Reuter 2011).

Furthermore, a rod recovers from intense bleaching light exposures
far more slowly than does a cone . Indeed, upon extinction of steady
illumination bleaching 90 per cent of the visual pigment, the time
for complete recovery of circulating current in mammalian photore-
ceptors is around 20 min in a rod (Thomas and Lamb 1999) , but
only 20 ms in a cone (Kenkre et al. 2005). This difference, a factor of
60 000-fold, is the greatest known difference in properties between
mammalian rod and cone photoreceptors (Lamb 2009). Additionally,
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Figure 10: Illumination levels. Typical ambient light levels are compared
with photopic luminance (log cd m)2), pupil diameter (mm), pho-
topic and scotopic retinal illuminance (log photopic and scotopic
trolands respectively) and visual function. The scotopic, mesopic
and photopic regions are defined according to whether rods
alone, rods and cones, or cones alone operate. The conversion
from photopic to scotopic values assumed a white standard CIE
D65 illumination. (Stockman and Sharpe 2006)

the half-recovery of the cone current occurs at least 5000-fold (100

s/20 ms) faster than half-regeneration of cone pigment (Mahroo and
Lamb 2004), indicating the immunity of cone’s circulating current
level to presence of bleached pigment (opsin) and to intermediate
photoproducts (Schnapf et al. 1990; Wang and Kefalov 2011; see 4.5.1
for significance of intermediate photoproducts).

Although pigment regeneration has generally been assumed to pro-
ceed as a first order process (Mahroo and Lamb 2004), the finding of
a shorter time constant after smaller bleaches is not consistent with
this assumption, and Paupoo et al. 2000 suggested that recovery may
instead be ‘rate-limited’, so that after a large bleach regeneration pro-
ceeds approximately linearly with time. Mahroo and Lamb 2004 de-
fined the recovery for both rod and cone photoreceptors using the
following rate-limited expression:

P(t) = 1 − KmW

{

B

Km
exp

(

B

Km

)

exp

(

1 + Km

Km
υt

)}

(9)

where the Km is the Michaelis constant, W(t) denotes the Lambert
W function (e.g. Corless et al. 1996, Matlab code given in Mahroo
and Lamb 2004) as the function that satisfies W(t)eW(t)W(t) = t, and
where B is the initial value of P, B is the initial bleaching level, t

is the time, υ denotes the initial rate of recovery following a total
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bleach. The parameter values are different naturally for cone and rod
phototransduction, see Mahroo and Lamb 2004 and Lamb and Pugh
2004 for parameter estimates, detailed discussion and mathematical
expression for bleaching kinetics.
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2.4 non-visual phototransduction

While the role of the mammalian eye in detecting light for vision has
long been known, it has only recently emerged that the eye performs
a dual role in detecting light also for a range of behavioral and phys-
iological responses that are distinct from sight (reviewed for exam-
ple by Lockley and Gooley 2006; Van Gelder 2008; Hatori and Panda
2010; Benarroch 2011; Pickard and Sollars; Provencio and Warthen
2012). Light-dependent phenomena were shown to be preserved in
blind mice lacking rods and cones, including synchronization of the
circadian clock to light–dark cycles and suppression of production of
melatonin from the pineal gland by light observed at night (Lucas
and Foster 1999, Lucas et al. 1999). In humans, light remained effec-
tive in suppressing pineal melatonin secretion and entraining the cir-
cadian clock in some people who were blind from severe loss of rods
and cones, without impinging on conscious perception (Czeisler et al.
1995), or with “conscious perception” similar to ’blindsight’ reported
by Zaidi et al. 2007.

Screening the photosensitive dermal melanophores of Xenopus lae-

vis, Provencio et al. 1998 discovered an opsin that they named mela-
nopsin (referred also as opn4). Soon after its discovery, melanopsin
was localized to a small subset (1–2%) of retinal ganglion cells (RGCs)
in the rodent eye (Gooley et al. 2001; Hattar et al. 2002; Provencio et al.
2000; 2002). The novel photosensitive cells were referred as intrin-
sically photoreceptive retinal ganglion cells (ipRGCs) (Berson et al.
2002) which is still used along with melanopsin-containing RGCs
(mRGCs) and photosensitive RGCs (pRGC) meaning the same thing.
To avoid confusion with possibly other photosensitive RGCs (opn5,
Nieto et al. 2011), the cells are from now on referred as mRGCs in
this work. In the macaque-monkey retina (Dacey et al. 2005), there
are 3,000 mRGCs, constituting even smaller subset 0.2% of the total
RGC population (~1.5 million in humans) compared to rodents, with
an estimate of 0.2% to 0.8% of all ganglion cells in the human retina
(Hannibal and Fahrenkrug 2004; Dacey et al. 2005). The spectral sen-
sitivity of the newly light sensitive cells (e.g.Koyanagi et al. 2005; Qiu
et al. 2005; Panda et al. 2005, and an excellent review on mRGCs by
Do and Yau 2010), was to found to be around 480 nm, closely matches
that of the different melanopsin dependent responses studied as re-
viewed more closely in 2.4.2.

2.4.1 Retinal circuitry

Opposed of being one homogeneous group of mRGC as thought
initially (Berson et al. 2002; Hattar et al. 2002), recent research in-
dicates that mRGCs consist of several subtypes that are morphologi-
cally and physiologically distinct as reviewed by Schmidt et al. 2011.
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Current knowledge (Schmidt et al. 2011) suggests the existence of six
distinct mRGC subtypes referred as M1Brn3b+, M1Brn3b- M2, M3, M4

and M5 with the suffix M referring to melanopsin . The subtypes
can be for example classified either by their morphology and projec-
tions (illustrated in Figure 11); or by their physiology. The most well-
characterized subtypes are the M1 mRGCs and the M2 mRGCs. M1

mRGCs were the types originally characterized (Berson et al. 2002),
stratifying the outermost sublamina of the IPL and recently further
sub-categorized to M1Brn3b+and M1Brn3b- (based on Brn3b marker ex-
pression) with differential brain projections (Chen et al. 2011). The M2

mRGCs which stratify in the innermost sublamina of the IPL (Baver
et al. 2008, Berson et al. 2010, Schmidt and Kofuji 2009, Schmidt et al.
2008). The bistratified M3 mRGCs, with dendrites in both inner and
outer sublaminae, have been only recently characterized (Schmidt
and Kofuji 2011b). M4 cells have the largest soma of any described
mRGC subtype, as well as larger and even more complex dendritic
arbors than M2 cells (Ecker et al. 2010). By contrast, M5 mRGCs have
small, highly branched arbors arrayed uniformly around the soma
(Ecker et al. 2010). In overall, the characteristics of these M4 and M5

are poorly understood compared to other subtypes (Ecker et al. 2010;
Schmidt et al. 2011). The photoresponse characteristics of different
subtypes are further reviewed in 2.4.3.

Based on the stratification patterns of the mRGC subtypes (M1,
OFF; M2, M4 and M5, ON; M3, ON/OFF), the prediction is that
M1 cells would receive synaptic inputs from the OFF pathway, M2,
M4, and M5 cells would receive input from the ON pathway, and
M3 cells would receive input from both the ON and OFF pathways.
Contrary to this expectation, both ON (i.e. M2), OFF (i.e. M1), and
ON-OFF-stratifying (i.e. M3) mRGC subtypes receive predominantly
ON-input (Pickard et al. 2009, Schmidt and Kofuji 2010), although, a
very weak OFF input to M1 cells has been reported, but only under
pharmacological blockade of amacrine cell inputs (Wong et al. 2007).
Anatomical studies have revealed the source of this unusual synaptic
input: ON bipolar cells make en passant synapses with M1 mRGC den-
drites that stratify within the OFF sublamina of the IPL (Dumitrescu
et al. 2009, Grünert et al. 2010, Hoshi et al. 2009). M1 mRGC den-
drites also colocalize with dopaminergic amacrine cells (Dumitrescu
et al. 2009,Vugler et al. 2007). Dopaminergic amacrine cells were re-
cently implicated in guiding M1 cell dendrites to the OFF layer of the
IPL (Matsuoka et al. 2011). Previous observations have also suggested
that mRGCs signal back to dopaminergic amacrine cells in the oppo-
site direction of classical retinal circuits. The function of this unusual
reverse signaling between M1 mRGCs and dopaminergic amacrine
cells is unknown. The unexpected findings concerning M1 connectiv-
ity indicate that mRGC circuitry in the retina is far more complex
than previously appreciated (Schmidt et al. 2011).
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Figure 11: Schematic diagram illustrating the connectivity and location of
the five distinct morphological subtypes (M1-M5) of mRGCs and
projections to their predominant targets in the brain. For simplic-
ity, M1 mRGCs displaced to the INL Hattar et al. 2002] are not
depicted in this diagram. M1 mRGCs stratify in the OFF sub-
lamina (red); M2, M4, M5, stratify in the ON sublamina (blue);
and M3, stratify in the ON and OFF sublamina (purple) of the
IPL of the retina. M4 mRGCs have the largest cell body size, and
M1 cells have smaller body size than M2-M4 cells [Schmidt and
Kofuji 2009,Ecker et al. 2010,Schmidt and Kofuji 2011b]. The cell
body size of M5 is not known (dotted line). The proportion of
ON and OFF stratification in M3 mRGCs varies considerably be-
tween cells Schmidt and Kofuji 2011b. Recent findings suggest
that the M1 subtype consists of two distinct subpopulations that
are molecularly defined by the expression of the Brn3b transcrip-
tion factor Chen et al. 2011. Red dots indicate synaptic connec-
tions for which both functional and anatomical evidence exists
(Viney et al. 2007; Belenky et al. 2003; Schmidt and Kofuji 2010;
Dumitrescu et al. 2009; Hoshi et al. 2009). Blue dots indicate
synaptic connections for which either functional or anatomical ev-
idence exists [Ecker et al. 2010; Schmidt and Kofuji 2011b; Zhang
et al. 2008; Ostergaard et al. 2007]. mRGC subtypes project to dis-
tinct non-image and image-forming nuclei in the brain [Hattar
et al. 2006; Ecker et al. 2010]. M1 cells predominantly project to
non-image forming centers such as the suprachiasmatic nucleus
(SCN) to control circadian photoentrainment and the shell of the
olivary pretectal nucleus (OPN) to control the pupillary light re-
flex. M3 brain targets are completely unknown at this time. M2,
M4 and M5 are included together because no specific genetic
marker exists for a single subtype. Collectively, they project to
image forming areas in the brain such as the lateral geniculate
nucleus (LGN) and the superior colliculus (SC), but also to the
core of the OPN of which no specific function is assigned to this
brain region [Ecker et al. 2010; Brown et al. 2010]. Retrograde
analysis confirms that M2 cells project minimally to the SCN and
strongly to the OPN Baver et al. 2008. Figure from Schmidt et al.
2011
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The mRGCs send their axons to well over a dozen regions in the
brain (see for example reviews by Saper et al. 2005a; Lockley and Goo-
ley 2006; Vandewalle et al. 2009 and Do and Yau 2010). Most notable
among these are the SCN (the master circadian clock (Moore and
Eichler 1972, Colwell 2011)), the intergeniculate leaflet [IGL, a center
for circadian entrainment in rodents (Muscat and Morin 2006); corre-
sponding structure in humans (Vandewalle et al. 2009) is ventral lat-
eral geniculate nucleus (vLGN)], the olivary pretectal nucleus (OPN,
a control center for the pupillary light reflex (Clarke et al. 2003a)], the
ventral subparaventricular zone [vSPZ, implicated in “negative mask-
ing” , or acute arrest of locomotor activity by light in nocturnal ani-
mals (Mrosovsky 1999, Thompson et al. 2008)), and the ventrolateral
preoptic nucleus [VLPO, a control center for sleep (Saper et al. 2005a)].
Other projections that are more enigmatic in function include those to
the lateral habenula and amygdala (Hattar et al. 2006). Interestingly,
the axon of a single melanopsin cell in hamster can branch and inner-
vate at least two different brain regions, suggesting some common
information being transmitted for different behaviors (Morin et al.
2003).

2.4.2 Spectral sensitivity

Studies of the spectral sensitivity of the novel photopigment point to
a retinal peak spectral sensitivity (λmax) at the blue region of visible
light around ~480 nm (see Table 1). The two exceptions by Newman
et al. 2003 and Melyan et al. 2005 with shorter wavelength peaks.
There is consierable amount of literature on the quest for spectral
sensitivity of melanopsin, and interested reader is recommended for
example the reviews by Brainard and Hanifin 2005, and Do and Yau
2010. There have been efforts for creating a standardized “circadian
/ NIF” sensitivity function for non-image forming visual responses
(e.g. Gall and Bieske 2004; Weber et al. 2004; Rea et al. 2005; TC6-62;
Rea 2011b; Kozakov and Schoepp 2011). In 2011, in Germany an effi-
ciency function C(λ), first introduced by Gall 2004, Gall and Bieske
2004, was standardized by DIN as the unit to measure “circadian”
efficiency of light source (Lang 2011) based on the melatonin sup-
pression action spectra by Thapan et al. 2001 and Brainard et al. 2001.
Recently, Enezi et al. 2011 introduced a “melanopic action spectrum”
based on the λmax~ 480 nm peak sensitivity and a nomogram by Go-
vardovskii et al. 2000. The obtained spectral sensitivities from recent
studies are summarized in Table 1.
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Table 1: Summary of obtained spectral sensitivities for NIF-responses. Mod-
ified from Brainard and Hanifin 2005 and Mure 2009.

Species
Measure λmax References

Mouse rd cl
PLR 479 Lucas et al. 2001

Mouse rd cl
Phase shift 481 Hattar et al. 2003

Rat WT
mRGC light response 484 Berson et al. 2002

Macaque
mRGC light response 482 Dacey et al. 2005

Macaque
PLR 482 Gamlin et al. 2007

Human
Melatonin suppression 460, ~477* Brainard et al. 2001

Human
Melatonin suppression 460, ~480* Thapan et al. 2001

Human
Cone ERG regulation 483 Hankins and Lucas 2002

Human
Heterologous expression 420-440 Melyan et al. 2005

Mouse
Heterologous expression 420 Newman et al. 2003

Mouse
Heterologous expression 479 Qiu et al. 2005

Mouse
Heterologous expression 480 Panda et al. 2005

Human rd cl
PLR 480 Zaidi et al. 2007

Amphioxus
Heterologous expression ? Koyanagi et al. 2005

Chicken
Heterologous expression 476 and 484 Torii et al. 2007

Human
PLR ~490 Bouma 1962

* data points refitted in logarithmic domain with Govardovskii (2000) nomogram



34 visual system

2.4.3 Irradiance response characteristics

In vision research irradiance-response curves (IRC) are used to de-
fine the relationship between the intensity of the light stimulus and
the elicited response, being conceptually similar to the Weber’s law in
psychophysics (Krueger 1989) and dose-response curves in pharma-
cological studies (Meddings et al. 1989; Gottschalk and Dunn 2005).
Irradiance-response curves have typically a sigmoidal shape [e.g. Na-
ka-Rushton for visual responses (Naka and Rushton 1966), Michaelis
equation for enzyme kinetics (Cornish-Bowden 1995), Hill equation
for thermodynamics (Hill 1938)] with typically three (e.g. Gamlin
et al. 2007) or four parameters (e.g. Brainard et al. 2001) used to
describe the irradiance-dependence of the response. Often the half-
saturation response (denoted typically with IR50or with X50) is se-
lected as the experiment irradiance reducing response saturation or
compression, and allowing proper study of possible response modi-
fying aspects of preceding stimulus (as done e.g. in Zhu et al. 2007

and in Mure et al. 2009). Half-saturation defines the point where the
elicited response is half of the maximum possible. In other words if
the maximum pupillary diameter constriction is 6 mm (pupil area =
(82 - 22)π = 60π mm2) from the dark-adapted 8 mm-diameter pupil to
the light-adapted 2 mm-diameter pupil, then the half-saturation con-
striction would occur at an irradiance that is constricting the pupil
30π mm2, resulting in a ~5.83 mm-diameter pupil (pupil area 34π

mm2).
Flashes of light are a standard method for studying rods and cones

because the resulting “impulse responses” (Baylor et al. 1974b) allow
more straightforward quantitative analysis. In principle, the flash re-
sponse can predict the responses to more complex light stimuli if
the superposition of quantal responses is linear (Do et al. 2009; Luo
et al. 2008). In other words, the Bloch law [Bloch 1885, known also as
Bunsen-Roscoe law (Brindley 1952)] holds when light intensity and
duration can be proportionally interchanged without affecting the re-
sponse amplitude or kinetics (Luo et al. 2008). Half-saturation of the
mRGC flash (subtype M1) response requires 107 photons/μm² (10¹5

photons/cm²) at the optimal wavelength (λmax), 106-fold higher than
for rods and 104-fold higher than for cones at their corresponding
λmax values (Figure 12B, Do and Yau 2010). Thus mRGCs are signifi-
cantly less sensitive than rods and cones (also see Dacey et al. 2005;
Wong et al. 2007), explaining why melanopsin-knockout mice show
behavioral deficits primarily in bright light (e.g. Hattar et al. 2003;
Lucas et al. 2003).

Other way of quantifying elementary responses of the photorecep-
tor, is to employ single-photon response technique allowing the study
of a response elicited by a single absorbed photon as the name im-
plies (Rieke and Baylor 1998). In contrast to the weak flash response
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Figure 12: Characteristics of mRGC responses 1/2 (A) total number of
spikes elicited by a 10-s light stimulus rising monotonically with
light intensity for a macaque mRGC recorded with synaptic trans-
mission blocked (Dacey et al. 2005). (B) light-evoked depolariza-
tion (recorded in current clamp) in the two mRGC subtypes as a
function of light intensity. M1 cells (gray curve) are roughly 10-
fold more sensitive than M2 cells (black curve) at 32–34°C. [A and
B modified from Schmidt and Kofuji 2009). Figures adapted from
Do and Yau 2010.

of mRGCs, the single-photon response of mouse M1 mRGCs has been
shown to be large, electrical current of >1 pA at roughly body tem-
perature, being larger than that of rods and 100 times that of cones
(Do et al. 2009). Its waveform in mRGCs follows the convolution of
two single-exponential decays (described by two time constants; Fig-
ure 13B), unlike the rod response, which require four (Baylor et al.
1979) and the cone response that require five (Kraft 1988) time con-
stants. Two time constants suggest that there are two particularly
slow steps in mRGC phototransduction . In comparison, invertebrate
single-photon responses (called quantum bumps, reviewed later in
4.1.2) also have a more complex waveform (Hardie and Postma 2008).

A flash of light is an instantaneous pulse of photons, while a step
of light is a continuous shower of photons, the latter being the most
frequent form to study the melanopsin characteristics especially on a
behavioral level. The waveform of the response and the irradiance-
response characteristics change from studies using flash response
compared to the single-photon response The waveform of the step
response is more complex (Do et al. 2009; Wong et al. 2005), for ex-
ample due to adaptation of the mRGCs (see 2.4.8). When stimulated
by a long, bright step of light, the mRGC voltage response rises to
a transient peak and then relaxes to a lower level (Dacey et al. 2005;
Warren et al. 2003; Wong et al. 2005; see the response returning to
dark baseline levels towards the end of the light pulse inFigure 13A).

Immunohistochemical studies (Hattar et al. 2006; Baver et al. 2008)
have indicated that M1 mRGC cells may express more melanopsin
pigment than other subtypes, based on the higher levels of anti-mela-
nopsin antibody staining. Consistent with this hypothesis, Schmidt
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Figure 13: Characteristics of mRGC responses 2/2 (A) Step response and
adaptation of mRGCs. A: an mRGC recorded in the flat-mount
rat retina under current clamp, showing sustained firing during
long steps of light. Numbers to the left of each trace represent the
log irradiance (500 nm photons·cm-2·s-1). [Modified from Berson
et al. 2002] (B) Three smallest responses from Fig 7A of Do and
Yau 2010, elicited by successive approximate doublings of flash
intensity, on expanded ordinate and longer time base, to demon-
strate linearity. Responses fit with the same convolution of two
single-exponential decays but scaled by the relative flash intensi-
ties (red). Figures adapted from Do and Yau 2010.

and Kofuji 2009 showed for M1 mRGCs a tenfold higher sensitivity to
480 nm light than for M2 mRGC cells assessed in irradiance-response
experiments. Light responses in M2 cells, on the other hand were
seem to be driven primarily by the ON pathway via synaptic trans-
mission at photopic light intensities. The responses of M2 cells were
noticed to be largely preserved in the melanopsin-null mice (Schmidt
and Kofuji 2009) indicating a modulation of the mRGC response from
the classical photoreceptors (Section 2.3), allowing mRGCs to detect
and respond to light stimuli of lower irradiance than the intrinsically
driven mRGC sensitivity alone (Wong et al. 2007; see below 2.4.5).

2.4.4 Kinetics / Temporal characteristics

In addition to evaluating the response magnitude, photoreception can
be characterized by the temporal characteristics of the response. The
mRGC response can be slow, taking several seconds to reach peak un-
der dim light intensities (Berson et al. 2002), higher light intensity re-
ducing the response latency (Do et al. 2009; Graham et al. 2008). The
mRGC response is also sluggish to cease responding at light offset,
the mRGC firing rate not instantaneously returning to the baseline
level (Figure 13A), showing a progressive decrease duration being de-
pendent on the stimulus irradiance (Drouyer et al. 2007). The higher
the irradiance the longer the time for return in mRGCs to the base-
line level, similar to the prolonged depolarizing after-potential (PDA)
seen in invertebrate photoreceptors (Berson 2007; see 4.4.4). Studies
on melanopsin-only (rd cl) mice suggests that even at the highest ir-
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radiances, the melanopsin-mediated response in PLR is delayed by
~300 ms compared to that of the classical photoreceptors (Lucas et al.
2001). With in vitro cells, the response latency shortens from ~3 second
of the single-photon response to 200 ms for the saturated response,
reflecting light adaptation according to the authors (Do et al. 2009)
due to the speeding of the response deactivation (Wong et al. 2005).
The response was found to be also approximately threefold larger in
amplitude and about threefold faster in kinetics near 37°C compared
with room temperature (23°C) (Do et al. 2009) consistent with known
temperature-dependency of phototransduction.

Compared to cones and rods, the single-photon response of the
mRGCs is very slow despite the large photocurrent. A useful metric
for the comparison is of the time courses of responses with different
waveforms is the “integration time” as employed by Do et al. 2009,
being defined as the area under the response divided by the response
peak (Luo et al. 2008). The mouse mRGC single-photon response has
an integration time of 8 s at 37°C (Do et al. 2009). This is 20 times
that of rods and over 100 times that of cones. It is also much slower
than the typical light response of invertebrate photoreceptors (Hardie
and Postma 2008). A long integration time allows summation of pho-
tons arriving many seconds apart while making the cell insensitive to
rapid fluctuations in light intensity. In contrast, it is beneficial for rods
and especially for cones to be deactivated rapidly (Burns and Baylor
2001), in other words to have a shorter integration time, allowing the
visual system to remain responsive for fast events.

2.4.5 Photoreceptor contributions

It is tempting to predict that the only partly overlapping irradiance-
response curves (Figure 13C) and spectral sensitivities (Figure 5), wo-
uld expand both the dynamic range and the spectral window of the
NIF system as a whole, if the different photoreceptor systems were
coupled. Indeed, it has been shown that mRGCs receive rod and cone
inputs (e.g.Dacey et al. 2005; Wong et al. 2007; Jusuf et al. 2007; Güler
et al. 2008; Schmidt and Kofuji 2010). Güler et al. 2008 showed in mela-
nopsin-ablated mice (functional mRGCs without the photopigment
melanopsin), that although the melanopsin pigment is not required
for PLR induction at low light intensity, the rod–cone drive for PLR
still requires the mRGCs to relay the response to olivary pretectal
nucleus (OPN). This connection would allow light detection at lower
intensities via synaptic input from more sensitive rod-cone system
extending the dynamic range of the whole NIF-system. Schmidt and
Kofuji 2010 showed differential outer retinal modulation for M1 and
M2 subtypes (see 2.4.1) with robust synaptic inputs to M2 cells at
low light intensities at least a log unit lower than the threshold for
individual M2 mRGC cells.



38 visual system

Studies with different NIF-responses have suggested distinct mod-
ulatory roles for rods and cones. Studies with melatonin suppres-
sion have suggested a significant cone moduation to the melatonin
suppression, without significant rod modulation (Gooley et al. 2010).
Studies with PLR however have suggested a role for rods even at
relatively high intensities in addition to the mRGCs drive [McDou-
gal and Gamlin 2010; Lall et al. 2010; but see Tsujimura et al. 2010

for M/L cone contribution, and Allen 2011 for S cone contribution
in mice]. Rods have been also found to be sufficient in mediating
circadian entrainment in dim light conditions in rodents (Altimus
et al. 2010; Lall et al. 2010; Butler and Silver 2010). Lall et al. 2010

found no cone modulation for entrainment with the same irradiance
used previously by (Dkhissi-Benyahya et al. 2007), while the study
by Freedman et al. 1999 in cone degenerated mice supported the find-
ings of Lall et al. 2010. Results revealed however, that cone-dependent
phase shifts can be induced using intermittent light exposure, consis-
tent with the mainly phasic and “edge detecting” responses of cones
(2.3.6). Recently it has been suggested that cones can inhibit melanop-
sin contribution in the absence of rods (Rupp et al. 2011) at low light
levels questioning the validity of results obtained from rodless ani-
mal models. These studies demonstrating differential classical pho-
toreceptor modulation for different NIF responses, combined with
the existence of distinct mRGC subtypes (Schmidt et al. 2011), high-
light the likely specificity of certain NIF-response pathways. In other
words, it may be difficult to generalize the results from PLR studies
for example winter depression light treatment or circadian entrain-
ment.

Furthermore it has been shown that photoreceptor contribution is
not simply dependent on irradiance and spectral sensitivity, but also
on the duration of the light stimulus. Gooley et al. 2010 suggested that
the light-induced melatonin suppression is initially driven by cones
and then taken over by the melanopsin-system with increasing light
exposure duration. It has proposed that using pulsed light, the “aver-
age cone-drive” can be significantly increased as the cones adapt very
quickly and seem to provide only phasic input to mRGCs (Morin and
Studholme 2009; Lall et al. 2010; Zeitzer et al. 2011). Although cones
are known to show rapid light-adaptation under extended illumina-
tion, they do not saturate completely but attain a steady-state polar-
ization with an intensity-dependent magnitude (Burkhardt 1994; Nor-
mann and Perlman 1979; Valeton and van Norren 1983; ). Lall et al.
2010 suggested that prior light exposure over timescales ranging from
tens of seconds to tens of minutes reduces the ability of cones to regu-
late pupil size (see later discussion about adaptation: 2.4.8 and 2.4.9).

This is further supported by lack of integrating capacity of the as-
sumed melanopsin-driven steady-state of PLR in the study by Mc-
Dougal and Gamlin 2010, in contrast to results from the previous
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studies (Berson et al. 2002; Dacey et al. 2005; Gamlin et al. 2007; Wong
et al. 2007). Authors (McDougal and Gamlin 2010) suggested that the
melanopsin photoresponse may act as a leaky integrator (see Bressloff
et al. 1996 for PLR, and Pillow et al. 2005 for primate RGC firing)
during steady-state light exposure. Alternatively, the integrative func-
tion of the melanopsin photoresponse may be intensity dependent
as the stimuli irradiances were lower (McDougal and Gamlin 2010)
than those that produced a significant integration in previous studies
of both the PLR (Gamlin et al. 2007), and in vitro cellular record-
ings (Berson et al. 2002; Dacey et al. 2003; Wong et al. 2007). An in-
triguing suggestion of study by McDougal and Gamlin 2010 was that
the three distinct photoresponses (rods, cones, melanopsin-mRGCs)
driving the PLR in humans do not appear to linearly combine at the
level of mRGCs, but rather the outer and inner retinal signals act
in a ‘‘winner take all” fashion, with only one photoreceptor class in
the end driving the NIF response. This finding is supported by the
found outer retinal shunting of melanopsin photoresponse in mice
PLR (Sekaran et al. 2007). Although the shunting does not seem to be
complete, and the sustained response seem to be also augmented by
outer receptor inputs in response to long wavelength lights.

2.4.6 Spatial sensitivity

As with traditional visual system (2.3.1) there is evidence for differ-
ential visual field responses also in NIF photoreception as shown for
melatonin suppression in Table 2. The preference for upper temporal
visual field (nasal and lower retina) corresponds roughly to bright
sky in real-life evolutionary settings the nasal visual field being at-
tenuated by shadowing nose. Additionally, this suggested preference
seems to be in contrast with the spatially uniform distribution (“pho-
toreceptive net”, Provencio et al. 2002) of mRGCs in retina. This could
be interpreted differences either in post-receptoral processing after
mRGCs, non-homogenous distribution of mRGC suptypes (see for
2.4.1 for M3 subtype for example), and/or significant contribution
from rod and cone photoreceptors. Similar differential responses on
different visual field can be seen with pupillary light reflex (PLR,
3.2.1)

2.4.7 Retinal clocks

In invertebrate Limulus the circadian rhythms control the photore-
ceptor gain (Kass and Renninger 1988), temporal-frequency response
(Batra and Barlow 1990), photoreceptor noise (Kaplan and Barlow
1980), quantum bumps (Kaplan et al. 1990), screening pigment move-
ment (Kier and Chamberlain 1990), and opsin co-expression (Katti
et al. 2010); in combination resulting a varying circadian retinal sen-
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Table 2: Comparison of studies for spatial sensitivities in NIF-responses fo-
cusing on visual field diffrences in melatonin suppression. See 3.2.1
for spatial sensitivity in pupillary light reflex (PLR).

Reference Measure Results

Adler et al. 1992 Melatonin
suppression

No difference in melatonin suppression
between central and peripheral visual field

Gaddy et al. 1992 Melatonin
suppression

More light required for lower retinal
illumination compared to full retinal exposure

Brainard et al. 1997 Melatonin
suppression

Binocular light exposure was more effective
than monocular light

Visser et al. 1999 Melatonin
suppression

Difference between nasal and lateral areas, but
not between the upper and lower areas.

Lasko et al. 1999 Melatonin
suppression

Lower half of the human retina (upper visual
field) more sensitive)

Smith et al. 2002 Melatonin
suppression

No difference between lower and upper visual
field in the elderly

Glickman et al. 2003 Melatonin
suppression

Lower retina (upper visual field) being more
sensitive for melatonin suppression.

Rüger et al. 2005 Melatonin
suppression

Nasal retina more sensitive than temporal for
melatonin suppression

CBT No difference between nasal and temporal
retina

Subjective
sleepiness

(KSS)

No difference between nasal and temporal
retina

sitivity over 5 log units during day (Barlow et al. 1985; Chamberlain
and Barlow 1987; Battelle 2002) with additional adaptive mechanisms
(Pieprzyk et al. 2003). There is extensive evidence also clock-driven
rhythms in the mammalian retina (for a review see e.g. Barlow and
Helga Kolb 2001) with the neurotransmitter dopamine being central
in this circadian regulation (Pozdeyev et al. 2008, Doyle et al. 2009).
It has been suggested that the circadian control of rod-cone electri-
cal coupling functions as a synaptic switch allowing cones to receive
very dim light signals from rods at night, but not during the day
(Ribelayga et al. 2008).

In a study by Hannibal et al. 2005, it was noticed that both mela-
nopsin mRNA and protein showed a diurnal variation during a 24-h
LD cycle (12/12) with the highest level of melanopsin mRNA ob-
served at early night, whereas the protein peaked at late subjective
day (~20 h lag between the mRNA and protein peak level). These
findings according to the author, together with the reported rhythmic
melanopsin expression in pigmented animals (Sakamoto et al. 2004),
favor the possibility that the short-term diurnal changes in melanop-
sin expression are primarily controlled by the retinal clock system.
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2.4.8 Short-term adaptation

The ambient light level varies over 9-10 orders of magnitude in the
course of a day, while the post-receptoral spiking neurons have a dy-
namic range of only 2 log units, the visual system must adjust its
sensitivity to the ambient light intensities. Rods and cones can grad-
ually reduce their sensitivity for constant illumination allowing the
photoreceptor to respond to further increments in light intensity. This
process, termed light adaptation (Thomas and Lamb 1999, Dunn et al.
2007), extends the dynamic range of these receptors by normalizing
their sensitivity to the given background light level. The process is
complete before spiking neurons get involved. As a result, the gan-
glion cell signals are more or less independent of the illuminating
intensity, but encode the reflectances of objects within the scene (Gol-
lisch and Meister 2010).

The opposite process , when in darkness after prolonged exposure
to bright light, the photoreceptors gradually recover from light adap-
tation by regaining sensitivity in a process called dark adaptation
(Dowling 1987; Lamb and Pugh 2004). Both in the case of light and
dark adaptation, the cones adapt more rapidly than rods, due to their
ability either to regenerate the pigment more rapidly for dark adap-
tation (Hecht 1937; Lamb and Pugh 2004), or to use more elaborative
light adaptive schemes (see Pugh et al. 1999; Fain et al. 2001) avoid-
ing electrical saturation at any steady light intensity (Barlow 1972;
Lobanova et al. 2010). In addition to simple light intensity adapta-
tion, both vertebrate rods and cones and invertebrate photoreceptors
accelerate the responses to dim flashes, enhancing temporal resolu-
tion. The time to response peak is shortened in light-adapted pho-
toreceptors and post-stimulus recovery is more rapid and the inverse
for dark adaptation (Fuortes and Hodgkin 1964; Baylor and Hodgkin
1974; Fain et al. 2001).

It is unknown whether similar adaptational processes occur in the
mRGCs. The operational requirement for non-image forming system
differ from those imposed on classical visual system. The classical vi-
sual system must be able to respond rapid changes in scene informa-
tion, in other words detect significant edges and contours for visual
perception (Marr and Hildreth 1980; Simoncelli and Olshausen 2001).
In contrast, the non-image-forming system requires a stable represen-
tation of absolute light intensity. The first evidence to support the
existence of both light and dark adaptation in mRGCs came from
the study by Wong et al. 2005 done with intact in vitro rat retinas
under blockade of glutamatergic synaptic transmission (Dolan and
Schiller 1994). The kinetics of rat mRGC light adaptation (with a time
constant of ~1 min and completion within ~5 min) was found to be
somewhat slower than that for rods and cones of various vertebrate
species, reported of fully light adapting within anywhere from 1 s to
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3 min (Normann and Perlman 1979; Cervetto et al. 1985; Silva et al.
2001; Calvert and Makino 2002). The time constant for dark adapta-
tion was ~3 hr. This is slower than for example the complete dark
adaptation of albino rat cone occurring within about 30 min, and the
time constant of ~40 min and the steady state full adaptation occurrin
in about 3 hour for rods of the same animals dark adapted (Perlman
1978; Behn et al. 2003). The same authors extended these findings pro-
viding preliminary evidence for light adaptation in mRGCs during a
prolonged light exposure of 1 hour (Wong et al. 2011).

Behavioral correlates of the mRGC adaptation (Wong et al. 2005)
can be found for example from PLR studies, where the PLR gradu-
ally regains sensitivity as the duration of dark adaptation after prior
exposure to adapting light increases (Ohba and Alpern 1972; Trejo
and Cicerone 1982). Increased firing rates evoked by light in SCN
cells often decay during steady illumination in a manner suggestive
of light adaptation (Aggelopoulos and Meissl 2000). Light adapta-
tion in conventional photoreceptors has been shown to make their
intensity-response curves (IRC) shallower, compared to absent light
adaptation, thus broadening dynamic ranges of their responses (Bay-
lor and Hodgkin 1974; Matthews et al. 1988). It is plausible that light
adaptation in mRGCs likewise serves to enable them to discriminate
a wider range of light intensities, e.g., from dawn light to noon light
or in longer term (see 2.4.9), between summer and winter. Further-
more, there has been some evidence suggesting a role for mRGCs in
intraretinal processing (Van Gelder 2001; Hankins and Lucas 2002),
and the adaptational properties of mRGCs might therefore modulate
the adaptational states of other retinal cells.

2.4.9 Long-term adaptation

The human behavioral sensitivity of the non-image forming (NIF) vi-
sual system seem to be modulated by not only the ambient light but
also by the light history preceding the ambient lights even up to peri-
ods of several days (Hébert and Stacia 2002; Smith et al. 2004; Jasser
et al. 2006; Rufiange et al. 2007; Beaulieu et al. 2009; Danilenko et al.
2009; Danilenko et al. 2011; and Chang et al. 2011), or by the season
(Mathes et al. 2007; Higuchi et al. 2007). It is however unclear at the
moment where the observed phenomena originate from.

Study by Hannibal et al. 2002 in albino Wistar rats showed an
amount of melanopsin protein varying over 24 h cycle, suggesting
either an oscillator or adaptive mechanism driving the amount of
melanopsin pigment. Follow-up study by the same group (Hanni-
bal et al. 2005) further supported the findings that the expression of
melanopsin protein in the retina of the albino Wistar rat is strongly
regulated by light and darkness (10-fold suppression in constant light
condition (LL) and a 7.5-fold increase in constant darkness (DD) after
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5 d of LL). The up-regulation in DD seemed to be faster and more
pronounced than the down-regulation in LL. It was suggested by the
authors (Hannibal et al. 2005) that the observed phenomenon reflect
a functional adaptation. Adaptation was shown to be morphological
in addition to mere regulation of the protein, melanopsin immunore-
active dendrites form an extensive network during DD, whereas dur-
ing LL, melanopsin immunoreactivity was limited to the soma and
proximal dendrites. The source for the observed adaptation was sug-
gested to be cone-rod driven (Sakamoto et al. 2004; Mathes et al. 2007)
more specifically via rod-cone driven dopamine synthesis, dopamine
finally regulating melanopsin expression (Sakamoto et al. 2005).

The findings were further supported in a study with three diurnal
and 4 nocturnal rodent species (Refinetti 2007), where in four of the
species tested (diurnal rodent: degus; and nocturnal rodents: CD-1
mice, Wistar rat and Syrian hamster) phase delays of the running-
wheel activity rhythm evoked by 1-h light pulses were several-fold
larger after 3 to 4 weeks of exposure to darkness than after a sin-
gle day. This finding was consistent with previous estimate of full
adaptation in the circadian system of rodents taking up to 3 or 4

weeks (Daymude and Refinetti 1999; Refinetti 2001; Refinetti 2003).
Counter-intuitively, dim nighttime illumination have been found to
enhance the phase-shifting abilities of following bright light expo-
sure in hamsters (Evans et al. 2009; 2011, Frank et al. 2010) and in
humans (Chang et al. 2011). It has been suggested (Mure 2009) that
the observed potentiation of the observed response could be due to
melanopsin bistability (see 4), the dim light penetrating the selectively
red-transmitting eyelids (Moseley et al. 1988; Robinson et al. 1991;
Ando and Kripke 1996) favoring photoconversion from the M state
to the R state (4) and ensuring maximum pool of photoresponsive
melanopsin.

2.4.10 Role in vision

There is increasing evidence that in addition to non-image forming
visual system, the mRGCs are also contributing to classical visual
perception. In primates, the projections of the mRGCs to the LGN
(Dacey et al. 2005) have been shown to be similar to the “luminance
units” found 40 years ago by Barlow and Levick 1969 in the cat retina,
as also found in macaque LGN (Marrocco 1975) and in macaque pri-
mary visual cortex (Kayama et al. 1979. It was suggested, that the
LGN projections could be involved in brightness perception explain-
ing why mice lacking rods and cones (rd/rd cl) are capable of employ-
ing light as a conditioning stimulus (Mrosovsky and Salmon 2002). In
a recent study by Ecker et al. 2010 in mice suggested that the mRGCs
projecting to visual structures were non-M1 cells (see 2.4.1).
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Supporting evidence for mRGC involvement in brightness percep-
tion are obtained from lighting research (see overviews by Berman
2008, Berman and Clear 2008), where high color temperature (CCT)
lighting was observed to appear brighter compared to illuminance-
matched low color temperature lighting by (Harrington 1954 and
Berman et al. 1990, however this difference found to be negligible in
the study by Kanaya et al. 1979. Recently in a study with Kruithof’s
rule (Kruithof 1941) for LEDs (Viénot et al. 2009) it was suggested that
melanopsin-drive could explain brightness perception unexplainable
by rod/cone spectral sensitivities.

The mRGCs were shown to be involved in rudimentary pattern vi-
sion and visual acuity in a study by Zaidi et al. 2007 where a human
patient lacking rods and cones showed a visual awareness (analogous
to cortical “blind sight”, Overgaard 2011) to the wavelength of light
(~480 nm) most effective at activating melanopsin. Brown et al. 2010

were able to show light responses in the thalamus and the cortex of
rd/rd cl mice supporting the hypothesis of primary visual centers be-
ing modulated by mRGC responses. The results of Brown et al. 2010

revealed that mRGCs sets the sustained firing rate under steady il-
lumination of around 40% of all light responsive units in the LGN
with a major source of light information for accessory visual centers
in the hypothalamus and pretectum (Güler et al. 2008; Göz et al. 2008;
Hatori et al. 2008). These findings supported the capability of mela-
nopsin system to provide accessory pathway for mammalian for an
accurate assessment of luminance/illuminance over extended light in-
tensity range. Recent study from the same group (Brown et al. 2011b)
provided support for the role of melanopsin in pattern vision, further-
more classifying four distinct response types from the hypothalamic
neurons: transient cells, sustained cells, delayed cells and suppressed
cells.

2.4.11 Aging

It has been well documented that with age the vision undergoes sig-
nificant changes with aging (see review by Owsley 2011). However,
age-related changes in visual functions, including pre-retinal factors,
may to some extent be compensated by the plasticity of the adult vi-
sual system (Coombs and Chalupa 2011). Less is known about the
age-related changes to the melanopsin system, but it could be as-
sumed that the plasticity is present also in the non-image forming
visual system. As reviewed in 2.4.9, the melanopsin protein levels
could be simply up-regulated in response to reduced retinal light
exposure due to pre-retinal filtering (see 2.2.3 and Charman 2003) in
majority of the human population. There is recent evidence that there
are morphological changes in the aging retina such as increased rod
bipolar dendrite sprouting in mouse (Liets et al. 2006); and dendritic
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reorganization in human rod / ON-cone bipolar cells and horizontal
cells (Eliasieh et al. 2007).

There is contradictory evidence from behavioral studies in regard
to plasticity in aging non-image forming system (see reviews by Rev-
ell and Skene 2010; Turner et al. 2010; Brown et al. 2011a) . Decreased
sensitivity in the elderly was found for phase-shifting (Duffy et al.
2007), short-wavelength light for melatonin suppression (Herljevic
et al. 2005). No significant changes were found for phase delay in
two other studies (Benloucif et al. 2006, Sletten et al. 2009). Studies
with cataract surgeries (see Gimenez et al. 2010 for discussion on the
approach in circadian studies) indicate that there is an acute effect for
the increased blue light transmission (Kitakawa et al. 2009; Schmoll
et al. 2011.)





3
P U P I L L A RY L I G H T R E F L E X - P L R

3.1 anatomy

Normal human pupil diameter varies on average from 1.5 mm to 8

mm (Reeves 1920) corresponding to light regulation capability of ~1.5
log units (log10 [(8mm/1.5mm) ²]. This ~1.5 log unit range is negligi-
ble compared to the ~10 log unit variation of ambient light intensity
(2.3.5) thus the pupil size regulation mainly serves to dampen the
rapid changes in ambient light intensity (Woodhouse and Campbell
1975). The human pupil is roughly circular in shape getting more
elliptic with aging (Loewenfeld 1979; Wyatt 1995). Average pupillary
size is maximal between the ages of 15 and 20 years showing a contin-
uous decrease of 0.4 mm per decade known as senile miosis (Loewen-
feld and Lowenstein 1993). Additionally the minimal pupil size (max-
imal constriction) increases (Bitsios et al. 1996a).

Iris is a muscular structure (Bron et al. 1997) with an average diam-
eter of 12 mm controlling the size of the pupil (Trevor-Roper 1984).
Pupil center may deviate from the center of the iris by an offset of
up to 20%, thus not being necessarily concentric with the iris (Kristek
1965; Trevor-Roper 1984; Walsh 1988). This deviation has been shown
to be larger with pharmacologically dilated pupils, with estimates for
off-center offset ranging from 0.4-0.5 mm (Walsh 1988; Wilson et al.
1992) to offsets as large as 0.7 mm (Fay et al. 1992).

The human iris is divided in two zones by the collarette, a delicate
zig-zag line also known as the iris frill. The pupillary zone is bounded
by the pupil, while the ciliary zone extends to the outer border of the
iris. Each zone is characterized by a muscle. The sphincter, located in
the pupillary zone, is a concentric muscle that constricts to decrease
the pupil size. The dilator, found in the ciliary zone, is a radial muscle
that constricts to increase the pupil size. These two muscles overlap
at the collarette (Pamplona et al. 2009).

The sphincter and dilator muscles are independently connected to
the autonomous nervous system (ANS, see Section 3.2) (Tilmant et al.
2003) and the resulting pupil size depends on the balance of the sep-
arately incoming neural stimuli to the two muscles (Bergamin et al.
1998). In practice the constriction of pupil in response to light is con-
strained by the inherent slowness in the iris muscle, in contrast to
the faster neural signal processing (see discussion in Bergamin and
Kardon 2003) with an estimate for maximal constriction of ~ 0.0075

mm/ms (Myers and Stark 1993), and a practical threshold used for
data rejection of 0.1 mm/ms . Additionally, the kinetics of the pupil
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constriction and dilation seem to depend on the iris color [(Bergamin
et al. 1998), i.e. on the amount of melanin pigment (Wakamatsu et al.
2008; Medina et al. 2011)] whereas absolute pupil diameter and re-
sponse latency time does not seem to be effected by iris color (Winn
et al. 1994; Bergamin et al. 1998; Bradley et al. 2010).

In addition to regulating the retinal irradiance, the pupil also affects
the retinal image quality (Westheimer 2009) as aperture size in non-
biological imaging systems (Freeman 1990). The diffraction of light
rays by an aperture (iris in an eye) is a major limiting factor in the reso-
lution of an image quality in imaging in general (Fang et al. 2005). As
the pupil size increase, diffraction-degradation decrease (Campbell
and Green 1965; Charman 1995) while optical aberrations increase
(Liang and Williams 1997; Schwiegerling 2000). There is thus a trade-
off between image quality degradation due to diffraction and ocular
aberration, the optimal pupil size approximately being between 2 and
4 mm for the human eye (Westheimer 1964; Campbell and Gubisch
1966). In any optical system, the image quality is typically quantified
by modulation transfer function (MTF, Van Nes and Bouman 1967)
which is closely related to the point-spread function (PSF, Santamaria
et al. 1987) and a contrast transfer function (CTF, Schober and Hilz
1965), all these three functions describing “the sharpness” of the opti-
cal system. . At typical daylight intensities, the visual information is
on average maximized (Snyder et al. 1977; Hirata et al. 2003), and the
retina is found to be adapted to the imperfections of the ocular optics
(Garrigan et al. 2010).

Third major effect of pupil size to retinal image quality, in addi-
tion to ocular aberrations and diffraction, is its effect on the depth-of-
field (DOF), that define the range of distance in depth that appears
to be in focus (Potmesil and Chakravarty 1981). The depth-of-field
depends both on viewing distance and the aperture size (for photo-
graphic exploitation of the effect see Kim et al. 2011), so that for the
objects close to the eye the depth-of-field is shallow and for objects
in distance deeper. When the distance is kept constant, the decrease
in pupil diameter results in deeper depth-of-field (Marcos et al. 1999;
Wang and Ciuffreda 2006).

With aging, the reduction of maximal pupil size can serve to reduce
light scatter (van den Berg et al. 2009a), counteract the expected de-
cline in visual performance due to retinal cell loss (Woodhouse 1975;
Sloane et al. 1988; Elliott et al. 1990), and protect the aged retina from
phototoxic damage (Winn et al. 1994; Wu et al. 2006)

3.2 pupil control circuitry

A summary diagram of the pathways controlling pupil diameter is
shown in Figure 15A. The parasympathetic component of the auto-
nomic nervous system (ANS) innervates the sphincter pupillae mus-
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cle of the iris, and the sympathetic component of the ANS innervate
the dilator pupillae muscle (for review see McDougal and Gamlin
2008). Pupillary light reflex (PLR) is a constriction of the iris muscles
in response to light stimulus. The direct PLR, is the constriction of
the pupil in the same eye as the eye simulated with light. The con-
sensual PLR is the the constriction of the pupil in the eye opposite to
the eye simulated with light. In primates including humans the direct
and consensual PLR are almost equal in strength (Lowenstein 1954,
Lowenstein and Friedman 1942) with certain degree of asymmetry
(anisocoria) between direct and consensual response being normal
even in human with no ocular pathologies (Smith et al. 1979). In
species with more lateral eyes like rats and rabbits, the direct PLR
is more pronounced (Loewenfeld and Lowenstein 1993). In binocular
stimulation (both eyes stimulated), pupil constriction is shown to be
larger (ten Doesschate and Alpern 1967; Thomson 1947) opposed to
monocular stimulation.

The PLR pathway, traditionally consists only of the parasympa-
thetic component of the pupil diameter control pathway. The PLR
pathway can be separated into afferent and efferent pathways. The
afferent pathway is composed of both the retinal cells (including
mRGCs) that project to the pretectum and their recipient neurons that
project bilaterally to the Edinger-Westphal (EW) nucleus (Edinger
1885; Westphal 1887). The efferent pathway is composed of the EW
nucleus and ciliary ganglion, the latter projecting to the sphincter
muscle of the iris.

In the afferent leg of the the PLR pathway, the first neurons are
the photoreceptors (reviewed earlier in Section 2.3 and Section 2.4) of
which the cones and rods are believed to mediate the transient (pha-
sic) response to light and the mRGCs the sustained (tonic) response to
light stimulus (Gamlin et al. 2007). There is however recent evidence
suggesting that the situation might be more complex e.g., McDou-
gal and Gamlin 2010; Kimura and Young 2010; Thompson et al. 2011;
Allen et al. 2011), this differential photoreceptor contribution further
reviewed in Section 3.3 and 3.3.1. The secondary neurons in the af-
ferent pathway are luminance neurons in olivary pretectal nucleus
(OPN) that show a transient burst of firing followed by steady tonic
activity in response to light (15B-C).

In the efferent leg of the PLR pathway, the first neurons are the
pre-ganglionic pupilloconstriction fibers of the EW nucleus. EW is
a distinct nucleus of the midbrain, lying immediately dorsal to the
oculomotor complex. In the 1930s it was shown that electrical sim-
ulation of EW can elicit a pupilloconstriction (Ranson and Magoun
1933), and bilateral lesions of the monkey OPN abolish the pupillary
light reflex (Carpenter and Pierson 1973). However, the neurophysi-
ology of EW pupilloconstriction neurons still have not been studied
extensively (McDougal and Gamlin 2008). This is due to the small
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size of EW and the small number of pupilloconstriction neurons in
EW, reported to be as few as 10% of the total number of cells in EW
(Gamlin 2000; McDougal and Gamlin 2008). The firing pattern has
been shown to be similar in EW than in mRGCs (Berson et al. 2002)
and in OPN (Gamlin et al. 1995) with a transient firing followed by
a sustained firing in a range from 10 to 25 spikes s-1(Gamlin 2000).
This initial burst of EW neurons has been suggested to overcome the
sluggish nature of the iris musculature (Bron et al. 1997). The second
neuron layer in the efferent leg is in the ciliary ganglion, which is
approximately 3 mm in size and 2-3 mm posterior to the globe and
lateral to the optic nerve. Traditionally these neurons in the ciliary
ganglion have thought to receive input only from EW, but there is ev-
idence suggesting additional modulatory signals (May and Warren
1993), the ciliary ganglion serving as a potential location for neural
integration (Gamlin 2000).

The sympathetic component of pupil size control, originate from
the C8-T1 segments of the spinal cord, a region termed the ciliospinal
center of Budge (and Waller). The axons of these pre-ganglionic neu-
rons project to the sympathetic chain and travel in the sympathetic
trunk to the superior cervical ganglion (Kardon 2005) continuing to
the eye via short and long ciliary nerves and travel to the iris (Fig-
ure 15A). In addition to the parasympathetic path for PLR, the light
may cause a reduction in the tone of dilator muscle via sympathetic
pathway enhancing PLR. The light intensity-dependent inhibition of
pupillodilation fibers have been shown in cats (Nisida et al. 1960; Pas-
satore and Pettorossi 1976) mediated presumably via “darkness de-
tector” cells as shown in pretectum of rats (Clarke and Ikeda 1985).
However, this has not been found in primates (Clarke et al. 2003b),
implying the possibility of sympathetic pathway only having a tonic
role in the primate PLR (Clarke et al. 2003a).

3.2.1 Spatial sensitivity

Clarke et al. 2003b studied the receptive fields, luminance sensitivi-
ties, spatial summation, and ocular dominance properties of the oli-
vary pretectal [(OPN), in some contexts referred as pretectal olivary
nucleus (PON)] neurons (121 pretectal ON luminance neurons) for
the first time in alert primates. The authors found OPN luminance
neurons possessing large receptive fields with three major classes
(Figure 16). Figure 16A shows a neuron responding equally well to the
stimulus irrespective of where it is presented in the visual field (“bilat-
eral” cells). Figure 16B neurons give a maximal responses for stimuli
presented less than 10° from the fixation point. The response of these
neurons was much reduced when the stimulus was presented in the
periphery (“macular” cells). Figure 16C shows a receptive field of a
neuron that responded best to stimuli placed in the visual field con-
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Figure 14: PLR Pathways. Anatomical drawing showing the direct and con-
sensual pupillary light reflex pathways and the parasympathetic
and sympathetic innervation of the iris in primates. (McDougal
and Gamlin 2008). Luminance neurons in the olivary pretectal
nucleus (OPN) drive the pupillary light reflex.

Figure 15: OPN firing pattern and pupil response. (A) The response of a
single neuron is the OPN in response to a 100-troland light stim-
ulus. The pupillary response to the same light stimulus is shown
in the trace above. (B) Electrical microstimulation at the level of
the OPN produces pupillary constriction, even in the absence of
a light stimulus. (McDougal and Gamlin 2008)
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Figure 16: Examples of the 3 types of receptive fields that characterize OPN
luminance neurons. A: bilateral; B: macular; C: contralateral. The
3-dimensional plots were constructed from averages of the mean
neuronal firing rate recorded in response to stationary 35 cd/m²,
5° stimuli presented at specific locations in the visual field during
steady fixation at primary position. Upper and ipsilateral visual
fields are denoted respectively by positive values. (Clarke et al.
2003b)

tralateral. Neurons belonging to each of these receptive field classes
were encountered throughout the recording area, with no evidence of
clustering or topography.

OPN luminance neurons of the bilateral and contralateral classes
possessed very large receptive fields, exceeding 4,800°² for the bilat-
eral class and 2,500°² for the contralateral class. The receptive fields
of the luminance RGCs that project to the OPN were estimated to be
approximately 7°² centrally and 20°² peripherally (Gamlin et al. 2001).
Thus input from hundreds of luminance RGCs would be required to
generate the receptive fields possessed by bilateral and contralateral
neurons. In contrast, the receptive fields (approximately 100–900°²) of
macular OPN neurons could be constructed from approximately 50

(range 20–100) centrally located luminance RGCs (Clarke et al. 2003b).
None of the individual receptive fields of OPN neurons matched

the overall pupillomotor response fields obtained in Clarke et al. 2003a
suggesting that all the three receptive field type classes project to the
EW nucleus. The combined response resemble the profile of the pupil-
lomotor response field as shown in Figure 17A further suggesting the
integration of the OPN neuronal receptive field properties in the EW
nucleus. Under normal circumstances, signals from neurons in the
left and right OPN combine directly at the EW nucleus, therefore a
signal such as shown in Figure 17A for the unilateral OPN output
stage would not be observed. However, authors predicted that unilat-
eral inactivation of the OPN would reveal such a signal. This model
is similar to the cybernetic binocular summation model by Krenz
et al. 1985 explaining roughly equal direct and consensual pupillary
responses.

There is some evidence for similar visual field preference in PLR
as noted for melatonin suppression (see 2). Wyatt and Musselman
1981 noticed that when a stimulus fell on nasal retina, the response
was greater in the stimulated eye. The difference between responses
was much less sensitive to stimulus timing than was the average re-
sponse size. Schmid et al. 2000 found nearly equal direct and con-
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sensual when stimulating the temporal retina. Xu and van Bommel
2011found inferior retina exposure (superior visual field) to constrict
pupil more than the superior retina exposure. Carle et al. 2011c pro-
posed a simple model mainly for clinical applications (e.g. Chen et al.
2005) describing the segregation and summation of signals from the
olivary pretectal nucleus (OPN) to each Edinger-Westphal (EW) nu-
cleus depending on the visual field being simulated.

3.2.2 Pupillary light reflex waveform

The shape of the human dark-adapted pupil response (i.e. the wave-
form of PLR) to light can be roughly generalized having three distinct
components, phasic, sustained and post-illumination persistence (see
Figure 19). Phasic component (TAmin in Figure 18A) is the rapid initial
constriction, that is followed by a slight dilation to a larger steady-
state (tonic) pupil diameter (TA75% in Figure 18A) also referred as
a pupillary escape (Lowenstein and Loewenfeld 1959; Levatin 1959;
Hung and Stark 1979; Sun and Stark 1983). With higher light inten-
sities the steady-state pupil size is more or less equal to the initial
phasic size (see for example Fig. 2A in Mure et al. 2009) and this
maintenance of initial pupil size is referred as pupillary capture (Usui
and Stark 1978; Sun and Stark 1983). The phasic and sustained com-
ponents have rough correspondences at the level of olivary pretectal
nucleus (OPN), where two types of neurons were found in macaques
based on their firing patterns, burst-sustained (“phasic-sustained”)
neurons and transient neurons that responded both to lights-ON and
lights-OFF (Pong and Fuchs 2000a).

After light offset, the pupil does not immediately return to its dark-
adapted diameter, and this sluggish return to baseline is referred as
the post-illumination persistence (PIPR). At light offset there might be
an initial dilation followed by reconstriction as shown first by Alpern
and Campbell 1963. It was further shown (Newsome 1971) that after
extremely bright light (3.5 x 106 Td) the pupil remained constricted
in darkness as long as ~5-6 minutes reaching full pupil size after 15-
18 minutes of light offset as seen in Figure 20A. The re-contraction
and initial dilation was shown to depend on the light intensity (Fig-
ure 20B). The pupil reconstriction was shown to disappear with light
stimuli shorter than 1 sec (Figure 20C) presumably corresponding to
sluggish response of the yet undiscovered mRGCs. Similar results
were obtained in a study by Alpern and Ohba 1972 with recordings
of post-stimulation pupil size extending up to 30-40 minutes in the
darkness.

The post-illumination response was linked to mRGCs (Gamlin et al.
2007), eliciting interest for the use of this response as a diagnostic tool
(Kankipati et al. 2010; Park et al. 2011) for several retinal pathologies
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Figure 17: PLR Circuitry and bilateral summation (A) This schematic dia-
gram shows bilateral OPN stages each with 3 neurons possess-
ing the receptive fields characteristics of the 3 classes of OPN
neurons. Output from the OPN is combined bilaterally at the
Edinger-Westphal nucleus (EW) to produce the output of this
nucleus. This output then produces the observed pupillary re-
sponses as shown in the bottom In this schematic diagram, before
the OPN signals converge on the EW nucleus, a summing junc-
tion is shown as combining unilaterally the signals from each
class of OPN neuron as a weighted sum based on their preva-
lence (bilateral = 0.4; macular = 0.3; contralateral = 0.3). However,
because the OPN has direct, bilateral projections to the EW nu-
cleus, the response shown at the summing junction would not
normally be seen and is presented only as a diagrammatic con-
venience (Clarke et al. 2003b). (B) Schematic diagrams showing
the representation of the visual field at different points along the
pupillary light reflex pathway. The left and right hemifields and
their central representations are color-coded yellow and blue, re-
spectively. Points at which the entire visual field is represented
are color-coded green. A: the currently held view that the con-
tralateral visual field is represented in each PON and that bilat-
eral projections to the EW result in a bilateral visual field repre-
sentation in this nucleus. B: a revised version based on the results
of the present study showing bilateral visual fields in the PON.
The source of the ipsilateral visual field in PON is currently un-
known. This figure also shows that the projection from the PON
to the EW predominantly crosses in the posterior commissure
(Clarke et al. 2003b).
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Figure 18: (A) Time course of a typical pupillary light response. (B) Velocity
of pupil radius change to light stimulus, i.e. the derivative of a
typical PLRSzczepanowska-Nowak et al. 2004. T0, time delay to
reach minimum diameter; Amax, maximum pupil diameter; Amin,
minimum pupil diameter; TAmin, time to reach minimum diame-
ter; TA75%, time to which pupil has redilated to 75% of the reflex
amplitude; Ac, response amplitude; TmaxCV, time to maximum
constriction velocity; TmaxRV, time to maximum redilation veloc-
ity; AmaxRV, maximum redilation velocity; AmaxCV, maximum
constriction velocity.Szczepanowska-Nowak et al. 2004.

Figure 19: Mean PLR diameter waveform (black line) with the standard de-
viation (red) in response to 480 nm light with a photon density of
12 log photons·cm-2·s-1 constructed from 24 individuals recorded
with the study later discussed in 5.2.3.1, with the individual PLR
waveforms shown in Figure 106. The three time bins (phasic, sus-
tained and persistence) are shown schematically with the PLR
waveform.
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Figure 20: Pupil persistence. A Four subjects’ pupil activity in darkness af-
ter 2 min full-intensity light. These curves show inter-personal
variations in (1) average amplitude of recontraction, (2) duration
and amplitude of unrest. (B) Effect of decreasing intensity of light
stimuli. The same subject was given four 2-min light stimuli, with
the brightness progressively diminished from full intensity. The
period of pupillary recontraction with unrest was progressively
diminished when the light was reduced by 0.6 log units, and 1.6
log units; it was absent when a 2.0 log filter was interposed. With
the weakest light them was no latent period for the positive after-
image. (C) Effect of decreasing duration of the light stimulus. The
same subject was given the full intensity light stimulus for expo-
sures up to 4 min. Decreasing the duration of exposure to 1 min
and then to 10 set shortened the length of the afterimage latent
period, lowered the peak of the initial pupil dilation, and dimin-
ished the extent and duration of the recontraction with unrest.
When the exposure was for only 1 sec, the afterimage was seen
immediately, and pupillary recontraction was absent. (Newsome
1971)
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such as diabetic retinopathy (Feigl et al. 2011), glaucoma (Kankipati
et al. 2011), retinitis pigmentosa (Kardon et al. 2011) and outer retinal
diseases (Léon et al. 2011), as later reviewed in Section 3.9.

3.2.3 Eye movement control

Typically PLR studies are done with systems meant to study eye
movements (cf Hussain et al. 2009), thus a short introduction of eye
movements are presented here. The eye movements can be roughly
categorized (see for example Yarbus 1967; Rayner 1998; Krauzlis 2005)
into fixational eye movements (Martinez-Conde et al. 2004; Mould
et al. 2012), gaze-stabilizing mechanisms [vestibulo-ocular reflex (Fet-
ter 2007) and optokinetic reflex (Cahill and Nathans 2008, as used in
melanopsin studies Thompson et al. 2011; Altimus et al. 2010)] and
gaze shifting mechanisms (saccades (Findlay and Walker 1999), mi-
crosaccades (Martinez-Conde et al. 2009), smooth pursuit eye move-
ments (Lisberger 2010) and vergence movements (Erkelens 2011)).
The eye movement dynamics are described by Listing’s Law and Don-
der’s Law (Villanueva et al. 2006). Saccade studies may require record-
ing systems with significantly higher frame rates [even up to 6-12 kHz
with custom electronics (Talukder et al. 2005; Yang et al. 2010)] than
PLR studies (50-60 Hz), as angular velocities of saccades can be as
high as 500°/s (Clarke 1994).

3.2.4 Pupil near response (PNR)

In addition to responding to light, the pupil constricts when viewing
distance changes from far to near, referred as the pupillary near re-
sponse (PNR, Marg and Morgan 1949). The PNR is characterized by
three simultaneous oculomotor responses on far-to-near transition,
commonly referred as the near triad (see review in McDougal and
Gamlin 2008). In near triad, the eyes first converge to bring the image
of the object onto similar regions of each retina, second the refrac-
tion of crystalline lens is adjusted to bring the image into focus, and
thirdly the pupil constricts. Traditionally the PNR has been thought
to be driven exclusively via the parasympathetic pathway increasing
the drive to the sphincter muscle (Kasthurirangan and Glasser 2005)
sharing common pathways with the PLR. However, in certain neuro-
logical clinical conditions such as Adie syndrome and of neuropathic
tonic pupils (Lowenstein 1956; Thompson and Kardon 2006) an intact
PNR has been demonstrated with an absence of PLR implying more
complex pathways.

Figure 21 shows the current dual-integration model for PNR (Mc-
Dougal and Gamlin 2008), where two neural controller operate in
the PNR: one that integrates stimuli for accommodation such as blur
(Burge and Geisler 2011), and the other that integrates stimuli driving
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Figure 21: Near response triad. Schematic of the modified dual-interaction
model that accounts for the pupillary near response component
of the near response triad. This model indicates that the com-
bined output of the accommodation controller and the conver-
gence controller drives the pupillary near response. (McDougal
and Gamlin 2008)

convergence. The model emphasizes the notion that PNR is not drives
by either convergence or accommodation alone, but by an interaction
of the two controllers (Myers and Stark 1990). It seems likely that the
supraoculomotor area of the midbrain is projecting to medial rectus
motor neurons and to EW nucleus being responsible for carrying the
accommodation and convergence signals to the pre-ganglionic pupil-
loconstriction neurons (Gamlin 2002).

3.2.5 Non-photic pupil responses

It is known that pupillary responses to light stimuli of similar inten-
sities can fluctuate from day to day in the same individual (Tryon
1975; Semmlow et al. 1975; Loewenfeld and Lowenstein 1993; Winn
et al. 1994; see 5.1.2 below) for various reasons briefly reviewed here.
In the context of pupillary light reflex (PLR) experiments, the non-
photic are considered as artifacts that need to be minimized in order
to derive the light-dependent drive of pupil diameter. The pupil size
being controlled by the autonomous nervous system (ANS, see Sec-
tion 3.2 above), all stimuli affects ANS activity might potentially have
an effect on pupil behavior.

The most studied non-photic influences for pupil diameter in addi-
tion are changes in accommodative state (Phillips et al. 1992; Ishikawa
et al. 2004; Kasthurirangan and Glasser 2005; Kasthurirangan and
Glasser 2006; and see 3.2.4 above) are changes in state of arousal
(Lowenstein and Friedman 1942; Lowenstein et al. 1963; Morad et al.
2000; Wilhelm et al. 2001; McLaren et al. 2002; Aston-Jones and Co-
hen 2005; Wilhelm et al. 2011), or in cognitive activity (Beatty and
Wagoner 1978; Beatty 1982). The cognitive response are also referred
as task-evoked pupillary responses (TEPRs) and have become a well-
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established tool of cognitive psychology (Beatty and Lucero-Wagoner
2000).

These pupillary responses are generally reported to vary in magni-
tude from 0.2 to 0.7mm (McDougal and Gamlin 2008), and have been
shown to be an accurate reporter of cognitive load across such diverse
functions as pain perception (Höfle et al. 2008), fear of pain (Bitsios
et al. 1996b), sexual arousal (Zuckerman 1971), cognitive load (Cabe-
strero et al. 2009), emotional processing (Demos et al. 2008; Steidt-
mann et al. 2010), in movement preparation (Richer and Beatty 1985),
anticipation of an event (Reinhard and Lachnit 2002), sound and noise
perception (Kumnick 1956; Jones et al. 1977; O’Neill and Zimmerman
2000), social signaling (Niedenthal and Cantor 1986), and interest and
attention (Hess and Polt 1960; Hess and Polt 1964; Hess 1965; Hess
et al. 1965; Steinhauer et al. 2004; Laeng et al. 2012). Phasic pupil
size found to be more sensitive indicator for cognitive and attentional
changes than the tonic pupil size (Beatty 1982; Deijen et al. 1995).

Common psychoactive substances such as alcohol (Bender 1933;
Skoglund 1943), tobacco (Lie and Domino 1999; Morte et al. 2005)
and caffeine (Minzhong et al. 2004; Michael et al. 2008) have noticed
to have an influence on pupil. Additionally, a variety of pharmaco-
logical have an influence of pupil behavior including sedatives (Sigg
and Sigg 1973), beta blockers (Koudas et al. 2009), antidepressants
(Bär et al. 2004), anesthetics (Larson et al. 1991; Belani et al. 1993),
and alerting agents such as modafinil and diphenhydramine (Hou
et al. 2007).

Typically the other pupil for PLR studies is pharmacologically di-
lated (dilated eye stimulated with eye, and non-dilated eye recorded)
using a mydriatic drug (Gambill et al. 1967; Smith 1976) such as tropi-
camide (Elibol et al. 1997) which might not induce an ideal dilatation
(Granholm et al. 2003; Hammond et al. 2000). In a non-dilated pupil,
eye blinks induce rapid dilatations of the pupil due to reduced reti-
nal illuminance (Loewenfeld 1999; Hupé et al. 2009) that might re-
quire special care in data analysis. Furthermore, there might be signif-
icant inter-eye asymmetry in pupil responsiveness in healthy subjects
known as anisocoria (Bär et al. 2005; see 3.2.1), with an evidence for
increased asymmetry in males (Fan et al. 2009b).

Physiological artifacts can be caused by respiratory fluctuations
(Ohtsuka et al. 1988; Yoshida et al. 1994; Calcagnini et al. 2000), heart
rate fluctuations (Calcagnini et al. 2000), sleep deprivation (Franzen
et al. 2009), depression (Siegle et al. 2001; Siegle et al. 2004), hypother-
mia (Huet 1989), high altitude (Wilson et al. 2008). Pupil behavior
have been also used concurrently with fMRI recording to aid the in-
terpretation of event-specificity of fMRI responses (Siegle et al. 2003),
and shown to be effected by transcranial magnetic stimulation (TMS;
Niehaus et al. 2001).
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3.3 photoreceptor contributions

3.3.1 Spectral sensitivity

Laurens 1923 was the first to study the spectral sensitivity of PLR in
humans demonstrating λmax ~ 554 nm for light-adapted eye (photopic
sensitivity) and λmax ~ 514 nm for the the dark-adapted eye (scotopic
sensitivity). From early on, the spectral response was found to be
a combination of cone and rod inputs (Wagman and Gullberg 1942;
Spring and Stiles 1948; De Launay 1949; Bouma 1962), with mixed in-
terpretations of the results. For example, Spring and Stiles 1948 stud-
ied the directional sensitivity (i.e. Stiles-Crawford effect, see 2.2.2) of
PLR and concluded that due to the lack of directionality for large
fields (53°), the rod input was significant to the PLR. Furthermore, di-
rectionality for PLR was shown (Alpern and Benson 1953) with small
<1° fields supporting this reasoning. Given the lack of light-guiding
structures in human mRGCs, the non-directional sensitivity results
of Spring and Stiles 1948 could be interpreted originating from the
mRGCs. Similarly in a study of Hess 1908 blind spot illumination
was shown to produce an observable pupillary constriction which
was at the time attributed to the non-directional sensitivity of rods to
scattered light.

Bouma 1962 found a λmax ~ 490 nm (Figure 22C) corresponding
closely to the melanopsin of λmax ~ 482 nm with crystalline lens
correction (van de Kraats and van Norren 2007a), while Alpern and
Campbell 1962 found λmax ~ 530-540 nm both for transient and steady-
state pupil sizes. The steady-state peak sensitivity differed from the
λmax ~ 511 nm of Wagman and Gullberg 1942, probably due to the
lower light intensity (criterion pupil constrictions of 0.5 - 1.0 mm)
used by Alpern and Campbell 1962.

After the discovery of mRGCs, the spectral sensitivity of the PLR
has been re-assessed, see discussion for example in Berman 2008;
Gamlin et al. 2007; Young and Kimura 2008; Kimura and Young 2010

for human PLR. Gamlin et al. 2007 showed that the post-illumination
persistence response seem to be completely driven by mRGCs (22C)
whereas the sustained component (10 sec light exposure) had a sig-
nificant contribution from rods and cones demonstrated by pharma-
cologically blocking (Dolan and Schiller 1994) the signals from them
(Figure 18). Mure et al. 2009 used a longer 5 minute light exposure
arguing that the 10 second light exposure would not be enough to set
the pupil response to steady-state. Mure et al. 2009 showed similar
spectral sensitivity for both the sustained (3-5 min of the light pulse)
and the persistent (0-60 seconds after light offset) response with λmax

between 460-480 nm. This result was suggested to demonstrate the
mRGC-mediated sustained response and saturation of the classical
photoreceptors. Study in blind human lacking visual perception re-
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Figure 22: (A) Spectral sensitivity data in macaques derived for the sus-
tained part of the 10 sec light exposure for the half-saturation
response derived from irradiance-response curves. The data in
the normal condition (�) is poorly fit (R² ~ 0.77) by a best fit, vi-
tamin A1 pigment nomogram (λmax~ 522 nm). The data obtained
during pharmacological blockade of rod/cone signals (•) is well
fit (R² ~ 0.99) by a vitamin A1 pigment nomogram with peak
λmax~ 482 nm (Gamlin et al. 2007). (B) Post-stimulus, sustained
pupillary responses in macaques. The solid curve, a vitamin A1

pigment nomogram with λmax~ 482 nm, closely matches the data
obtained both under normal conditions (�, R² ~ 0.98) (best fit
λmax~ 483 nm) and during pharmacological blockade (•, R² ~
0.97) (best fit: λmax~ 476 nm). The human sensitivity for persis-
tence matched closely (not shown) to the macaque with a λmax~
482 nm (Gamlin et al. 2007).

sulted an estimate of λmax ~ 476 nm for the peak sensitivity of PLR
(Zaidi et al. 2007). Furthermore, studies in melanopsin-knockout mice
demonstrated that without melanopsin-mRGC, the pupil cannot hold
its sustained response dilating back to baseline (Zhu et al. 2007) and
failing to constrict maximally (Lucas et al. 2003).

3.3.2 Irradiance response characteristics

The steady-state pupil diameter as a function of light intensity (white
light) was evaluated as early as in the 1920s by (Reeves 1920, follow-
up by Wagman and Nathanson 1942 with more rigorous methodol-
ogy) showing a sigmoid-shape curve of the pupil size (Figure 24A,
see later Section 3.8 for more detailed analysis). Early studies had
contradictory results whether the sensitivity of the PLR pathway was
higher or lower than the perceptual visual response. Results from
Schweitzer 1956, Schweitzer and Bouman 1958 suggested that PLR
is less sensitive than the perceptual scotopic response, whereas later
study by Stewart and Young 1989 came to the opposite conclusion
that the PLR pathway must be equally sensitive or more sensitive
than the visual pathway. It was suggested (Alpern and Campbell
1962) that the discrepancy could have been due to small test fields
used by Schweitzer 1956, Schweitzer and Bouman 1958 with entire
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Figure 23: Comparison of the steady-state spectral sensitivities. (A) The
data (•) from McDougal and Gamlin 2010 shows good concor-
dance with previous reports by Mure et al. 2009 (�), Bouma 1962
(�), and Wagman and Gullberg 1942 (�) of the spectral sensitiv-
ity of the human PLR in response to steady-state light stimuli.
Conversely, (B) The data (•) from McDougal and Gamlin 2010 is
not in agreement with the report by Alpern and Campbell 1962
(�) of the spectral sensitivity of steady-state PLR. However, when
the data of Alpern and Campbell 1962 is reanalyzed to correct
for possible errors produced by incorrect baseline measurements
(�), the results are similar to the results of the current study. (C)
Measured spectral sensitivity of the PLR (McDougal and Gam-
lin 2010) for shorter stimulus durations (•) is also in good con-
cordance with the spectral sensitivity measured by Kimura and
Young 1995 (�) for similar stimulus durations. All previously re-
ported data were converted from corneal illuminance to retinal
irradiance when necessary in order to facilitate the comparisons
between studies. In panels A and B, the absorbance spectrum of
melanopsin is represented by a Baylor nomogram (Baylor et al.
1987) with a λmax at 483 nm. (McDougal and Gamlin 2010)
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Figure 24: Irradiance-response characteristics of the human pupil. (A)
Pupil size as a function of light intensity (Reeves 1920). (B)
Irradiance-response curves (IRCs) were conducted at eight wave-
lengths for both eyes (squares indicate left eye, triangles indi-
cate right eye. Responses are plotted as percentage of maximum
response obtained. The resulting action spectrum of pupil re-
sponses provided a poor fit to rod and cone. An optimum fit
to the pupil response to light was provided by an opsin/vitamin
A-based template withλmax~ 476 nm corresponding closely to the
mRGC system. (Zaidi et al. 2007)

visual fields corresponding to the results obtained by Stewart and
Young 1989.

In rodent studies, it has been shown that the irradiance response
range of different photoreceptors are overlapping with the differential
responses shown in genetically modified animals. It has been shown
that melanopsin photopigment is required for the full constriction at
high irradiances in mice (Lucas et al. 2003), and that the mRGCs are
needed for fully function PLR in mice (Hatori et al. 2008; Güler et al.
2008). Study by Thompson et al. 2011 demonstrated that in mice, rod
and cone systems are needed for fully functional PLR even at high in-
tensities. Do et al. 2009 estimated corneal threshold (4% of maximal
constriction) for pupil constriction to be ~3×1012 photons cm-2 corre-
sponding to roughly ~500 single-photon responses over all mRGCs.
Furthermore, recent studies with hamsters (Hut et al. 2008) and with
mice (Butler and Silver 2010) showed that PLR thresholds were higher
than for the circadian entrainment. This contrasts the early human
studies but the discrepancy most likely raises from different defi-
nitions of criterion response. Only comparable human study so far
showed that PLR in a blind human lacking conscious vision (Zaidi
et al. 2007), the spectral sensitivity of the PLR corresponded to the
putative λmax ~ 480 nm of the melanopsin photopigment (Figure 24B).

3.3.3 Chromatic interactions

Previous sections (3.3.1 and 3.3.2) dealt simple experimental settings,
whereas there is evidence for cone-specific chromatic modulation for
PLR. Kohn and Clynes 1969 were first to show that pupil constricted
to the color change from red to green and vice versa without any
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change in luminance. Pupil constriction was also seen with a removal
of one primary color (red, green, blue) from the light spectrum. These
results were further validated (Saini and Cohen 1979; Young and
Alpern 1980), suggesting a functional spectral opponent system in
PLR (see 2.3.4). Krastel et al. 1985 were the first to provide quantita-
tive evidence with a chromatic-flash-on-white-background paradigm.
This paradigm isolates the response of the chromatic (color-opponent)
from that of the achromatic (luminance) channels, and the noticed
Sloan notch (2.3.4) in three-lobe action spectrum reflects the subtrac-
tive interaction of the underlying cone-opponent mechanism as in
psychophysics (Sperling and Harwerth 1971; Kalloniatis and Harw-
erth 1990). These findings were again supported by Kimura and Young
1995, with the PLR being non-exclusively luminance-driven. The pre-
vious findings were extended with a pronounced Sloan notch in the
OFF-response but not in the steady-state PLR (Figure 22A) , and the
ON response had varying shapes depending on the intensity level
lending support to previous observations on the action spectra shapes
(Young et al. 1993; Young and Kennish 1993).

This was followed by another study from the same group provid-
ing direct evidence for chromatic cancellation and the existence of a
neutral point (i.e., the signal from the visual process could be nulled
by selecting a light of some wavelength composition) in the human
PLR (Kimura and Young 1996). Sensitivity of the pupil for 6 sec light
flashes seemed to be higher when the photons were absorbed by only
L or M cones than when the same number of quanta is absorbed by
both L and M cones (later reproduced also by Tsujimura et al. 2001).
However, chromatic cancellation was shown only to occur across a
narrow range of flash intensities near the pupillary threshold, rais-
ing questions about whether this intensity-dependent property was
consistent with the proposed L- and M-opponent model. Authors
suggested L and M cones being the most sensitive photoreceptors
in the used protocol explaining the observed nonlinearity, with addi-
tional weak S cone input supporting previous study by Verdon and
Howarth 1988. These results were in accordance with the studies of
Barbur et al. 1998; 1992 where chromatic mechanisms were demon-
strated along with pupillary responses to structure and movement,
and in the study of chromatic pupillary responses linked to photo-
sensitive seizures (Drew et al. 2001).

Furthermore, short-wavelength lobe (λmax ~ 440 nm) for OFF was
demonstrated (Kimura and Young 1999) for long-wavelength back-
grounds. The anatomical site of such observed antagonistic interac-
tion still remained unclear, even with the possibility of “inverted sign”
S-cone input to M and L cone signals as with perceptual luminance
(Lee and Stromeyer 1989; Stockman et al. 1991). However, during the
time of the study the OFF response of S-cones to the melanopsin-
mRGCs was not yet characterized (Dacey et al. 2005).
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The next studies on chromatic interactions were done after the dis-
covery of melanopsin. Young and Kimura 2008 employed the light-

onset method (in contrast to light-offset of Gamlin et al. 2007 referring
to the persistence analysis) inspired by the finding of late contrac-
tion (sluggish response) in rabbits (Knapp 1986). To re-evaluate their
old findings (Kimura and Young 1995; Kimura and Young 1999) in
regard to melanopsin. Knapp’s observation suggested that the onset
of light could generate a melanopsin-induced effect on the pupil and
that the effect could be differentiated from those of rods and cones
by its very late time-to-peak. The outcome of re-evaluation was that
with melanopsin-mRGCs, the need to postulate separate effects oc-
curring during the ON-sustained, OFF-transient, and OFF-sustained
periods could be obviated . Instead, the entire set of results could
be accounted for by a single (melanopsin-mediated) process that has
a relatively long time-to-peak and a slow offset recovery. These re-
evaluated finds were contrasted by a follow-study with new subjects
(n=2) to study the chromatic interactions for the sustained portion
(for 3 s step-change in chromatic and luminance contrast from the
white background) of PLR (Kimura and Young 2010), where a signif-
icant chromatic cone drive was found with no the intrusion from rod
or melanopsin signals.

3.3.4 Photoreceptor contributions

In early pre-melanopsin PLR studies, the observed responses were
modeled as rod-cone interactions (e.g. Alpern and Campbell 1962)
inspired either by mesopic modeling by Donner and Rushton 1959a,
Rushton 1959, or by trying to isolate the photoreceptor systems ex-
ploiting different directional sensitivity (Stiles-Crawford effect, see
2.2.2) of rod and cone photoreceptors (Donner and Rushton 1959b).
The differential directional sensitivity as an approach was related
to the studies with blind spot simulation (Hess 1908; Campbell and
Alpern 1962) in which PLR was noticed. This PLR was attributed to
the fundus scatter, detected by rods which in retrospect could have
been mediated also by non-directional mRGCs with or without rod
input.

After the discovery of melanopsin, several PLR studies were con-
ducted using a silent substitution technique (Ishihara 1906; Estévez
and Spekreijse 1982; Klee et al. 2011). The technique is based on the
assumption that photoreceptor classess can be isolated by modulat-
ing the intensities of spectrally different experimental light sources,
while knowing the spectral sensitivities of the underlying photorecep-
tors (see Estévez and Spekreijse 1982 for discussion). In practice for
example for cone contribution analysis, the lights could modulated
in such way that luminance is kept constant, individually varying
M and L cone stimulation and observing differential M and L cone
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responses. This approach can be in theory extended into more pho-
toreceptors including melanopsin (Viénot et al. 2010; Tsujimura et al.
2010; Tsujimura and Tokuda 2011).

The constant-luminance was the approach in the study by Viénot
et al. 2010 for steady-state PLR (1 minute after light onset), based on a
five-channel LED light setup (see Pokorny et al. 2004 for instrumenta-
tion). The authors found no change in steady-state pupillary response
with a variation of rod, S-cone, or melanopsin excitation alone. Dif-
ferential steady-state pupillary response could only be obtained with
an higher-contrast variation of the melanopsin stimulus either with
or without associated variation of rod excitation. Tsujimura et al. 2010

studied the steady-state (2 sec at the end of 20 sec light exposure) PLR
with four-channel LED system modulating either luminance, or the
melanopsin excitation while keeping the luminance constant. Their
results indicated ~3-fold more contribution from mRGC signals than
from cones to steady-state PLR while the exact mechanisms remained
unknown.

In the follow-up study (Tsujimura and Tokuda 2011), the number of
LED channels were doubled (four for background and four for target)
for studying of transient PLR (2 sec light pulse). In addition to inten-
sity and spectral modulations of light for isolation, the waveform of
the light stimulus was sinusoidal for melanopsin and square-wave
for cones, in belief that sluggish mRGCs could not follow such rapid
light level changes as well as cones (De Lange DZN 1954). The au-
thors demonstrated longer latency (time to peak difference ~130 ms )
for the mRGC condition which was attributed to a putative difference
between signals from post-receptoral mechanisms and mRGCs.

McDougal and Gamlin 2010 employed a model, termed the Quick
pooling model (Quick 1974; see Graham 2001 for details) . Quick
pooling model has been successfully used to model the spectral sen-
sitivity of a variety of visual functions, such as contrast sensitivity
(Robson and Graham 1981), mesopic spectral sensitivity (Kurtenbach
et al. 1999) and increment threshold spectral sensitivity (Miyahara
et al. 1996). The model can be used to get estimates of the relative
weights of different photoreceptors by fitting the following equation
(Eq. (10)) to the experimental data, further allowing also the temporal
analysis of spectral sensitivity:.

S(λ) =

{

{m[Sm(λ)]}
k2 +

[

(

{c[Sc(λ)]}
k1 + {r[Sr(λ)]}

k1
) 1

k1

]k2
}

1
k2

(10)
Where m, c and r are the weights for melanopsin, cone and rod

contributions respectively; Sm and Sr are the spectral sensitivities
for melanopsin (482 nm nomogram) and rod (V ′(λ) contributions
respectively; , Sc = {p [SL(λ)] + (1 − p) [SM(λ)]} is the cone sensitiv-
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Figure 25: Relative contribution of the rod, cone, and melanopsin photore-
sponse to the spectral sensitivity of the PLR over time. The time
course of light adaptation of the rod (�), cone (�), and melanop-
sin (•) photoresponses while maintaining a half maximal PLR
with (A) no background present, (B) a 50 td adapting background,
and (C) a three-quarter maximal PLR with a 50 td adapting back-
ground. (McDougal and Gamlin 2010)

ity composed as a weighed sum of M and L cone sensitivities, with
p = 1

ratio(L/M)
= 1

1.625 = 0.67 for the standard observer (Pokorny et al.
1993); k1and k2are the scaling exponent, k1 (fixed at 1 by the authors)
reflects the combination rule for the outer retinal sensitivities and k2

(fixed at 10 by the authors) reflects the combination of the outer reti-
nal signals with the melanopsin photoresponse. As ki increases to val-
ues greater than 1, a nonlinear addition of the individual sensitivities
occurs. Furthermore, as ki is increased towards infinity, the sensitiv-
ity of the array approaches a situation of ‘‘winner take all”, where the
most sensitive element in an array at a particular wavelength defines
the total sensitivity of the array at that wavelength.

The major findings of the study was that the melanopsin pho-
toresponse of mRGCs contributes not only to pupillary constriction
at high irradiances, but also acts to maintain pupillary diameter in
steady-state photopic lighting conditions. Cones contributed mini-
mally to the maintenance of steady-state pupillary diameter at low
and high photopic irradiances, whereas rods kept surprisingly re-
sponding even in steady-state photopic conditions as found also by Bi
et al. 2011. The three photoresponses driving the PLR in humans did
not seem to be combining linearly at the level of mRGCs, but rather
the outer and inner retinal signals act in a ‘‘winner take all” fashion.
The determination of which photoreceptors would drive the response
would be solely dependent on whether the illumination was sub- or
suprathreshold for the shunting of outer retinal photoresponses by
sufficient activation of the melanopsin photoresponse. Furthermore,
it could be argued that this threshold would be highly dynamic de-
pending for example on the time of the day (Zele et al. 2011) and
recent light history (Chang et al. 2011 for circadian system).
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3.4 pupil noise

The pupil diameter has been demonstrated to exhibit fluctuations
usually referred as hippus (Bouma and Baghuis 1971; Müller-Jensen
and Hagenah 1978), also known as pupil noise (Stark 1959; Longtin
and Milton 1989; Longtin et al. 1990), spontaneous pupil fluctuations
(Nowak et al. 2008) and pupil unrest (Stark et al. 1958). The noise is
almost completely correlated between the two eyes (Stark and Corn-
sweet 1958) indicating that the noise is inserted in the system be-
fore the efferent oculomotor bifurcation. The noise controlling sig-
nal seems to be common for both accommodation and PLR suggest-
ing that the Edinger-Westphal (EW) nucleus (see 3.2) as the point of
noise injection (Stanten and Stark 1966). The pupil noise seem to of
a stochastic origin (Longtin et al. 1990) even though chaos cannot be
excluded (Rosenberg and Kroll 1999). Additionally, single midbrain
neurons of irregular pulse sequence were found to be highly corre-
lated to pupil noise (Smith et al. 1968).

Hippus is characterized as a random noise on top of the “mean
pupil size”-signal in the frequency range of 0.05-0.3 Hz (Stark 1959;
Usui and Stark 1982). Experiments have indicated skewing of the
pupil noise spectrum from Gaussian white noise at high and low
pupil areas. This skewing has been attributed the multiplier gain de-
pendence on the expansive range nonlinearity and length-tension re-
lationship of iris muscles (Usui and Stark 1978; Usui and Stark 1982) .
In practice, pupil neuromuscular dynamics shape the high frequency
cutoff for noise pulses and large and small sinusoids, whereas retinal
adaptation accounts for the low-frequency asymptotes (Stanten and
Stark 1966; Stark 1984).

In practice, the pupil noise has to be taken into account when an-
alyzing PLR recordings as no “true pupil value” can be estimated
from just one image of pupil. Average successive frames in a video
for more robust estimate of the “true pupil value”. Additionally, the
pupil noise has been shown to have clinical diagnostic value as re-
viewed later in 3.9.2.

3.5 instrumentation and analysis of plr

3.5.1 Instrumentation

In typical chronobiological papers, the instrumentation side of pupil
light reflex quantification receives very little or practically no atten-
tion, thus a brief overview of the available literature is presented here
to compensate for the lack of instrumentation information. In general
the literature on pupillometry-specific instrumention is scant in oppo-
site to eye tracking-specific methodology (see for example reviews by
Böhme et al. 2008; Hansen and Ji 2010) which are in however most as-
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Figure 26: Physical PLR setups. (left) Early implementation of PLR record-
ing system with custom-made dental bite bars to ensure stabil-
ity of the subject throughout the experiment (Stark 1959). (right)
Modern low-cost implementation using welder’s goggles and we-
bcam to monitor to pupil responses of the subject, goggles en-
suring fixed distance between the camera and the eye (Mirtaheri
2010).

pects applicable to pupillometry. Example of a schematic for modern
infrared video pupillometric setup for the recording of consensual
pupil light reflex is shown in Figure 27, and Figure 51 illustrating pos-
sible physical implementations. The left eye in the schematics is stim-
ulated by the excitation diode or with any light source with a fixation
diode for either left or right eye ensuring proper fixation. The right
eye is then monitored with a CCD/CMOS camera or with linear sen-
sors (see for example Talukder et al. 2005), an industrial CCD camera
being the typical choice. The eye is either illuminated off-axis (dark
pupil technique), on-axis (bright pupil technique) or by multiplex-
ing both light source types (Morimoto et al. 2000). To further reduce
subject motion artifacts (subject movement in z-dimension in relation
to the camera), the CCD camera can be placed further from the eye
equipped either with a normal telephoto lens (smaller field of view
and larger focal length) or with a telecentric (cf Watanabe and Nayar
1996) telephoto lens to further reduce motion artifacts as used in the
study by Zele et al. 2011.

Ultimately the quality of the pupil recording depend on the image
quality of the PLR setup, thus it is very important that the pupil data
is obtained by a proper illumination and an accurate set up of the in-
strumentation (De Santis and Iacoviello 2006). Pupil image segmenta-
tion errors due to poor image quality further makes the physiological
interpretation of the results more difficult (Proenca and Alexandre
2006). Proper infrared illumination will accentuate the edge between
the iris and the pupil making the image segmentation (image pro-
cessing to delineate parts of the image, see for example Pal and Pal
1993; Teikari 2007a; Udupa et al. 2006) algorithms perform as robust
as possible. In practice pupil recordings with brown irises yield the
best quality due to the higher reflectance of brown irises (Medina
et al. 2011) on the typically used near- infrared range (NIR, ~850-950

nm) in pupillometry.
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Figure 27: Example of an experimental set-up for the measurement of con-
sensual PLR. I - stimulation module, II - recording module, III -
control module, IV - calibration module. Ki are beamsplitters and
Li are lenses. (Szczepanowska-Nowak et al. 2004).

The simplest of image segmentation techniques is thresholding (Sez-
gin and Sankur 2004) which in essence separates the raw pupil image
to parts belonging to the pupil and those not using the pixel intensity
values. This approach is computationally light and used often in real-
time eye tracking, while being the least robust in general of possible
segmentation approaches. Another common approach is to use edge
detection algorithms (Iacoviello and Lucchetti 2005) to find the gra-
dients corresponding to the pupil-iris transition, being computation-
ally feasible with the possibility of general-purpose graphical proces-
sor unit (GPGPU) hardware acceleration (Ogawa et al. 2010). Recent
open-source eye tracker project openEyes employed an algorith called
Starburst (Li et al. 2005)based on statistical method RANSAC (RAN-
dom SAmple Consensus; Fischler and Bolles 1981) offering more ro-
bust segmentation compared to previous approaches, with feasible
computational cost being suitable for also real-time analysis [see also
other projects open-source such as Opengazer (Zieliński 2007) and
ITU Gaze Tracker (San Agustin et al. 2009; 2010)]. Further studies
have used even more robust techniques, such as level set segmen-
tation (De Santis and Iacoviello 2006; Roy et al. 2011) and active/-
geodesic contours (Shah and Ross 2009) more suitable for offline
analysis allowing the most robust analysis not having to compute
the pupil contours in real time..
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One of the future trends, especially in clinical applications, is the
use of perimetric pupillometry allowing differentiation of pupillomet-
ric responses between different retinal areas. For example, dichoptic
multifocal pupillographic objective perimetry (mfPOP, Maddess et al.
2009; Bell et al. 2010) was shown to provide high-resolution mapping
of local regional differences between direct and consensual responses
in a study by Carle et al. 2011c. Additionally for better artifact man-
agement, the accommodative state of the lens could be measured as
done for 3D eye tracking (Morimoto and Mimica 2005) and with pho-
torefractive systems (Suryakumar et al. 2009).

3.5.2 Data conditioning

Raw pupil recordings are inherently noisy and variable in human
subjects requiring further data conditioning before the physiologi-
cal analysis. Very little literature (see for example Merritt et al. 1994;
Bergamin and Kardon 2003; Teikari 2007a; Canver et al. 2010), thus
one can use the literature from the domain of biomedical signal pro-
cessing (see for example Semmlow 2008; iii; Cerutti et al. 2011). The
two most common artifacts are eye blinks and spontaneous pupil fluc-
tuations (“noise signal”) on top of “mean pupil size” signal.

Eye blinks can be excluded from the raw data heuristically using for
example the maximum known constriction velocity (Bergamin and
Kardon 2003) or using a circularity coefficient of the found pupil
contours (Mure et al. 2009) to eliminate false pupil detections dur-
ing blinks. The noise signal is typically treated with smoothing fil-
ters (Dokuchaev 2012) such as negative exponential smoothing (Sav-
itzky and Golay 1964; used in Wyatt 2010), binomial smoothing filter
(Marchand and Marmet 1983; used in Clarke et al. 2003a), Savitzky-
Golay (Savitzky and Golay 1964; used in Bergamin and Kardon 2003)
or locally weighted scatterplot smoothing (LOWESS, Cleveland 1979;
used in Mure et al. 2009). However, in some paradigms the eye blinks
(Michael et al. 2008) or the pupillary noise (Warga et al. 2009) can
be the main interest imposing different requirements for the data
conditioning. Advanced adaptive filtering schemes (see for example
Douglas and Losada 2002 and He et al. 2007 ) have not been used
in pupillometry studies to my knowledge. Furthermore, depending
on the paradigm individual PLR recordings can be averaged (Stew-
art and Young 1989) to increase the signal-to-noise-ratio (SNR) as for
example with evoked potentials in electroencephalography (Coppola
et al. 1978).

3.5.3 Mathematical analysis of PLR waveform

Various parameters can be extracted from the conditioned data (some
of the common parameters are listed in Table 3). In melanopsin stud-
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ies, typically only the pupillary area is examined with occasional in-
clusion of latency analysis. As the pupil size undergoes spontaneous
fluctuations, the analysis of pupil size is the more robust by combin-
ing successive estimates of pupil size to time bins in order to extract
true mean size. With the time binning approach, the smoothing of
the raw data (see previous 3.5.2) can be skipped allowing less infor-
mation to be lost during conditioning and analysis. Additionally, the
pupil size can be decomposed statistically for differential study of dif-
ferent components, as done by Kimura and Young 1995 for transient
and sustained component using principal component analysis (PCA
(Jolliffe 2005); and for tutorial see Smith 2002). Alternatively other
decomposition techniques such as independent component analysis
(ICA, Hyvärinen et al. 2001), non-negative matrix factorization (NMF,
Lee and Seung 1999), empirical mode decomposition (EMD, Huang
et al. 1998) and Hilbert-Huang transform (Huang and Shen 2005)
could be used among other techniques.

For latency analysis of the PLR (for an old review see Bos 1991), ei-
ther the first derivative (Link and Stark 1988) or the second derivative
(Bergamin and Kardon 2003) of the pupil size can be used to detect
the maximum constriction of the pupil and compare it to the light
onset timing. Link and Stark 1988 used the Akaike information crite-
rion [AIC, Akaike 1974; used in smoothing by Hurvich et al. 1998] to
fit a polynomial to the latency of light-pupil reflex as a function of
both stimulus repetition rate and brightness. Bergamin and Kardon
2003 upsampled the original 60 Hz data with Savitzky-Golay smooth-
ing (Savitzky and Golay 1964) and Nyquist interpolation (Pierce 1980;
Blanche and Swindale 2006) up to 300 Hz demonstrating that this
could improve the temporal resolution in latency estimation com-
pared to the original sampling rate (60Hz). Barbur et al. 1998 had
developed a normalization technique (used by Tsujimura et al. 2001)
based on the notion that, to a particular class of stimulus, all pupil
responses have the same time-course to peak, and match perfectly
when scaled to the same peak amplitude.

In a study of Straub et al. 1994, pupil noise (Section 3.4) was stud-
ied by first smoothing the signal with a Hanning moving average
filter (Brockwell and Davis 2002), followed by detrending (Wu et al.
2007) via subtraction of a polynomial trend of the sixth order to sta-
tionarize the data (for stationary requirement see Kwiatkowski et al.
1992and Ijima et al. 2007). Finally autocorrelation analysis was ap-
plied to find the regular oscillation of the pupillary area (Matthews
et al. 1983). The process for finding periodicities was thus similar
as analyzing circadian rhythm periods (Levine et al. 2002; Refinetti
et al. 2007) allowing more advanced alternatives for autocorrelation
such as wavelet analysis (Benedetto and Pfander 2002; Zhang 2009)
and singular value decomposition (SVD, Kanjilal et al. 1999). Further-
more, time-frequency analysis (for review see Addison et al. 2009) of
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Table 3: Pupillary parameters and units, adapted from Straub et al. 1994

Meaning Unit

Static and simple dynamic parameters

Maximal pupillary area or diameter mm2or mm

Contraction velocity mm2/s

Dilation velocity mm2/s

Minimal pupillary area/diameter mm2or mm

Parameters of pupillary unrest

Amplitude of pupillary unrest after detrending the data
set

mm2 · s

Area under the detrended non-smoothed curve of
pupillary unrest (AUC)

mm2 · s

Period of pupillary unrest derived from the first nadir of
autocorrelation

ms

Second order dynamic parameters

Latency time of pupillary light reflex ms

Fusion frequency of pupillary response following flicker
stimuli

Hz

the pupil noise can be done either with short-time Fourier transform
(STFT, Cohen 1989) as done by Nowak et al. 2008 or with wavelet
analysis (Guido et al. 2009) as in the study by Leal et al. 2011.

3.6 adaptation and circadian rhythmicity

Despite the widespread use of pupillographic measures in various ex-
perimental and clinical conditions, little is known about the circadian
rhythmicity of pupillary responses. There is evidence for circadian
rhythmicity for visual threshold (Bassi and Powers 1986; Roenneberg
et al. 1992; O’Keefe and Baker 1987; Tassi et al. 2000a), visual acuity
(Tassi et al. 2000b), electroretinography (ERG, Anderson and Purple
1980; Tuunainen et al. 2001) among other retinal rhythms (see for ex-
ample Tosini and Fukuhara 2002), thus suggesting the possibility of
a rhythm in PLR as well. Contradictory results have been reported
for the resting pupil diameter (Doring and Schaffers 1950; Tiedt 1963;
Borgmann 1966; Lavie 1979) with contradictions most likely arising
from the methodological differences (Wilhelm et al. 2001). A recent
study (Loving et al. 1996) concluded that there was no diurnal rhythm
in pupil size, while Wilhelm et al. 2001 found daytime variation in
pupil size corresponding to the results of Doring and Schaffers 1950).
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Maximum in baseline pupil size was found in the morning (08h)
accompanied with a afternoon minimum (15h) being in accordance
with previous reports (Doring and Schaffers 1950; Borgmann 1966).
Diurnal variation of constriction amplitude and latency was also found
by Wilson et al. 2008 with no changes observed in pupil constriction
or dilation velocities, further extended by the results of Yu et al. 2007

with no diurnal variation in constriction latency. A recent study by
Nikolaou et al. 2008 showed that a novel alertness-promoting drug
modafinil (Minzenberg and Carter 2007) was able to abolish circadian
rhythm in reduction of pupil size in patients suffering from obstruc-
tive sleep apnea (Shamsuzzaman et al. 2003). This effect was thought
to be modulated by modafinil-activation of the hypoxia-sensitive nu-
cleus locus coeruleus (LC) which is has been suggested to play a role
in PLR control also (Aston-Jones and Cohen 2005).

Recently, Zele et al. 2011 were the first to study systemically the
diurnal variations of PLR in regard to mRGCs. The individual PLR
was measured by four consensual pupil recordings of 55 seconds
(10 seconds pre-stimulus, 10 seconds stimulus and 35 seconds post-
stimulus) repeated every hour during a 20–24 h laboratory test pe-
riod, during which the participant remained awake. The short wave-
length stimulus (488 nm) was chosen to maximize mRGC contribu-
tions to the post-illumination pupil response (PIPR) (Markwell et al.
2010; Gamlin et al. 2007), and the long wavelength stimulus (610 nm)
for determining outer retina cone contributions to the PIPR and as a
control of nonspecific factors such as fatigue on the PIPR (Markwell
et al. 2010; Gamlin et al. 2007; Kankipati et al. 2010). Figure 28A shows
the rhythm of baseline pupil diameter, Figure 28B,C the rhythm of
transient PLR to 488 nm (Figure 28B) and to 610 nm (Figure 28). Fig-
ure 28D,E shows the average redilation kinetics of the PIPR (exponen-
tial time-constant) with the 488 nm and the 610 nm lights as a func-
tion of circadian time and modeled over 24 hours with the skewed
baseline cosine function (Van Someren and Nagtegaal 2007).

In conclusion, the results suggested that the change in mRGC con-
trolled post-illumination pupil response is on average, 2:40 h in ad-
vance of the onset of melatonin secretion, and the minimum post-
illumination pupil response occurs on average, 1.31 h after mela-
tonin onset. It has been shown in mice that rod photoreceptors drive
photoentrainment at scotopic and photopic light levels via mRGC
retinal circuitry (Altimus et al. 2010) and contribute significantly to
the steady-state pupillary diameter in humans (McDougal and Gam-
lin 2010). There is evidence suggesting that baseline pupil diame-
ter shows diurnal variation only when rods are active (Fosnaugh
et al. 1992). The shown diurnal variation of mRGC-mediated PLR re-
sponses in vivo is in contrast with the in vitro electrophysiological data
in rat retinal preparations (Weng et al. 2009), in which only a mod-
est increase for melanopsin modulation during subjective night was
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Figure 28: Diurnal cone photoreceptor contributions to the human pupil
light reflex. (A) Baseline pupil diameter of 11 participants (mean
± SEM) viewing a uniform photopic screen, recorded over 20–24
hours (B) Average maximum pupil constriction (488 nm) for 11
participants (± SEM). Insets; Coloured lines show baseline pupil
diameter (Fig. 1A) and maximum constriction of one participant
(19,F) at circadian times of 3.5 h and 15.4 h. (C) Average max-
imum pupil constriction (610 nm) for 11 participants (± SEM).
(D) Redilation kinetics (mm·s-1) derived from the time-constant
of the best-fitting exponential functions to the 488 nm PIPR. (E)
Re-dilation kinetics (mm·s-1) for the 610 nm PIPR. Change in post-
illumination pupil response amplitude and kinetics independent
of the constant external illumination demonstrates circadian con-
trol of mRGC activity. (Zele et al. 2011)

found. Putative SCN-mediated negative feedback mechanism gating
mRGC activity was suggested for the observed phenomenon based
on the data on gene feedback loops (Hastings et al. 2003; Garcia-
Ojalvo 2011), and circadian variation in melanopsin mRNA and pro-
tein synthesis (Hannibal et al. 2005; Mathes et al. 2007).

3.6.1 Adaptation

Adaptation of PLR response like the circadian rhythmicity is not well
understood and extensively studied either (for comparison, see sec-
tions 2.4.8and 2.4.9 for melanopsin adaptation). Early studies have
found that the threshold for a criterion response for PLR varies in
analogous to the visual threshold both with bleaching backgrounds
(Alpern et al. 1959; Alpern and Ohba 1972) as with real backgrounds
(Schweitzer and Bouman 1958; Alexandridis and Dodt 1967, Alexan-
dridis and Koeppe 1969; Schubert and Thoss 1967; Webster 1971,
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Webster et al. 1968). However, some of the results were criticized
for experimental conditions (Brecher 1959) leading Ohba and Alpern
1972 to conduct a study on adaption of PLR for light onset (positive
pulse), using the criterion response (0.5-1 mm constriction depending
on the condition) protocol (Webster et al. 1968). The obtained results
were in line with the results for visual threshold studies (Burke and
Ogle 1964) suggesting a common neural pathway for both responses.
The possibility of parallel channels undergoing identical adaptations
could not be excluded, with the use of short flashes not revealing
mRGCs responses.

Study by Stark 1962 examined the dark adaptation effect on tran-
sient pupil constriction in response to light offset (negative pulse).
Author varied the period of time in the dark (varying pulse width of
the negative pulse) and exposing the retina to light. The light level
was being controlled by the experimenter and adjusted to give a con-
stant amplitude response. It was shown that the dark adaptation pro-
cess for the negative pulse was significantly faster (order of couple of
seconds, compared to the time constant 120 sec for light onset for the
same condition) than for the light onset. It was suggested, that the
retinal sensitivity is not a direct function of the instantaneous states
of pupil area or stimulus intensity, but a function of the past history
of these states. These results were supported of earlier findings by
Boynton 1961.

3.7 animal models of plr

The detailed analysis of pupillary light reflex in various animals is be-
yond the scope of this work and interested readers are referred to re-
views on pupil function for example in terrestrial vertebrates (Malm-
ström and Kröger 2006), flies (Roebroek and Stavenga 1990a), rhesus
monkeys (Clarke et al. 2003a;b), macaques (Pong and Fuchs 2000a;b),
and in rats (Young and Lund 1994). For animal optical system, there
are schematic eye models are available for example for macaques (La-
puerta and Schein 1995), rat (Hughes 1979), mouse (Remtulla and
Hallett 1985), rabbit (Hughes 1972), pigeon (Marshall et al. 1973), cat
(Vakkur and Bishop 1963); and see Martin 1983 for general overview
of vertebrate eye models. For visual system of mice, see Jacobs and
Williams 2007 for ocular media and Schaeffel 2008 for visual function
in mice. A method to measure ocular media transmission in animals
in vivo is described by Dillon et al. 2000, being also possible with
Scheimpflug technique (Wegener and Laser-Junga 2009) as demon-
strated for salmon ocular media for example (Wegener et al. 2001)
.

Typically rodents are anesthetized for pupillary recordings (Hus-
sain et al. 2009), and this itself can have an effect on the recorded
pupillary response. For example, light ketamine-xylazine sedation
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method has been validated in some recent animal studies (Aleman
et al. 2004; Mukherjee and Vernino 2007; Hussain et al. 2009) and is
considered not to effect the pupillary response. Anxiety, in case with-
out anesthesia, can also result in recordings with artifacts (Bitsios et al.
1996b; Pollak et al. 2010), being even more pronounced in mice with
retinal degeneration (Cook et al. 2001).

The closest animal model for human PLR is the primate model with
macaques (Pong and Fuchs 2000a;b) and rhesus monkeys (Clarke
et al. 2003a;b) characterized. In primates, it is possible to use alert an-
imals without anesthesia eliminating their possibly compromising ef-
fects on PLR. Clarke et al. 2003b found the rhesus monkey providing
an excellent model for experimental studies of the neural control of
the pupil. Major differences with rhesus monkeys and humans were,
the more variable PLR of the monkey and significantly shorter min-
imum latency for pupil constriction, [~140 ms compared to human
~200 ms (Feinberg and Podolak 1965; Lee et al. 1969; Müller-Jensen
and Hagenah 1976)].

3.8 modeling of plr

For quantitative synthesis of the complex phenomena for human pupil-
lary light reflex (PLR) various mathematical modeling approaches
have been used (see review by Stark 1984 of early models). Early pio-
neering model by Stark and Sherman 1957 was based on a third-order
linear control system related on the cybernetic framework (Wiener
1947). Later the linear models have been modified to incorporate the
observed non-linearities in pupil response. Biomechanical iris muscle
models such as presented by Usui and Hirata 1995 and Yamaji et al.
2001; 2007 are beyond the scope of this chapter.

The first of the non-linearities in PLR, is the approximate linear re-
lationship between steady state pupil size and the log of light level
excluding the saturation at both extreme values first shown by Reeves
1920. Among the most popular of the early models for the relation-
ship for pupil size and light intensity is the one by Moon and Spencer
1944 described as:

D = 4.9−3tanh [0.4 (log10(Lb)−0.5)]] (11)

where the pupil diameter D varies from 2 to 8 mm, and Lb is the
background luminance level expressed in blondels, varying from 105

blondels in sunny days to 10−5 blondels in dark nights. Link and
Stark 1988 extended the relation for the pupil response latency with
constant background as following

τ(R, L f L) = 253−14ln(L f L) + 70R−29Rln(L f L) (12)
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where τ is the latency in milliseconds, L f L is the luminance mea-
sured in foot-Lamberts (fL; mostly obsolete non-SI US unit, 1 fL ≈

3.43 cd/m²), and R is the light frequency measured in Hz. Recently,
Pamplona et al. 2009 proposed a synthesized physiology-based model
based on the work of Moon and Spencer 1944 and Longtin and Mil-
ton 1989. The dynamic behavior of pupil size is modeled using a
delay differential equation (Erneux 2009) as following:

dM

dD

dD

dt
+ 2.3026atanh

(

D − 4.9
3

)

= 5.2 − 0.45ln

[

φ(t − τ)

φ

]

(13)

where M is iris muscle activity in scaled arbitrary units, D is the
pupil diameter in mm, light flux φ is expressed in lumens, latency
τ is calculated from Eq. (12) noting that 1 blondel = 0.0929 fL =
0.3183 cd/m². Pupil constriction velocity is approximately 3× faster
than (re)dilation velocity (Ellis 1981; Bergamin et al. 1998). Differen-
tial time steps for constriction (dtc) and dilation (dtd) can be solved
numerically from the following:

dtc =
Tc − Tp

S
dtd =

Tc − Tp

3S
(14)

where Tc and Tp are respectively the current and previous simula-
tion times (times since the simulation started) measured in millisec-
onds, S is a constant that affects the constriction/dilation velocity
and varies among individuals. The higher the S value, the smaller the
time step used in the simulation and, consequently, the smaller the
pupil constriction/dilation velocity. The model was designed to han-
dle individual variations in PLR (Tryon 1975; Semmlow et al. 1975)
as shown for differences in pupil diameter (Crawford 1936 ; Moon
and Spencer 1944; De Groot and Gebhard 1952; Ellis 1981; Winn et al.
1994), latency, and constriction and re-dilation velocities (Ellis 1981;
Bergamin et al. 1998).

The second nonlinearity in PLR, the pupil-size effect (PSE; Sun et al.
1983; Sun and Stark 1983; Krenz and Stark 1984) describes the depen-
dency of the earlier described (3.2.2) phenomena pupillary escape
(as named by Lowenstein and Loewenfeld 1969) and pupillary cap-
ture (Usui 1974) on the operational range of the pupil size and not
solely on light intensity. When the pupil operating level is large (e.g.
constriction from dark-adapted pupil to light pulse) pupillary escape
occurs; if the operational range is small (e.g. light-adapted pupil and
light pulse), pupillary capture occurs. Functionally, in case of initially
large pupils (scotopic conditions) it is less important for the pupil to
regulate the long-term light flux onto the retina via the pupil, thus
causing pupillary escape in the large pupil. Conversely, with a small
pupil (photopic conditions) regulation of light flux into the eye be-
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comes more important causing pupillary capture to occur (Sun et al.
1983).

The third nonlinear phenomenon in PLR, is the “AC rectifier ef-
fect” (Sun et al. 1979; 1981; Privitera and Stark 2006) in which pupil
response is smaller and slower for light decrements than to light
increments. This phenomenon has been attributed to the ganglion
Y cell, (see for example Gaudiano 1994) and was represented as a
rectifier element in the “AC pathway” in the control engineering in-
spired Matlab-Simulink model of Privitera and Stark 2006, analogous
to the rectifier block in electrical engineering (Pires and Silva 2002).
The observed phenomenon is closely related to the pupillary Varju-
Troelstra effect (Varjú 1964; Troelstra 1968) in which average pupil
area is reduced as modulation coefficient (m, amplitude of oscilla-
tion) increases with average light level held constant. Psychophysical
equivalent to this is the Bezold-Brücke effect (cf Bimler and Paramei
2005) describing the nonlinear increase in perceived brightness as
modulation coefficient is increased.

The fourth PLR non-linearity is the level-dependent latency, in which
the latency depends both on the adaptation light level (before light
pulse) and the light pulse intensity (Myers and Stark 1993, Myers
et al. 1993). First evidence of the level-dependent latency came from
the studies of Sandberg and Stark 1968 with sinusoidal light stimuli
for PLR and ofMiller and Thompson 1978a for pupil cycle time (PCT).
The effect was modeled by Myers and Stark 1993, Myers et al. 1993 as
a Level Dependent Signal Flow (LDSF) operator (called also “bucket
brigade” (Janssen 1952)) which presents pupil response as a high-pass
lossy transmission line. In practice the “LDSF block” results in an an-
tilog operator, transient signal response becoming more proportional
to the linear light intensity rather than its logarithm as shown with
Limulus ommatidia (Fuortes and Hodgkin 1964; Section 4.1). Similar
observations were made by Lennie 1981, transient signals (large high
frequency content) exhibiting the shortest latency and the least LDSF.

The fifth PLR nonlinearity arises from the iris length-tension curve
which is analogous to Huxley sliding filament model (Huxley 2004)
for striated muscles, contributing to the observed asymmetry between
dilatation and contraction kinetics (Reeves 1918; Clynes 1961; Stark
1959). As this non-linearity characterizes a wide portion of the pupil-
lary range, it has further been named “expansive range non-linearity”
(Semmlow et al. 1975). This nonlinearity has been modeled for exam-
ple with a sigmoid function (Privitera and Stark 2006).

In addition to the above-mentioned phenomena, there is the need
to include the effect of pupil noise (see Section 3.4) to the model of
PLR. While the exact physiological origin of the noise is unknown
(Ukai et al. 1997, Usui and Stark 1982), it has been modeled with
added noise block (Stanten and Stark 1966, Stark and Cornsweet 1958,
Stark 1959, Stark et al. 1958). Pamplona et al. 2009 approximated the
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pupil noise by adding small random variations (standard deviation
of the noise corresponding ~10% of the pupil diameter (Usui and
Stark 1982)) to the light intensity (between −100.3 and 100.3 blondels),
to induce small variations in the pupil diameter (of the order of 0.2
mm, Hachol et al. 2007), in the frequency range of 0.05Hz to 0.3Hz.
Additionally, the Gaussian distribution of pupil noise can be skewed
at large and small pupil ares (Stark 1984) to reflect the length-tension
relationship of the iris muscles (Usui and Stark 1978; 1982). Pupil
noise can thus be simply considered as cross-talk additive Gaussian
noise injected into the pupil system at midbrain level (Usui and Stark
1982).

The Matlab-Simulink model for binocular pupil responses of Privit-
era and Stark 2006 is shown in Figure 29 represented as blocks typical
for control engineering (Dorf and Bishop 2010). The pupil model is di-
vided in three main compartments: the two afferent retinal pathways
are separated (left and lower-left inset) and they both implement log-
arithmic response to light and “AC rectifier effect”, as well as the DC
and AC modules. Light stimuli can be applied to both pathways si-
multaneously or in alternating fashion. The midbrain ocular motor
complex (Brain module in the center lower-middle inset) implements
the pupil size effect and combines together the AC and DC dynamic
components. The pupil noise is inserted to the system before the ef-
ferent oculomotor bifurcation. The oculomotor III nerve efferent path-
way, one for each eye, has the second-order lag block and transport
delay modules (Verbeek 2000; Dorf and Bishop 2010) and continues to
the final length–tension non-linearity. Specific melanopsin block has
been excluded from the model, and the authors hypothesize that the
description of melanopsin dynamics could lead to a different or more
elaborated definition of the PSE mechanism. Furthermore, the gain
control operator is thought to be defined in the Brain block generally
enough, and it could be functionally extended to interpret different
retinal contributions to the PSE non-linearity. Alternatively, a third
melanopsin input could for example be added in parallel to the AC
and DC channels (Privitera and Stark 2006).

3.9 clinical and diagnostic use

Pupillary light reflex (PLR) and the accompanying pupil phenomena
hippus and pupil cycle time have been used successfully for diag-
nostics and monitoring of various ocular and non-ocular pathologies,
thus the clinical applications are briefly reviewed here. The clinical
use of pupillary near reflex (PNR) is beyond the scope of this chapter,
but interested readers are referred to Digre 2005 and McDougal and
Gamlin 2008.
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Figure 29: The binocular Matlab-Simulink pupil model divided into three
main compartments: the two afferent retinal pathways, (left and
lower-left inset), the mesencephalic ocular motor complex, (brain
module and the attached lower-middle inset), and the two ocu-
lomotor III nerve efferent pathways (right). (Privitera and Stark
2006)

3.9.1 PLR Diagnostics

Variety of disorders effecting retinal, midbrain, and autonomic func-
tions concurrently can be easily assessed non-invasively measuring
pupillary light reflex (see Kardon 1995; Kawasaki 2005 and McDou-
gal and Gamlin 2008 for a more comprehensive reviews). For diagnos-
tic purposes, abnormalities of the pupil are traditionally classified as
afferent or efferent defects (see Figure 15). PLR has been used as a di-
agnostic tool in pathologies such as multiple sclerosis (Surakka et al.
2008), autism (Fan et al. 2009a), retinitis pigmentosa (Skorkovská et al.
2008), Alzheimer’s disease (Fotiou et al. 2007), diabetic retinopathy
(Straub et al. 1994;Long et al. 2007), optic nerve diseases (Bremner
2004) and glaucoma (Carle et al. 2011b; Asakawa et al. 2010; James
et al. 2011). PLR has been used in clinical monitoring of the response
to analgesics (Knaggs et al. 2004), visual field loss (Bergamin and Kar-
don 2002) and autonomous nervous system (Yamaji et al. 2002)

Afferent defects in the PLR are characterized by an asymmetry in
the PLR between the eyes in response to a light (Thompson 1992;
Digre 2005), referred as relative afferent pupillary defect (RAPD) re-
flecting differential light sensitivity of the two eyes. Various midbrain
lesions can produce abnormalities in the PLR, which are character-
ized by an absence or attenuation of the light reflex in one or both
eyes. Efferent defects of the PLR are most often characterized by a
dissymmetry in the size of the two pupils under steady-state illumi-
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nation, referred as anisocoria. More commonly, anisocoria is caused
by a unilateral global dysfunction in either the sympathetic or the
parasympathetic branch of the ANS.

Early study by Straub et al. 1994 examined the valid clinical param-
eters of PLR suggesting maximal pupil area and pupil response time
being the most relevant in clinical settings with pupillary fusion fre-
quency [analog to critical flicker fusion (CFF) frequency in vision, see
for example Ives 1922; Brown 1965a; Bowles and Kraft 2012) found to
be too time-consuming for practical purposes. Bergamin et al. 2003

found the peak contraction (pupillary escape, see 3.2.2) carrying the
most diagnostic value with highly variable irradiance response. The
inter-eye asymmetries in latency was suggested to be clinically useful
in a study by Bergamin and Kardon 2003. In some patients, the di-
agnostic difference was the most pronounced at lower intensities, in
some at midrange intensity, yet others showed the greatest diagnostic
power at the brightest intensities. In addition to light flux increments,
the measurement of pupil responses to the onset of stimulus struc-
ture, color and movement was suggested to provide clinical informa-
tion on the optic nerve fiber functionality (Barbur et al. 2004; Moro
et al. 2007). These results highlight the need to consider various pa-
rameters of PLR both in clinical and research settings.

There has been increased interest after the discovery of melanopsin,
using post-illumination pupil response (PIPR, see e.g. Markwell 2011,
the PIPR being the same as persistence described in 3.2.2) as a diag-
nostic tool for pathologies such as diabetic retinopathy (Feigl et al.
2011), retinitis pigmentosa (Kardon et al. 2011), Leber hereditary op-
tic neuropathy (Kawasaki et al. 2010) and with glaucoma (Kankipati
et al. 2011). In practice, the melanopsin-mediated PIPR is studied us-
ing a pair of light wavelength (termed also as chromatic pupillometry,
(Herbst et al. 2011; Kardon et al. 2011)) of which the other prefer-
entially stimulates the melanopsin system (blue light) whereas the
other does not (red light). For example, in a study of Kardon et al.
2011 chromatic pupillometry was shown to provide a suitable clini-
cal tool, particularly in patients with severe retinitis pigmentosa and
non-recordable electroretinography (ERG).

3.9.2 Pupil noise

In addition to PLR, the pupil noise (i.e. hippus, see Section 3.4) has
been used in various experiments. Pupil noise has been used for ex-
ample to study the changes in arousal levels in patients with nar-
colepsy (O’Neill and Trick 2001; Prasad et al. 2011), in bright light
treatment studies (Szabo et al. 2004; Warga et al. 2009; Rautkylä 2011),
in studying workplace lighting (Wilhelm et al. 2011), in drowsiness
monitoring (Morad et al. 2000; Nishiyama et al. 2007), and in quan-
tifying the progression of Parkinson’s disease (Jain et al. 2011). The
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pupil noise is characterized typically as either cumulative changes of
pupil diameter (Pupil Unrest Index (PUI), e.g. Lüdtke et al. 1998 )
or by the power spectrum of the noise using for example traditional
Fourier (Grünberger et al. 1996), short-time Fourier (STFT, Nowak
et al. 2008) or wavelet analysis (Leal et al. 2011).

3.9.3 Pupil cycling time

When a narrow beam of light is placed at the iris margin, some light
entering the eye, the pupil contracts. The iris margin moves towards
the center of the pupil, thereby preventing the light beam from en-
tering the eye, and the pupil dilates back. This allows the light to
enter the eye again, the pupil to contract, and the cycle of pupil con-
traction and dilation is established. This repetitive change in pupil
size is known as pupil cycling (for modeling see Bressloff et al. 1996;
Bressloff and Wood 1998), and the time taken to complete one cy-
cle, the period, is termed the “edge-light pupil time” or pupil cycling
time (PCT) (Miller and Thompson 1978a). The period of the cycle will
depend upon the time delays in the pupillary reflex arc and the me-
chanical properties of the iris musculature. Hence pupil cycling has
been used in studies on the dynamic properties of pupillary move-
ment (Milton and Longtin 1990; Howarth et al. 2000). The pupil cy-
cling can be induced electronically modulating the light rather than
by mechanical moving of the light simplifying the experimental setup
(Milton and Longtin 1990; Howarth et al. 2000).

The clinical use of pupil cycling has been extensive, and abnor-
mal PCTs have been reported in various conditions where neurologi-
cal changes might be expected. These include (Miller and Thompson
1978b), myasthenia gravis (Lepore et al. 1979), HIV infection (Maclean
and Dhillon 1993), optic nerve compression (Weinstein et al. 1980),
space-occupying lesions (Manor et al. 1982), central depressant drugs
(Safran et al. 1981), multiple sclerosis (Wybar 1952), optic neuropathy
(Milton et al. 1988), primary closed-angle (Clark and Mapstone 1986)
and open-angle (Niles and Bartiss 1991) glaucoma, ocular hyperten-
sion (Clark and Mapstone 1987), diabetes (Clark 1988; Zangemeis-
ter et al. 2009; Lee et al. 2011), progressive autonomic failure (Clark
and Ewing 1988), Horner’s syndrome (Blumen et al. 1986), leprosy
(Karaçorlu et al. 1991), gastrooesophageal reflux (Chakraborty et al.
1989) and familial dysautonomia (Gadoth et al. 1983). So far, pupil cy-
cling time has not been linked to melanopsin system as a diagnostic
or research tool.

3.9.4 Pupil perimetry

Recently Carle et al. 2011c proposed a model for assessing asym-
metries in pupillary response components for clinical applications
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Figure 30: Asymmetries in pupil contraction. Mean pupillary contraction
amplitudes and direct/consensual ratios for two representative
stimulus protocols (see Carle et al. 2011c). Larger values are plot-
ted in lighter shades. Mean amplitudes of subjects’ direct re-
sponses (left) exhibit a gradient of sensitivity across the visual
field. (B). A similar pattern is seen in the means of consensual re-
sponses (center). In contrast, ratios between direct and consensual
responses in corresponding test regions exhibit a different pat-
tern: relatively homogeneous values were produced within each
hemifield, these being consistently larger to stimulation in the
temporal field (right) (Carle et al. 2011c).

using multifocal pupillographic objective perimetry (mfPOP, True-
Field Analyzer®, Seeing Machines Inc., the authors representing the
company as well), allowing the stimulation of specific parts of the
visual field (see Figure 30). The proposed model suggested clinical
utility of the method for the assessment of neural dysfunction us-
ing pupillary responses. The method was extended to quantify mela-
nopsin-mediated pupillary responses in glaucoma diagnostics (Carle
et al. 2011b), the preliminary evidence not demonstrating a significant
melanopsin-mediated clinical diagnostic value (Carle et al. 2011a).
However even the 750 ms light blue pulse (75 cd/m2, wavelength
not specified in the poster) protocol showed according to the authors
significant melanopsin contribution not fitting the spectral sensitivity
of S-cones.



4
M E L A N O P S I N B I S TA B I L I T Y

Bistability – the capacity of a system to exist in either of the two stable
states when at equilibrium - is a general property of many biological
(Ferrell 2002; Rietkerk et al. 2004; Samoilov et al. 2005; Shoemaker
2011), physical (Sessoli et al. 1993; Itkis et al. 2002) and engineered sys-
tems (Gibbs 1985; Epstein 2007; Kuo et al. 2011). The observed bista-
bility can either be an emerging property of the system macroscopi-
cally (Bhalla and Ravi Iyengar 1999; To and Maheshri 2010) or to be
observed in the individual components (Korogod and Kulagina 2000;
Loewenstein et al. 2005), the latter being the case with putative mela-
nopsin pigment bistability (Rollag 2008; Section 5.5.1). If the bista-
bility is light-controlled, the system can be referred as photochromic
[photochromic chemicals used in optoelectronics (Dulić et al. 2003)]
or as photoreversible [e.g. Dronpa (Donnert et al. 2007), fluorescent
protein derived from Pectininiidae coral reviewed in Newman et al.
2011] system also.

Rhodopsin and related pigments possess 11-cis-retinal in the dark,
and light (with a frequency of ν1 in Figure 31A) isomerizes the retinal
to the all-trans form (see Section 2.3). The photoproduct all-trans of
vertebrate cones/rods is thermally unstable and eventually releases
all-trans-retinal chromophore (i.e. it “bleaches”) to become a color-
less opsin (Wald 1968, Figure 31A). In contrast, in invertebrate sys-
tems (see extensive review by Hillman et al. 1983) the active pho-
toproduct (metarhodopsin) has a much higher thermal stability; the
stable photoproduct (all-trans) is stable and can be reverted to the
original dark state by subsequent light absorption (with a frequency
of ν2 inFigure 31B), showing photoregeneration ability (Hubbard and
St. George 1958). The ability of bistable pigments to bind to 11-cis and
all-trans retinals is similar to the characteristics of typical G-protein
coupled receptors (GPCRs) when they bind to antagonist and agonist
(Figure 31C) making rhodopsin a suitable model for various GPCRs
(Palczewski et al. 2000; Hofmann et al. 2009).

4.1 invertebrate visual system

4.1.1 Insect optics

In flies, the eight photoreceptors (peripheral R1-6 and central R7 and
R8) of an ommatidium form an open rhabdom (the rhabdomeres re-
main separate), and each fly rhabdomere acts as an optical waveguide
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Figure 31: Comparison of activation scheme among monostable and
bistable pigments and typical GPCRs. Monostable pigments can
bind to 11-cis-retinal but not all-trans-retinal directly. Bistable
pigments can bind both to 11-cis and all-trans retinals directly,
and 11-cis-retinal and all-trans-retinal binding states are inter-
convertible upon light absorption. The ability of bistable pig-
ments to bind to 11-cis and all-trans retinals is similar to the char-
acteristics of typical GPCRs when they bind to antagonist and
agonist. The inactive and active states of typical GPCRs are sta-
bilized by binding of antagonist and agonist, respectively. In gen-
eral, addition of excess antagonist or agonist can exchange ligand
bound to typical GPCRs, because there are not covalent bonds to
ligands in typical GPCRs, unlike in monostable and bistable pig-
ments. Tsukamoto and Terakita 2010 add subscripts 1 and 2 to
ν’s

(Hardie 1986). In bees and butterflies, the nine photoreceptors of an
ommatidium have their rhabdomeres joined into a fused rhabdom,
which acts as one, efficient optical waveguide (review by van Hateren
1989). Each ommatidium consists of a light-diffracting facet lens, a
crystalline cone, and photoreceptor cells with a wave-guiding rhab-
dom (Beersma et al. 1982; Stavenga 2003, Stavenga and van Hateren
1991; and see Figure 32A,B).

The rhadbomeres of Drosophila consist of roughly 30-50,000 mi-
crovilli (Hardie and Postma 2008), each 1,2 μm long and 60 nm in
diameter. Each microvillus contains ~1,000 rhodopsin molecules close
packed at a density of ~4,000 μm-2 (Hardie and Postma 2008), com-
pared to a higher rhodopsin density of ~25,000 μm-2 in mouse rod
outer segments (Liebman et al. 1987). The parallel arrays of microvilli
also provide rhabdomeric an intrinsic dichroism (Snyder and Laugh-
lin 1975) allowing Drosophila, arthropods and mollusk to detect and
discriminate polarized light (Marshall and Cronin 2011; Hardie 2012),
ability being largely absent in humans (Le Floch et al. 2010). Rhab-
domeres form a precise hexagonal in cross section with six peripheral
rhabdomeres (R1-6) all containing the same rhodopsin (Rh1, λmax~
480 nm), with the central tiered rhabdomere (R7, R8) containing va-
riety of visual pigments (Rh3-6,λmax~ 340, 370, 440, and 510 nm) uti-
lized in color vision (Yamaguchi et al. 2010) analog to the human
fovea (Section 2.3). In most physiological studies, the R1-6 cells dom-
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Figure 32: Anatomical comparisons between a natural compound eye and
an artificial compound eye described from the cross sections. (A)
An optical micrograph of a honeybee’s apposition compound
eye (courtesy of B. Greiner). As an individual optical unit, (B) a
natural ommatidium consists of a facet lens, a crystalline cone,
and photoreceptor cells with a wave-guiding rhabdom. (C) A
scanning electron micrograph of an artificial compound eye and
(D) an artificial ommatidium comprising a microlens, a polymer
cone, and an optical waveguide that has a higher index core sur-
rounded by a lower index cladding in a polymer resin. Light
impinging onto a microlens is coupled with polymer cones and
waveguides and then guided to the end of the waveguide. (A-D
from Jeong et al. 2006) )

inate the response, and special study design is needed to isolate the
R7 and R8 responses (Minke et al. 1975).

The omnidirectionally arranged ommatidium collects incident light
with a narrow range of angular acceptance independently contribut-
ing to the capability of wide field-of-view (FOV) detection [Hardie
et al. 1989, conceptually similar to plenoptic (light field) imaging (Ng
et al. 2005; Ihrke et al. 2010)]. The whole optical system is typically
referred as the compound eye, containing ~750 facets in Drosophila.
The ommatidia has inspired a fabrication of several engineered op-
tical systems (Jeong et al. 2006). These biomimetic compound eyes
are anatomically as well as functionally close to natural compound
eyes (Figure 32C). The artificial ommatidium consists of a honeycomb-
packed hexagonal microlens, a cuvette-shaped polymer cone, and a
polymer waveguide (Figure 32D).

Besides the compound eye, the fly employ a second visual system,
the ocelli containing Rh2 rhodopsin photopigment (Srinivasan and
Zhang 2004). The ocelli system is low-spatial frequency system ca-
pable of responding even faster than the compound eye (Nässel and
Hagberg 1985). It has been shown to play a role in sensing rotations
crucial for gaze stabilization (Hengstenberg 1993), but in regard to
the scope of bistable photopigment system it has not been shown to
play any role (Krapp and Wicklein 2008).

4.1.2 Phototransduction

Phototransduction can be roughly divided to ciliary (vertebrate, in-
troduction in Section 2.3) and to rhabdomeric (invertebrate) transduc-
tion (see reviews by Hardie and Raghu 2001 and Yau and Hardie
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Figure 33: Illustration of bistable photoreception. Illustration of the light-
driven “R state” (corresponding to rhodopsin) and “M state” (cor-
responding to the metarhodopsin) isoforms of the visual pigment.
The peak spectal sensitivities correspond to the putative peaks ob-
tained by Mure et al. 2009 for human melanopsin in vivo. The “M
state” restoring visual sensitivity (renegerating the pigment back
to the “R state”) has a spectral sensitivity extending throughout
the visible light spectrum, thus in practice it is not possible to
drive all pigment population to the “M state”.

2009). Some organisms exhibit photopigments of both type (Arendt
2003), invertebrate characteristics of vertebrate melanopsin being the
most obvious example (Graham 2008). The most significant between
the invertebrate and vertebrate systems in regard to this work is
the ability to regenerate the “inactivated” visual pigment back to
“responding state” employing another wavelength of another wave-
length (Figure 33A; however see Section 4.5for photoregeneration in
vertebrate vision). The photoisomerase spectral sensitivity (M state)
can be either red-shifted (bathochromic shift, as in Figure 33A), blue-
shifted (hypsochromic) or overlapping with each other (see Table 1

of Hillman et al. 1983). The hypsochromic is the dominant arrange-
ment in invertebrate species (Stavenga 1992; Stavenga and Hardie
2010) making only handful of invertebrate suitable as models for pu-
tative bathochromic bistable melanopsin photopigment. Functionally
the red and blue-shifted pigment system differ significantly in regard
to their exploitation of screening pigments (4.1.4) and in their dark re-
generation kinetics (see below). In Drosophila, both arrangements are
found with the most studied rhodopsin Rh1 of R1-6 having a λR,max~
470 nm and λM,max~ 570 nm, whereas in rhodopsin Rh6 of R8, the
M state is blue-shifted to λM,max~ 468 nm with the R state sensitivity
peaking at λR,max~ 508 nm (Salcedo et al. 1999).

The process from light activation until regenerated visual pigment
is referred as the visual cycle (Ala-Laurila et al. 2006; Kusakabe et al.
2009), which in vertebrates is different (Figure 34A) for the cones
(Wang and Kefalov 2011) and for the rods (Mata et al. 2002). Simi-
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Figure 34: The vertebrate visual cycle (left) and the putative visual cycle in
Drosophila (right). See text for full details. The enzymatic activ-
ity of PDH described by Wang et al. 2010 is illustrated by a block
blue arrow; hypothetical steps of this cycle, for which molecular
identities of underlying enzymes and their cellular localization
are unknown, are illustrated by a block pink arrow. Visual pig-
ments are shown as seven-helical structures in colors imitating
their actual appearance. Parts of the drawing are modified from
(Arshavsky 2002; Wang et al. 2010), adapted from Arshavsky 2010

larly, dark regeneration pathway exists for invertebrate pigments as
recently shown by Wang et al. 2010 (see also reviews by Arshavsky
2010 and von Lintig et al. 2010). The relative stability of the inacti-
vated M-state (all-trans-retinol state in Figure 34) has been taken as
the basis for the term “bistable photopigment” as regeneration to the
R-state (11-cis-retinol) is not immediately followed, the time course of
regeneration depending on the species.

Strictly speaking neither rhodopsin nor metarhodopsin is stable in
invertebrates. Thermal isomerization of rhodopsin occurs at an ex-
tremely low rate, i.e., half-time is several years (Lisman and Bering
1977), whereas metarhodopsin conversion in the dark varies hugely
depending on the species. In bathochromic fly, enzymatic visual pig-
ment turnover is slow, taking several hours (Pak and Lidington 1974;
Stavenga 1975; Bruno et al. 1977; Schwemer 1989), whereas in hyp-
sochromic butterflies, the time-course of same process is reduced
to several minutes (Bernard 1983). In contrast, the thermal decay
half-life of vertebrate tod rhodopsin was estimated to be 2,000 years
(Burns and Baylor 2001), and for primate rod to be up to 420 years
(Baylor 1987), this thermal stability ensuring reliable detection of very
dim light. Furthermore, there is an evidence for diurnal modulation
of the turnover rates of invertebrate pigments (Stowe 1980; Toh and
Waterman 1982).

The response kinetics of the vertebrate and invertebrate photore-
ception differ (see Section 4.5). Fly photoreceptors possess the fastest
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known G-protein-signalling pathways (for review see Hardie and
Raghu 2001), responding around 10 times more quickly than mam-
malian rods and ~100 times faster than toad rods recorded at similar
temperatures. By contrast, despite their exquisite sensitivity to single
photons (Wu and Pak 1978; Howard et al. 1987; Pumir et al. 2008),
fly photoreceptors successfully light adapt over the entire environ-
mental range, up to ~106 effectively absorbed photons per second
(Juusola and Hardie 2001a). For example, in light adapted flies, pho-
toreceptors can respond to visual stimuli at a rate of up to 100 Hz
in Drosophila [an information capacity of 200 bits per second at 25°C
(Juusola and Hardie 2001a; Takalo et al. 2011), and up to 300 Hz in
rapidly flying Calliphora (Weckström et al. 1991).

The single-photon absorption in Drosophila photoreceptors lead to
the opening of ~15 cation channels depolarizing the photoreceptor,
in contrast to vertebrate hyperpolarization requiring roughly closing
of ~200 cation channels (Henderson et al. 2000; Hardie and Postma
2008) during a so-called “quantum bump” . The quantum bumps n
Drosophila have a duration of ~20 ms (Figure 35A), with a characteris-
tically highly variable latency of between ~20-100 ms (Schnakenberg
1989; Scott and Zuker 1998; Pumir et al. 2008), in contrast to rather
invariant latencies of invertebrates (Hardie and Postma 2008). The
waveform of the of the macroscopic response (Figure 35B) in Drosoph-

ila is a linear superposition of the individual quantum bumps, over
a large range of the quantum bump waveform and its latency dis-
persion. The complexity of the waveform is similar to the dim-flash
responses in vertebrates with rod response being described by convo-
lution of four (Baylor et al. 1979), and cones by five single-exponential
decays (Kraft 1988), contrasting the only 2 stage waveform of mouse
mRGCs (Do et al. 2009).

Addition to the intracellular whole-cell recordings (Dolph et al.
2011b), extracellular electroretinography (ERG) is possible in Droso-

phila by placing an electrode on the surface of the cornea (Dolph et al.
2011a; Belušič 2011). The recorded ERG represents the summed ac-
tivity of all the photoreceptors with contributions from higher-order
neurons and glial cells. Thus, the recorded ERG is an “indirect esti-
mate” of the photoreceptor responses, but due to its ease of use it
has been widely used in bistability studies (cf. Belušič et al. 2010) .
Figure 35C shows a simplified recording demonstrating both rapid
ON (light onset) and OFF (light offset) response rising from second-
order interneuron activity [similar to motion ON and OFF channels
in Drosophila (Joesch et al. 2010)] as well the prolonged depolarization
afterpotential (PDA) induced by “strong” blue light (see later 4.4.4).



4.1 invertebrate visual system 91

Figure 35: Illustration of Drosophila light responses (A) Response of a
whole-cell voltage-clamped photoreceptor to 2 s of dim illumi-
nation (2 effectively absorbed photons per second, bar). In the
dark, small 2 pA events (e.g., arrow) are likely to represent spon-
taneous activation of single G proteins. Light induces a train of
10 pA quantum bumps. (B) Responses to 2 s steps of light of
increasing intensity: bumps fuse to form noisy inward currents,
which then show an increasingly rapid peak–plateau transition as
intensity increases (30, 300, 3000, and 18 000 photons per second).
This transition is a direct manifestation of light adaptation. (C)
Electroretinogram (ERG) recordings. In a wild-type (WT) fly a 5
s pulse of orange light elicits a typical ERG with on and off tran-
sients and a maintained corneal negative component. At light off,
the potential returns rapidly to baseline; however, a blue stimulus
which converts >50% of R to M, creates a prolonged depolarizing
afterpotential (PDA), whilst a second blue test flash elicits a much
reduced (inactivated) response lacking the transients, and which
is primarily mediated by the R7 cells. A subsequent orange stim-
ulus, which reconverts M to R, terminates the PDA and restores
sensitivity. Figures adapted from Hardie and Postma 2008.
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4.1.3 Pseudopupil response

Flies employ a highly active pupil mechanism (termed as the pseu-
dopupil response), mediated by yellow-coloured pigment granules
located in the photoreceptor cell soma, which accumulate near the
rhabdomere upon light adaptation. The functions of the pupil in the
fly extend those of in humans (see 3). Firstly, the pupil serves to con-
trol the light flux along the rhabdomere expanding the dynamic range
of the photoreceptor (Howard et al. 1987). Secondly it narrows the
angular sensitivity of the photoreceptors by absorbing preferentially
from higher order waveguide modes (Vogt et al. 1982; Smakman et al.
1984; as the Stiles-Crawford effect in humans, 2.2.2). Thirdly, unlike
the human pupil which is rather light tight especially in brown-eyed
individuals (van den Berg et al. 1991), the fly pupil absorbs blue-green
light (Roebroek and Stavenga 1990a) transmitting yellow favoring the
photoreconversion from metarhodopsin to rhodopsin (Stavenga 2002),
similar to the red screening pigment (Stavenga 1980, see 4.1.4 below).

The effective optical density of the pupil can be above 2 log units
at the absorption peak wavelength, but in the yellow it is only 1

log unit (Roebroek and Stavenga 1990b). The pupil selectively sup-
presses light of the rhodopsin-converting (R → M) wavelengths and
transmits light of the metarhodopsin-reconverting (M → R) wave-
lengths to maximize fR. The rhodopsin fraction ( fR) of about 65%,
resulting from white light entering on-axis with an open pupil, con-
sequently increases to about 85% with a closed pupil (Stavenga 1980).
The rhodopsin fraction can be increased further to about 95% or more
with the assistance of red stray light, which has passed the red screen-
ing pigment.

As in human photoreception studies, there is a need to “open the
loop” (see 3.5.1) of the pupil mechanism also in insect. In practice,
this is achieved by recording sufficiently long (≧1 min in flies) after
light irradiation allowing pseudopupil to reach steady-state response
before the actual experimental stimulus (cf Stavenga 1976) . Half-time
of the pupil closure in flies have estimated to be ~1-3 s (Franceschini
and Kirschfeld 1976; Stavenga 1979), increasing to 10-20 seconds in
hymenopterans (Stavenga and Kuiper 1977).

4.1.4 Screening pigments

Analogous to the human eye (see 2.2.3) and oil droplet in birds, rep-
tiles and in fish (cf Hart 2001 for birds), most of the insect eyes con-
tain screening pigments filtering the incoming light (see review by
Stavenga 2002). Most insect eyes contain black screening pigments
preventing retinal straylight in similar fashion as fundus in humans
(Delori and Pflibsen 1989), thus making the pupil appear black. In ad-
dition to the yellow pigments of pseudopupil response, flies contain
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red screening pigment that allow straylight to be used to reconvert M
state back to R state (Figure 36).

In natural environment, fly eyes receive broadband polychromatic
sky and sun light from various directions. Light entering the facet
lens on-axis is focused into the rhabdomeres, but off-axis light hits
the screening pigments (Figure 36, inset). The long-wavelength part
of it will pass the red screening pigment and penetrate the eye. The
red stray light thus can reach the rhabdomeres from oblique direc-
tions and thus can convert metarhodopsin molecules to their native
rhodopsin state (review by Stavenga 1992). This filtering mechanism
is however only employed in insects with bathochromically (red-shif-
ted) shifted M absorption peak, whereas in insects with hypsochromi-
cally (blue shifted) M absorption, the screening pigment cells are
packed with massive amounts of black pigment granules to protect
the R state (Stavenga 2002). In most cases, fly photoreception stud-
ies are done in white-eyed mutants referred as chalky (Lindsley and
Grell 1967; Gribakin and Ukhanov 1990), which do not contain the
red screening pigment at all allowing higher possible fM concentra-
tions (Hardie and Postma 2008) and PDA induction (see later 4.4.4)
that could be difficult to achieve in wild-type flies.

The above-described screening pigments function as color filters
simply filtering the “unwanted” spectral range of light. Addition-
ally there are pigments that “sensitize” the visual sensitivity trans-
ferring energy from one photon frequency to another frequency, in
flies the transfer occurring from UV (double peaks at ~350 nm in Fig-
ure 36) to blue range both in rhodopsin and metarhodopsin (Minke
and Kirschfeld 1979). This is analogous to photosynthesis in plants,
in which carotene absorb “blue photons” and transfer the energy to
the green-absorbing chlorophyll (Platt 1959). The mechanism appear
to be mediated via dipole-dipole “direct” energy transfer [Vogt and
Kirschfeld 1983; commonly referred as fluorescence resonance energy
transfer (FRET), Selvin 2000]
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Figure 36: (inset, red). The visual pigment, contained in the rhabdomeres of
the main photoreceptors, R1–6, is a rhodopsin (R) absorbing max-
imally at about 490 nm. Its photoproduct, metarhodopsin (M),
peaks at about 570 nm. A UV-absorbing-sensitizing pigment en-
hances the photosensitivity of both visual pigment states (Minke
and Kirschfeld 1979; Hardie 1986). The photoreceptor cells (nset,
yellow) contain pupillary pigment granules, which absorb pre-
dominantly in the blue and less in the yellow and red wave-
length ranges. Accordingly, the transmission is higher in the yel-
low and red; the degree of pupil closure, which depends on the
state of light adaptation, determines the actual magnitude of the
transmission. The transmission of the red- screening pigment is
negligible at wavelengths up to 600 nm, but rises rapidly above
this value. Whereas the pupillary pigment filters light which has
entered the facet lens on-axis and propagates along the rhab-
domeres, the screening pigment filters light entering the facet
lenses off-axis (inset). Yellow and red light, remaining from white
light filtered by the pupillary and the screening pigments, prefer-
entially converts metarhodopsin into rhodopsin. Stavenga 2002



4.2 bistable system methodology 95

4.2 bistable system methodology

4.2.1 Definitions and equations

The concepts involved in “bistable photoreception” differ in some
aspects from those used in vertebrate “monostable photoreception”,
thus the review and and clarification of the essential concepts is un-
dertaken here (adapted mainly from Hillman et al. 1983)

a. Closed system. In invertebrate visual pigment systems, it is gen-
erally considered to be closed systems, i.e. the total amount of
pigment in the system is conserved without destruction or creat-
ing of visual pigment. This can formally expressed as fM(λ, ∞)+

fR(λ, ∞) = 1, where fM(λ, ∞) and fR(λ, ∞) are the fractional
concentrations of R and M pigment states, respectively, in equi-
librium. However, it should be noted that this is not valid nec-
essarily for experiments of long durations considering the pos-
sible of circadian and environmental influence on melanopsin
pigment concentrations (Sakamoto et al. 2004; Hannibal et al.
2005)

b. Molecular absorbance coefficient. The molecular absorbance (or
extinction) coefficient [αi(λ), i = R, M, in cm² or in μm²] is a
measure of the efficiency with which light is absorbed by a pig-
ment molecule (Dartnall 1972). Its shape can be described as
a nomogram as is the case with monostable ciliary photore-
ception, the shape slightly varying between the invertebrate
nomogram (Stavenga 2010) and the vertebrate nomogram (Go-
vardovskii et al. 2000). It can be derived for absolute units with
the knowledge of peak molar absorbance (or extinction) coeffi-
cient (ǫ(λ) in liters · mol-1· cm-1) that is ~33,000-35,000 liters ·
mol-1· cm-1 for Drosophila (Harris et al. 1976; Ostroy 1978) and
~40,600 liters · mol-1· cm-1 for vertebrate rods (Wald and Brown
1953). human estimate

c. Quantum efficiency. The quantum efficiency (γi) is the efficiency
with which an absorbed photon causes conversion of a pigment
molecule. In invertebrates, it is assumed to be wavelength in-
dependent [use of scalar γ instead of a wavelength-dependent
γ(λ)] without theoretical or experimental justification (Hillman
et al. 1983). In crayfish values of γR = 0.69 and γR = 0.49 were
found (Cronin and Goldsmith 1982b), with similar γR = 0.67

found for bovine rhodopsin (Dartnall 1972). The relative quan-
tum efficiency (ϕ = γM/γR) describes the relative quantum ef-
ficiencies of the conversion of the two pigment states (Stavenga
et al. 2000; Stavenga and Hardie 2010), with values ranging from
0.93 in Calliphora (Hamdorf 1979), to 0.71 in Drosophila (Stark
and Johnson 1980).
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d. Photosensitivity. The photosensitivity [β(λ), in older literature
K(λ) (Hillman et al. 1983)] is the product of molecular absor-
bance coefficient [αi(λ)] and quantum efficiency (γ): βi(λ) =

γαi(λ). Peak photosensitivity (βmax, in cm² or in μm²) for either
of the states can be derived as (for R below, for the simplicity
(Stavenga and Hardie 2010)):

βR,max = γR · αR,max

= γR ·
κmax

C
(15)

where κmaxis the absorbance coefficient (in μm-1) at the peak
wavelength (Stavenga and Hardie 2010), estimated to be 5.0 ×

10-3μm-1 of the rhabdomere medium in Drosophila (Warrant and
Nilsson 1998) and 3 ×10-6μm-1 for mouse melanopsin (see B
for derivation); and the C is concentration (in μm-3) of the vi-
sual pigment molecules, estimated to be 2.5 · 10-5μm-3in a rhab-
domere volume of Drosophila (Hardie and Postma 2008) and
1,560 μm-3 for mouse melanopsin (see B for derivation).

e. Phototransition rate constant. The rate constant (kR or kM) for
the transition from state to the another state (kR for R → M

transition, and kM for M → R transition) is a product of the
photosensitivity [β(λ)] and the light intensity [I(λ)] having a
dimension of reaction rate of the first order (s-1) (i=R,M):

ki =
∫

βi(λ)I(λ)dλ

=
∫

γiαi(λ)I(λ)dλ (16)

f. Weighting factor. The weighting factor (W) is a parameter that
determines the probability that a molecule isomerized from one
stable state will reach the second stable state (Hochstein et al.
1978). It is assumed to be independent of λ. It is not typically
used for systems without significant intermediate photoprod-
ucts like in Drosophila, but are needed for more complex pho-
totransduction schemes as in barnacle with multiple thermal
transitions and intermediate photoproducts (Minke et al. 1974).

g. Criterion Action Spectrum (CAS). The criterion action spectrum
(CAS) is a plot of the reciprocal of the number of incident pho-
tons required to produce a given effect as a function of λ. The
CAS is commonly used to assign a particular response (see 4.4)
to a pigment state by finding that the CAS for that response to
the spectral sensitivity β(λ) of that state (Goldsmith 1972). For
to be possible to derive a CAS, following conditions need to be
met (Hillman et al. 1983):
1) All the pigment should be possible to be shifted to only one
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state [as in Drosophila, intense red light adaptation shifting all
the pigment to R state (Minke and Kirschfeld 1978; Stavenga
1976)], the R and M state photosensitivities not overlapping “too
much”.
2) If response arises selectively from activation of one state only,
as it is the case in Drosophila for late receptor potential (LRP,
see 4.4) arising only from R activation (Järvilehto 1979), and
M-potential arising from activation of the M only (Pak and Lid-
ington 1974). In contrary, this is not that case in more complex
barnacle (Minke et al. 1973; 1974). The criterion chosen to mea-
sure the CAS is arbitrary, thus the CAS is a relative measure and
only the shape and λ location of the spectrum are significant.
The CAS gives information about particular pigment states but
not of the system as a whole, and its shape can be distorted by
ocular pigments functioning as color filters (Hardie et al. 1979;
Kirschfeld et al. 1978a) or as sensitizing pigments (Kirschfeld
et al. 1988; Stavenga 2002).

h. Difference spectrum. D(λ) is the absorbance difference of a pig-
ment system in two different conditions, and unlike CAS, it is
a measure of a pigment system and not a single state. The ex-
istence of a single isosbestic point (λiso) in the difference spec-
trum at various test wavelengths (λtest for example in Figs. 1,5
of Stavenga 1976), can be thought to provide strong evidence
for a single bistable pigment system (Hillman et al. 1983). With
melanopsin, this has not been done yet as Mure et al. 2009 only
used one stimulus wavelength at 480 nm. For the bistable pig-
ment systems of invertebrates, the difference spectrum [D(λ)]
was given as the following (Stavenga 1975):

D(λ) = g [αR(λ)− αM(λ)]

L
∫

0

[ fR1(x)− fR0(x)]Cp(x)dx (17)

where g is a constant equal to log10e; Cp is the total number of
pigment molecules in the system per unit of volume; αR(λ) and
αM(λ) are the molecular absorbance coefficients of R and M,
respectively; fR1 and fR0 are the fractions of R after color adap-
tation of wavelengths λ1 and λ0, respectively; x is a position in
the medium; and L is the total length of the medium. In other
words, the difference spectrum [D(λ)] in bistable pigments is al-
ways proportional to the difference in molecular absorbance co-
efficients [αR(λ)− αM(λ)], irrespective of distribution of R and
M states after various color adaptations. In practice, the deriva-
tion of difference spectrum becomes more difficult if there is
a considerable overlap between the R and M spectra (Hillman
et al. 1983).



98 melanopsin bistability

i. Isosbestic point. General term referring to the wavelength λiso

at which the interconvertible states of a pigment system have
equal α values, i.e. the crossing point of spectral sensitivities of
R and M spectral sensitivities (αior βi).

j. Photoequilibrium, spectrum. For a stimulus duration “long” e-
nough (time defined by the time constant τ, Eq. (20)) of mono-
chromatic light, a photoequilibrium is eventually reached. The
fractional concentration of M state (in similar fashion for R state)
in photoequilibrium [ fM(λ, ∞) or fMe(λ), e denoting equilib-
rium] can be expressed as (older literature use also saturation
spectrum):

fMe(λ) =
βM(λ)

βM(λ) + βR(λ)

=
1

1 + ϕ
αM(λ)
αR(λ)

(18)

These fractions ( fMeor fRe) are independent of the initial distri-
bution between R and M states and of the intensity of light I

and depend only on the light driving the system to equilibrium
(Hamdorf and Razmjoo 1979). The fractional concentration can
be also expressed using the rate constants kRand kM (Stavenga
and Hardie 2010) defined in Eq. (16):

fMe =
1

1 + (kM/kR)
(19)

The approach to equilibrium follows an exponential time course,
and the time constant τ can be also expressed using the time
constants kRand kM (Stavenga and Hardie 2010):

τ =
1

kM + kR
(20)

The photoequilibrium spectrum is not typically normalized in
invertebrate studies in contrast to the approach by Mure et al.
2009. The M-state fraction fM in Drosophila cannot exceed 0.8
due to the overlapping spectral sensitivities of R and M states
(βi), and more exactly due to the β-band of M-state (Hardie
and Postma 2008). This value of 0.8 is in practice further re-
duced to values under 0.2 in real-world lighting conditions due
to the red screening pigment employed by Drosophila (Stavenga
2002) favoring M state absorption, and the extreme value of 0.8
is obtained in white-eyed mutants (chalky) lacking screening
pigments. Strictly speaking, photoequilibrium spectrum cannot
be use analogously to an action spectrum, as the photoequi-
librium spectrum contain the assumption that the studied re-
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sponse must be linearly (or known relation) related to the pig-
ment concentration. In other words, the photoequilibrium can
be reached with a dim light stimulus for long duration, and a
subsequent stimulus of the same wavelength with high inten-
sity would not change to photoequilibrium.

k. Q-Spectrum Q-spectrum is obtained from photoequilibrium spec-
trum fMe by normalizing the value at isosbestic wavelength to
unity (Stavenga 1975) using a test stimulus of λtest:

Q(λtest) =
fMe(λtest)

fMe(λiso)
(21)

where the λtest is the wavelength used to establish a photoequi-
librium as set to 480 nm by Mure et al. 2009. To avoid confusion
in nomenclature and ensure compatibility with older literature,
Q-spectrum (Q(λtest)) and photoequilibrium spectrum ( fMe(λ))
are referred with different symbols, whereas Mure et al. 2009

use term “equilibrium” interchangeably for both Q-spectrum
(Fig. 4C) and to normalized photoequilibrium spectrum (Fig
4B).

l. Relaxation spectrum The approach to photoequilibrium of a
simple bistable pigment system (like that of Drosophila, but not
of a barnacle) as a function of the duration t of a monochromatic
light of intensity I (in regard to the melanopsin system this
could be approximated by the product of spectral irradiance
and an action spectrum for the response of interest) is given for
the fraction of M ( fM) by:

fM(I(λ) · t) = fM(∞) (22)

= + [ fM(0)− fM(∞)] exp [− (βR + βM) · I(λ) · t]

m. where t is the time, fM(∞) is the fraction of M at infinity, and
fM(0) is the fraction of M at the beginning of illumination. A
similar equation could be derived also for R state ( fR). The ap-
proach to equilibrium is typically referred as the relaxation spec-
trum [Λ(λ)] or relaxation constant [Λ(λ)] (Hillman et al. 1983;
Belušič et al. 2010):

Λ(λ) ≡ βR(λ) + βM(λ)

≡ WRβR(λ) + WMβM(λ) (23)

which is the same for fM as for fR. In bistable pigment systems
with multiple thermal transitions (as in barnacle (Hochstein
et al. 1978)), the weighting factors WR and WM need to be added,
and in simple systems (such as in Drosophila) they can be set to
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unity.
The important difference between relaxation Λ(λ) and equi-
librium spectrum is that the relaxation spectrum can be de-
rived from the various responses that are linear with pigment
change on an absolute scale. Relaxation spectrum is measured
for Calliphora for the M-potential (Minke and Kirschfeld 1979),
microspectrophotometrically and for the M-potential in Musca

(Minke and Kirschfeld 1979), microspectrophotometrically for
Drosophila (Stark and Johnson 1980), for the ERP and prolonged
depolarization afterpotential (PDA) in barnacle (Minke et al.
1978), and using the autofluorescence of the M state in cray-
fish (Cronin and Goldsmith 1982a). As the relaxation spectrum
is the sum (Eq. (23)) of the photosensitivity spectra of the two
stable states of a pigment system, it may also sometimes be
used to determine the photosensitivity spectrum of one of the
two states if only the other may be measured [the first might
be "silent", for instance as in the Drosophila "M-potential" (Pak
and Lidington 1974)]. Another important feature of relaxation
spectrum is that it does not include the spectrum of the sensi-
tizing pigment in invertebrates, the measure reflecting more the
underlying spectral sensitivities of the R and M states (Minke
and Kirschfeld 1979).
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4.3 bistable action spectra

There are typically five different action spectra types used in charac-
terizing the behavior of a bistable pigment system, which are criterion
action spectrum (CAS), difference spectrum [D(λ)], equilibrium spec-
trum [ fMe(λ), fM(λ) or Q(λ)], relaxation spectrum [Λ(λ)] and the
spectral sensitivities of the R an M pigment states [βR(λ) and βM(λ)].
The three spectra: difference, equilibrium and relaxation spectrum,
can be calculated from the spectral sensitivities of the visual pig-
ments. In practice however the spectral sensitivities are unknown and
the mentioned three spectra need to be measured, and the spectral
sensitivities derived from measurements. The use of criterion action
spectrum (CAS) is the classical method of deciding whether two re-
sponses come from the same pigment state ( Hochstein et al. 1978). If
two CAS’s agree, it is very likely that both responses come from the
same pigment state. If they disagree, the responses must come from
different pigment states, but these states may or may not be of the
same pigment system.

In some cases, the spectral sensitivities of the R and M states may
overlap (see Table 1 of Hillman et al. 1983) making the differenti-
ation of pigment states difficult with spectral modulation. In those
cases it is possible to study the differential electric dipole moments
of the pigments (Petersen and Cone 1975) or their dichroic absorp-
tions properties (Hárosi and Malerba 1975; Thomas et al. 2009). Ex-
ample of the latter was provided in the study by Kolesnikov et al.
2003, where it was possible to distinguish various intermediate photo-
products with overlapping spectra (isochromic pigments) from each
other comparing their differential dichroic absorption ratios (longi-
tudinal vs. transversal plarization) using a fast-scanning dichroic mi-
crospectrophotometer (Firsov et al. 2002). Lisman and Sheline 1976

demonstrated also that by increasing pH of the in vitro solution of
Limulus rhodopsin it was possible to red-shift the metarhodopsin (M)
absorption maximum the peak of rhodopsin (R) absorption being un-
affecteds, thus making easier to study differential activation of the
rhodopsin (R) and metarhodopsin (M) states.

4.3.1 Criterion Action Spectrum (CAS)

The criterion action spectrum (CAS) is a plot of the reciprocal of the
number of incident photons required to produce a given effect as a
function of λ as with the use of criterion responses in ERG () and in
PLR () for example. The CAS is commonly used to assign a particular
response (see 4.4) such as early receptor potential (ERP), late receptor
potential (LRP) or behavioral response to a pigment state by find-
ing that the CAS for that response to the spectral sensitivity β(λ) of
that state (Goldsmith 1972), being valid only under certain conditions
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(Hochstein et al. 1978). For CAS to be possible to be derived: 1) All
the pigment should be possible to be shifted to only one state [such
as in Drosophila, intense red light adaptation shifting all the pigment
to R state (Minke and Kirschfeld 1978; Stavenga 1976)], requiring that
the R and M state photosensitivities are not overlapping “too much”,
in other words if equilibrium has values of 0 and 1. 2) If response
arises selectively from activation of one state only, as it is the case
in Drosophila for late receptor potential (LRP, see 4.4) that arise only
from R activation (Järvilehto 1979), and M-potential that arise from
activation of the M only (Pak and Lidington 1974). In contrary, this
is not the case in more complex bistable phototransduction scheme
of barnacle (Minke et al. 1973; 1974). The criterion chosen to measure
the CAS is arbitrary, thus the CAS is a relative measure and only the
shape and λ location of the spectrum are significant. The CAS gives
information about particular pigment states but not of the system as
a whole, and its shape can be distorted by ocular pigments function-
ing as color filters (Hardie et al. 1979; Kirschfeld et al. 1978a) or as
sensitizing pigments (Kirschfeld et al. 1988; Stavenga 2002).

4.3.2 Difference spectrum

The difference spectrum D(λ) is the absorbance difference of a pig-
ment system in two different conditions and unlike CAS, it is a mea-
sure of a pigment system and not a state. The existence of a single
isosbestic point (λiso) in the difference spectrum at various stimulus
wavelengths (λs for example in Figs. 1,5 of Stavenga 1976), can be
thought to provide strong evidence for a single bistable pigment sys-
tem (Hillman et al. 1983). In melanopsin, this has not been done yet
as Mure et al. 2009 only used one stimulus wavelength at 480 nm. For
the bistable pigment systems of invertebrates, the difference spectrum
[D(λ)] was given as the following (Stavenga 1975):

D(λ) = g [αR(λ)− αM(λ)]

L
∫

0

[ fR1(x)− fR0(x)]Cp(x)dx (24)

where g is a constant equal to log10e; Cp is the total number of pig-
ment molecules in the system per unit of volume; αR(λ) and αM(λ)

are the molecular absorbance coefficients of R and M, respectively; fR1

and fR0 are the fractions of R after color adaptation of wavelengths
λ1 and λ0, respectively; x is a position in the medium; and L is the
total length of the medium. In other words, the difference spectrum
[D(λ)] in bistable pigments is always proportional to the difference
in molecular absorbance coefficients [αR(λ)− αM(λ)], irrespective of
distribution of R and M states after various color adaptations. In prac-
tice, the derivation of difference spectrum becomes more difficult if
there is a considerable overlap between the R and M spectra (Hillman
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et al. 1983). For examples of the use of difference spectra in vertebrate
phototransduction can be seen for example in Rushton 1956 and Ein-
terz et al. 1987.

4.3.3 Equilibrium spectrum

The equilibrium spectrum (typically fMe(λ) expressing the fraction of
pigment in M state as a function of the wavelength λ) is also a mea-
sure of the pigment system, always being proportional to the ratio of
the photosensitivities of the R and M states (see Eq. (18) and Eq. (19)).
The equilibrium spectrum can be calculated from known (Hamdorf
et al. 1973a) or simulated spectral sensitivities using a nomogram
(see 2.3.2). In practice as the spectral sensitivities are not known, the
equilibrium spectrum has to be derived from experimental data. In
fly and crayfish, the equilibrium on a relative scale can be derived
by only measuring the difference spectrum in various equilibrium
states (Stavenga 1975; 1976) with the knowledge of relative quantum
efficiency(ϕ) needed . The ϕ was estimated in a drone fly electrophys-
iologically exploiting the linear dependence of late receptor potential
(LRP) sensitivity on R concentration (Tsukahara and Horridge 1977).
The derivation is more complicated again in barnacle, where pigment
molecules leaving each stable state may return to the same state, the
derivation being only possible when the light intensity is not too high
and with the inclusion of weighting factors WR and WM to Eq. (18) re-
sulting the following:

fMe(λ) =
WM · βM(λ)

WM · βM(λ) + WR · βR(λ)
=

1

1 + ϕ·WM ·αM(λ)
·WM ·αR(λ)

(25)

4.3.4 Relaxation spectrum

The relaxation spectrum defines the dependence of the rate of ap-
proach of the pigment-state population to the equilibrium on the λ of
the adapting (environmental) light, and the Eq. (22) and Eq. (23) can
be changed to more compact form (Hillman et al. 1983):

Λ(λ) =
1

I · t
· ln

[

fM(λ, ∞)− fM(λ, I · t)

fM(λ, ∞)− fM(λ, 0)

]

(26)

where t is the stimulus duration, and I the intensity of the light,
and the product I · t is referred as the amount of light. The impor-
tant difference between relaxation Λ(λ) and equilibrium spectrum
is that the relaxation spectrum can be derived from the various re-
sponses that are linear with pigment change on an absolute scale.
Relaxation spectrum has been measured for example in Calliphora for
the M-potential (Minke and Kirschfeld 1979), microspectrophotomet-
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rically and for M-potential in Musca (Minke and Kirschfeld 1979), mi-
crospectrophotometrically in Drosophila (Stark and Johnson 1980), for
the ERP and prolonged depolarization afterpotential (PDA) in barna-
cle (Minke et al. 1978), and using the autofluorescence of the M state
in crayfish (Cronin and Goldsmith 1982a).

As the relaxation spectrum is the sum (Eq. (23)) of the photosensi-
tivity spectra of the two stable states of a pigment system, it may also
sometimes be used to determine the photosensitivity spectrum of one
of the two states if only the other may be measured [the first might
be "silent", for instance as in the Drosophila "M-potential" (Pak and
Lidington 1974)]. Another important feature of relaxation spectrum
is that it does not include the spectrum of the sensitizing pigment
in invertebrates, the measure reflecting more the underlying spectral
sensitivities of the R and M states (Minke and Kirschfeld 1979). A
rough vertebrate analog of relaxation spectrum is used in the human
study of Dartnall et al. 1936.

4.3.5 Spectral sensitivities of the pigment states

In conclusion, the typical use of different action spectra is the deriva-
tion of the underlying pigment spectral sensitivities, and that deriva-
tion can be done In three ways. First, it is possible to derive the
spectral sensitivities directly from the measured difference spectrum
assuming nomogram shapes for the pigment spectral sensitivities
(Hamdorf et al. 1973b, Hamdorf 1979, Hamdorf et al. 1973a) and
numerically fitting the spectral sensitivities to the experimental data.
Second possibility is to derive the sensitivities jointly from the mea-
sured equilibrium and difference spectrum as done by Mure et al.
2009 based on the formulation of Stavenga 1975; 1976, where the dif-
ference spectrum in equilibrium D∞(λt, λs) was defined as:

D∞(λt, λs) = fMe(λs, ∞)N(λt) [αM(λt)− αR(λt)] (27)

where N(λt) is the expressed the total amount of molecules of the
pigment in the sample and it is typically unknown (Stavenga 1975),
and is defined as:

N(λt) = g

L
∫

0

Cp(x)dx (28)

where the variables are the same as in Eq. (24). The N(λt) can be
set to unity as in Mure et al. 2009 (constant k) with little error in
calculations (see the discussion in Stavenga 1976), especially if the
photoreceptors do not have waveguiding effects as seems likely for
melanopsin (see 2.2.2), but not for fly rhabdomere (cf Hao et al. 2009).
The difference spectrum using the monochromatic light of isosbestic
wavelength λiso as the test light:
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Diso(λt) ≡ D∞(λt, λiso)

= (1 + ϕ)−1N(λt) [αM(λt)− αR(λt)] (29)

The Q function is obtained from the equilibrium spectrum fMe(λ)

normalizing the responses at different spectral light (λs) to be unity at
the isosbestic point (λiso) obtained from difference spectrum (Stavenga
1975), or using the stimulus wavelength as close as possible to the isos-
bestic point as done by Mure et al. 2009. The relation can be expressed
as following:

Q(λs) ≡
D∞(λt, λs)

D∞(λt, λiso)
= (1 + ϕ) fMe(λs, ∞) (30)

By dropping the subscripts in these equations and using the Eq. (18)
for fMe,expressions for αR(λ) and αM(λ) can be derived (Stavenga
1975):

αM(λ) =
Diso(λ) [1 + ϕ +−Q(λ)]

N(λ) [1 − Q(λ]
(31)

αR(λ) =
Diso(λ)ϕQ(λ)

N(λ) [1 − Q(λ]
(32)

This method was designed for photometric measurements, but in
special cases can be used in drone fly electrophysiology (Tsukahara
and Horridge 1977), and with human PLR (Mure et al. 2009). Finally
it is possible to derive the spectral sensitivities using relaxation and
equilibrium spectrum as following (Hochstein et al. 1978; Minke and
Kirschfeld 1979):

βR(λ) =
1

WR
Λ(λ) fMe(λ, ∞) (33)

βM(λ) =
1

WM
Λ(λ) [1 − fMe(λ, ∞)] (34)

In practice this approach is problematic as the weighting factors
WR and WM are typically unknown (see Minke and Kirschfeld 1979;
Stark and Johnson 1980; Cronin and Goldsmith 1982a and Hillman
et al. 1983). In studies by (Stark et al. 1977; Stark and Zitzmann 1976)
the spectral sensitivity of the M state was derived while knowing
the spectral sensitivity of the R state, with the “unknowns” ϕ and
W values simply set to unity. This approach required the need for
accurate data of both the equilibrium spectrum fMe(λ) and spectral
sensitivity of R αR(λ) in the orange-red spectral range, where both
spectra have small values (note similar situation in the study by Mure
et al. 2009). This resulted in significantly different estimates for the M
spectrum compared to previous studies with more accurate raw data
(Minke and Kirschfeld 1979; 1980; Stavenga 1976).



106 melanopsin bistability

Figure 37: Comparison of bistable action spectra. (Above) Spectral sensi-
tivites obtained for melanopsin by Mure et al. 2009. (below) The
corresponding simulated bistable action spectrum with the isos-
bestic wavelength λiso ∼505 nm in difference spectrum, equi-
librium spectrum with λmax~ 462 nm, relaxation spectrum with
λmax~ 583 nm.
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4.4 response types in bistable pigment systems

In this chapter, the observed phenomena of bistable pigment systems
are reviewed. In ideal case the constructed model (see Section 4.6)
should be able to predict all the observed phenomena, but in practice
the existing models have not been able to produce all the phenomena
(see review by Hillman et al. 1983). The following responses are ana-
lyzed using invertebrate models, and one of the fundamental differ-
ence to vertebrate photoreception in general is the linear relationship
between sensitivity and photopigment concentrations (e.g. Hamdorf
and Schwemer 1975; Rosner 1975) whereas in vertebrates most of the
visual responses exhibit nonlinear response (e.g. Rushton et al. 1955;
Dowling 1960; Dowling 1963; Reuter 2011; Wang and Kefalov 2011)

4.4.1 Early receptor potential (ERP)

Absorption changes in the the photopigment molecules are followed
by a redistribution of charges in pigment molecules (Cone 1967; Ha-
gins and McGaughy 1967; Minke and Kirschfeld 1979), which can
be measured either intracellularly (Hillman et al. 1972; Lisman and
Sheline 1976) or extracellularly (Brown and Murakami 1964; Hagins
and McGaughy 1967). This recorded electrophysiological response
is called the fast photovoltage or the early receptor potential (ERP).
When light is absorbed by R and M, the intracellular ERP is negative
and positive, respectively [in invertebrates (Hillman et al. 1972; Minke
et al. 1973; Lisman and Sheline 1976) and in vertebrates (Murakami
and Pak 1970; Zanen and Debecker 1975)].

In albino rats (Cone 1964), non-human primates (Brown and Mu-
rakami 1964) and in humans (Carr and Siegel 1970) the ERP is also
thought to arise from conformational changes of photopigment mole-
cules. The ERP in vertebrates is a biphasic response consisting of an
initial corneal positive phase [R1, (Trissl 1982)], followed by a slower
corneal negative phase (R2) lasting few milliseconds after the flash
(Brown and Murakami 1964). The amplitude of the ERP in monkey
is low compared to more commonly recorded a-wave (Breton et al.
1994; Cameron et al. 2008), and sometimes the R2 component can
not be clearly recorded as it is the case in Figure 38A. The spectral
sensitivity of the human ERP seems to be mainly cone-dominated
(Goldstein and Berson 1969; 1970; Carr and Siegel 1970), with Zanen
and Debecker 1975 suggesting the R1 component to be originating
completely and R2 having a rod contribution. Due to the linear de-
pendence of ERP amplitude to pigment concentration (Debecker and
Zanen 1975) it has been used to study pigment regeneration in hu-
mans (Sieving 1981), but it has not been recently studied nor really
used in clinical practice for some reason (Müller et al. 1982; Walther
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Figure 38: (A) Time course of the ERP and LRP (4.4.3) in monkey retina
recorded with two different time resolutions (black and blue
trace, thus due to recording imprecisions the ERPs of black and
blue do not match timing-wise). The ERP and LRP, thus pre-
ceded the a-wave commonly used in clinical and experimental
electroretinography (ERG) (redrawn from Brown and Murakami
1964). Intensity-dependence of human ERP (B). Abscissae: attenu-
ation of the flashes by neutral filters. Ordinates: amplitude of the
R2 wave of the ERP (blue circles) and of the a-wave of the ERG
(red circles). (redrawn from Debecker and Zanen 1975)

and Hellner 1986: Fioretto et al. 1992). In theory, it could be hypothe-
sized that in retinitis pigmentosa (e.g. Esquiva et al. 2010; Busskamp
and Roska 2011) with no functional rod and cone photoreceptors, hu-
man melanopsin ERP could be recorded however the low pigment
amount (Do et al. 2009) and the accompanying weak potential most
likely being masked by instrumentation noise.

4.4.2 M-potential

In the fly, a fast potential was found arising from light absorption by
the M state (Minke and Kirschfeld 1979; Pak and Lidington 1974). The
dominant component of the Drosophila M-potential is corneal positive,
however, the M-potential is typically preceded by a small corneal neg-
ative wave (Pak and Lidington 1974). Intracellular recordings have
suggested that the M-potential is predominantly a response of the
second-order neurons (Minke and Kirschfeld 1980; Stephenson and
Pak 1980). The M-potential in the second-order neurons (M2 phase)
is induced by the positive ERP (M1 phase), which arises from selec-
tive absorption by the M state. The observed M-potential have shown
to roughly have a linear relationship with pigment concentration, the
second order neuron contribution slightly compressing the response.
The M potential sometimes saturates before the maximal amount of
pigment has been shifted to metarhodopsin, a phenomenon which
never occurs with the ERP (Minke and Kirschfeld 1979. The specific
responses arising from both R (ERP) and M state (M-potential) acti-
vations facilitate the study of the two pigment states (see 4.3.1).
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It has been traditionally thought (see review by Hillman et al. 1983)
that the M state activation would have no physiological consequence
with one exception shown in barnacle with high light intensity. Hanani
and Hillman 1979 showed that light absorption of M state resulted in
decreased sensitivity as measured by LRP amplitude (see below), the
effect being restricted only for high light intensities (Hillman et al.
1983). This observed contribution from the M state in invertebrates
could partly explain (Mure 2009) the anomaly in human vision re-
ferred as the transient tritanopia (Stiles 1949a;b), in which after the
extinction of a an intense long-wavelength adapting field (for action
spectrum see Alpern and Zwas 1979 and Wisowaty 1983), the sen-
sitivity for short-wavelength stimulus is greatly reduced for a short
period of time. The anomaly has been furthermore shown to abolish
at high intensities (Reeves 1981), and being persistent in aging via
adaptational mechanisms (Werner et al. 2010). Valeton and Norren
1979 suggested the transient tritanopia originates between the pho-
toreceptors and the bipolar cells, probably at the horizontal cells as
already earlier hypothesized by Augenstein and Pugh 1977. Alterna-
tive or additionally in theory, the M state activation could reduce
either the luminance drive of the melanopsin system (2.4.10), affect
classical photoreceptors, or both melanopsin and classical photore-
ceptors.

4.4.3 Late receptor potential (LRP)

Late receptor potential (LRP) is stimulus-coincident response (like
ERP and M-potential) produced by a sum of discrete voltage fluctua-
tions, called quantum bumps (Fuortes and Yeandle 1964; Dodge et al.
1968). LRP depends on the activation of the R state (Stratten and Og-
den 1971), however unlike with ERP and M-potential, no net pigment
shift is not necessarily required. (see below, 4.4.4). The criterion ac-
tion spectrum (CAS) for “weak stimulus” of the LRP has been shown
to match the R spectral photosensitivity, and being independent of
M activation (Barnes and Goldsmith 1977; Atzmon et al. 1978; 1979;
Strong and Lisman 1978). With increased stimulus strength the influ-
ence of M activation can be seen in the CAS (Hanani and Hillman
1979). In Drosophila (Hamdorf et al. 1973b; Razmjoo and Hamdorf
1976; Harris et al. 1977) and in several other preparations the LRP
sensitivity has been shown to depend linearly on R population. With
prior adaptation to monochromatic light (cf Hochstein et al. 1973 for
methodology), some flies were shown to have greater than linear de-
pendence on R population (Razmjoo and Hamdorf 1976), and barna-
cles a less than linear dependence (Minke et al. 1974).
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4.4.4 Prolonged depolarization afterpotential (PDA)

In contrast to ERP, M-potential and LRP that arise from the pigment
activation as in vertebrate transduction, the prolonged depolarization
afterpotential (PDA) [also referred as the “tail” (Hochstein et al. 1973),
depolarizing after potential DAP (Baumann and Hadjilazaro 1972),
“latchup” (Brown and Cornwall 1975), “glueing effect” (Stavenga et al.
1975), and prolonged corneal negative afterpotential PCNA (Wright
and Cosens 1977)] is caused by a net pigment shift R to the M state.
PDA is characterized as a slowed-down decay of LRP back to pre-
stimulus (“baseline”) conditions similar as the persistent response of
human pupillary light reflex (see 5.5.2, Newsome 1971), melanopsin-
ipRGC firing rate (Berson et al. 2002). PDA was first demonstrated
in an invertebrate surf clam (Kennedy 1960), and in Drosophila, the
longest PDA measured was shown to last up to 6 hours (Wright and
Cosens 1977).

The PDA is the most studied response of bistable systems, and
can be elegantly measured photometrically (metarhodopsin fluores-
cence) simultaenously with electroretinography (Belušič et al. 2010).
Albani et al. 1980 reported that R bleach induces an extended period
of suppression in rat retinal rods and that R regeneration hastens the
recovery, appearing to be a vertebrate analogue of the PDA. Concep-
tually similar phenomenon is found in vertebrate rod dark adaptation
Firsov et al. 2005, very dim light pulses were found to be followed
by an immediate sensitivity recovery with an existence of “switch-
like” intensity threshold. When the light flash intensity increased to
1.9×107 activated molecules (about 1% of the total rhodopsin con-
tent), the rod stayed in saturation for prolonged time, in other corre-
sponded the classical dark adaptation behavior (Reuter 2011).

PDA induction

In invertebrates, the PDA has been shown to depend mainly on the
net pigment shift, in other word how much is the R pigment shifted
to the M-state, thus the spectral sensitivity of the PDA should match
the spectral sensitivity of the R state. Furthermore, the PDA ampli-
tude in invertebrates have seemed to depend only on the amount of
stimulation (I · t) and not on either stimulus duration t or intensity
I alone (Stark 1975; Wright and Cosens 1977), following the Bunsen-
Roscoe / Bloch’s law (Brindley 1952). This was not shown to be the
case for LRP which depended only on the I of the stimulation for t

values above a few hundred milliseconds. The shape of the PDA is
not invariant with an observed dependence of stimulation amount
on both the height and decay time of the PDA with contradictory re-
ports. Nolte and Brown 1972 reported the return to resting potential
always to be monotonic, whereas Hillman et al. 1983 had noticed occa-
sional fast dips followed by a rise in potential on the initial portion of
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Figure 39: Dependence of PDA on stimulus amount (I · t) in Limulus median
eye (Nolte and Brown 1972), (A) on stimulus duration t with a
fixed intensity I, and (B) on stimulus intensity I for fixed duration
t. (A,B adapted from Hillman et al. 1983).

the PDA (see Figure 20 for comparison of the PLR persistence). Given
that the PDA time course is not fixed, the analysis is not as straightfor-
ward as pointed out by Hillman et al. 1983. Typically, PDA induction
in invertebrates is studied with monochromatic lights, Hamdorf and
Razmjoo 1977 being one of the few exceptions using white light for
PDA induction.

PDA refractoriness

It has been shown that during a maximal PDA, there is little or no
response for neutral stimulus (no induced net pigment change) that
would normally induce a LRP, this being referred as PDA-dependent
“refractoriness”. This refractoriness was one of the first wavelength-
dependent after-effects discovered (Cosens and Briscoe 1972), and it
has been used a sensitive measure of PDA amplitude in non-mutant
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flies (Stark 1975), and in vitamin A deprived Drosophila (Stark et al.
1975).

PDA depression

Stimulus during PDA that causes a large net M → R pigment-state
shift (in the case of melanopsin system, long wavelength light dur-
ing the persistent response) during a PDA results in speeding up of
the decay of the afterpotential towards baseline. This phenomenon
is typically referred as PDA depression [also “tail-kill” (Hochstein
et al. 1973), “repolarizing response” (Nolte and Brown 1972), “knock-
down” (Brown and Cornwall 1975)]. The spectral sensitivity of PDA
depression corresponds to the spectral sensitivity of the M state mak-
ing it an ideal phenomenon to study melanopsin bistability in vivo
as done by Qiu and Berson 2007 (unpublished data) in mice and sug-
gested by Do and Yau 2010. As with PDA, the invertebrate PDA de-
pression also depend on the stimulus amount [(I · t), see Figure 40.
Stark 1975; Wright and Cosens 1977]. Minke 1979 showed that PDA
declined back to baseline during a continuous 6 h blue in Drosophila.

This result was taken as an evidence for dark thermal regeneration to
have the same effect on PDA induction and depression as light-driven
M → R pigment shift.

Anti-PDA

In addition to PDA depression phenomenon, closely related pheno-
menon termed “anti-PDA” (Hochstein et al. 1973; Minke 1979) is
found in which after a saturating R → M stimulus (e.g. intense 480

nm light for melanopsin), additional PDA cannot be induced without
an intervening M R stimulus (e.g. 590 nm light in melanopsin). Like
PDA depression, the action spectrum of anti-PDA has been shown
to match the M-state spectral sensitivity (Minke et al. 1978). Addi-
tionally, following the decay of the PDA and M → R stimulus, a
further PDA (R → M stimulus) can only be elicited if the photore-
ceptor is first left for some time (~10 s) in the dark in Drosophila.
Stavenga and Hardie 2010 suggested that this refractory 10 s arises
from rhabdomeres being fully loaded with arrestin following translo-
cation (Satoh et al. 2010), the time course depending of the reverse
translocation of arrestin out of the rhabdomere. There seems to be at
least two different R states, the other Ri (see Figure 47) not being de-
pendent on light stimulus and requiring the “dark” refraction period
(Hamdorf and Razmjoo 1977; Levine et al. 1987; Kiselev and Subra-
maniam 1994; Stavenga and Hardie 2010). M → R stimulus induces
first an inactive form (Ri) followed by the active form (Ra) after a
light-independent fixed time (see Section 4.6 below).

Given that the anti-PDA is an “invisible phenomenon” without
direct photoreceptor membrane conductance or potential changes.
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A

B

Figure 40: (A) Dependence of PDA depression in barnacle on stimulation
amount with R-state activating light (pigment shift R → M) fol-
lowed by M-activating (M → R) light of fixed duration t but
variable intensity I (Hochstein 1972). (B) PDA depression. Light
stimulus that induces a large net R → M shift (blue light) is
followed by M → R resulting a rapid decay of that PDA. (top)
Drosophila, white after blue (Cosens and Briscoe 1972); (bottom)
Calliphora, red after blue (Muijser et al. 1975).
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Minke 1979 demonstrated the time course of anti-PDA in Calliphora

(Figure 41B) by 1) giving an R → M stimulus, 2) dark-adapting the
cell and let the possible PDA decline, 3) present the anti-PDA-inducing
M → R stimulus, 4) varying the dark period (3 different periods in
Figure 41B), and 5) test the cell with a fixedR → M stimulus. In Cal-

liphora the PDA was shown to be completed recovered after a dark
period of ~50 s. Anti-PDA effect is directly proportional to the degree
to which the PDA had declined at the time of anti-PDA induction.
When a closely following pair of saturating stimuli, one M → R and
one R → M, is presented during a partially declined maximal PDA,
the first suppresses the PDA and induces a partial anti-PDA and the
second re-induces a partial PDA whose level is close to that preced-
ing the stimulus pair. This is as one would expect-the pair of stimuli
together are a “neutral stimulus” in that no net pigment is shifted
between R and M, and thus no residual effect on the PDA should
result.

Figure 41B demonstrates the dependence of I of the first R → M

stimulus (and thus on the amount of pigment transferred by the sec-
ond M → R stimulus) is the opposite of the dependence on the I of
R → M stimulation (see Figure 40A). This suggests a one–to-one re-
lationship between pigment included in the anti-PDA induction and
that excluded from the PDA induction.

In conclusion for PDA induction and anti-PDA, the response after
any stimulus series of duration short compared with those of the
PDA and anti-PDA depends only on the initial and final states of
adaptation (Hochstein et al. 1978). For instance, a final saturating R →

M stimulus always induces a PDA if all the pigments were in R state,
or never induces a PDA in an initially “M-adapted state” (R → M

stimulus adapted), no matter what other stimuli intervened during a
time, preceding the R → M stimulus, short compared with the PDA
and anti-PDA durations.

PDA non-localities

In invertebrates, the PDA phenomenon is shown to spread spatially
from its point of initiation referred as the nonlocality of PDA (Hill-
man et al. 1976). A local phenomenon should depend linearly on the
number of transitions, because the response of each transition is un-
aware of the number of other transitions taking place. Almagor et al.
1979 showed using a microspot stimulation that the spread was at
least to the next-nearest-neighbor, but not necessarily throughout the
cell.

PDA facilitation

The observed non-localities in PDA phenomena are possibly related
to another mechanism referred as “PDA facilitation” (Hillman et al.



4.4 response types in bistable pigment systems 115

Figure 41: (Top) Time course of anti-PDA in Calliphora. Decay of anti-PDA
is shown by decline of its effect on PDA, with increase of interval
between anti-PDA induction and the following R → M. Superim-
posed tracings of responses to identical R → M corresponding to
various inter-stimulus intervals. Data from Minke 1979. (Below)
Anti-PDA dependence on amount of pigment transfer. The cell
is prepared with varying M/R ratios so that saturating stimulus
(always bringing pigment to the same final distribution) induces
varying amounts of fM by varying PDAs induced by subsequent
R → M. Traces are for intracellular recordings in barnacle. Num-
bers at left are log attenuation of intensities of R → M stimula-
tion that prepared varying M/R ratios (Hochstein 1972). Graphs
replotted from Hillman et al. 1983.
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Figure 42: PDA-PDA facilitation. Weak R → M stimulus (transferring 14%
of the pigment to the M state). Long after this PDA has declined
to base line, and a second equal R → M induces a much larger
PDA. This facilitatory effect declines with time interval between
the two stimuli. Existence of facilitatory effect indicates an un-
derlying latent nonlocal process. (Data from Hillman et al. 1976,
graph replotted from Hillman et al. 1983)

1976). In PDA facilitation, prior PDA is shown to enhance the follow-
ing PDA as shown in Figure 42. PDA Facilitation was modeled in Öğ-
men and Gagné 1987 to arise from the antagonistic component to the
“light drive” that decays at a different rate than the actual pigment
states.
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4.5 visual pigment states and kinetics

In this chapter the intermediate photoproducts of the Drosophila vi-
sual phototransduction are reviewed serving as a physiological primer
for the following modeling chapters (Section 4.6 and Section 5.5)

4.5.1 “Complete cycle” with intermediate states

In 4.1.2, the basic scheme of the invertebrate phototransduction was
discussed omitting the details needed for quantitative understanding
of the phototransduction process. Both vertebrate and invertebrate
phototransduction consist of various steps of which many occur in
picoseconds making the measurement them difficult in room temper-
atures and in vivo conditions. The phototransduction is highly tem-
perature dependent (Thorgeirsson et al. 1993; Szundi et al. 2010), thus
the kinetics can be slowed down significantly in vitro conditions, even
down to ~ -195°C using liquid nitrogen. The obtained results can be
then temperature corrected for physiological conditions.

A simplified schematic of the visual cycle (4.1.2) with only the dis-
tinct conformational forms is shown in Figure 87 (Kruizinga et al.
1983). The activation of the “response-ready” R-state by light absorp-
tion (hν1) converts the R to bathorhodopsin B, which then thermally
decays to lumirhodopsin L, metarhodopsin M following. The M-state
now corresponds to the bistable state referred in 4.1.2), and the M-
state can be regenerated back to the R via an intermediate photoprod-
uct K. The time constants (τ) of the steps are shown at room temper-
ate ( ≈22°C). Additionally, in temperatures below 0°C, bathorhodop-
sin have been shown to convert to isorhodopsin (Suzuki et al. 1976),
making it under physiological temperatures insignificant (Kruizinga
et al. 1983). The intermediate K was seen in the study by Kruizinga
et al. 1983, while previous study had failed to see an intermediate
(Kirschfeld et al. 1978b), and another study found an additional inter-
mediate N in the regeneration pathway.

Additionally, exploiting the fluorescence of the M state (Stark et al.
1977), it has been suggested that there is an additional intermediate
photoproduct in Drosophila termed as M′ (Franceschini et al. 1981),
being suggested to be converted from lumirhodopsin L. The putative
M′ state was shown to fluoresce > 3 times more stronger than the
M state with the photosensitivity of M′ being significantly smaller.
The excitation and emission spectra λmax of M′ was shown to be red-
shifted to ≈ 660 nm from the λmax ≈ 570-580 nm of the M state.
Furthermore, the photoproduct M′ was seen to build up only at ex-
treme light intensities. From physiological viewpoint the M′ was con-
sidered to be completely unimportant and artificially produced state
(Stavenga 1983). However, if one considers the possibility that sim-
ilar “high intensity-only” intermediate exists for melanopsin and it
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Figure 43: Schematic representation of the photochemical cycle of blowfly
(Calliphora) rhodopsin. rhodopsin R excited by light absorption
converts to bathorhodopsin B. Thermal decay via lumirhodopsin
L to metarhodopsin M follows. The back reaction proceeds via
putative intermediates K and possibly N. Time constants of the
conversion steps are indicated (Kruizinga et al. 1983).

would be capable of signaling, it could offer an explanation for the
“paradoxical” photopotentiation seen in mouse PLR (Zhu et al. 2007,
later reviewed in 4.7.1).

The similar scheme seem to exist for the vertebrate rhodopsin (first
shown by Matthews et al. 1963) as shown in Figure 44 (Bartl and Vogel
2007) with the lumi- and bathorhodopsins excluded from the scheme.
Activation of rhodopsin (“dark state”) by light leads to a conforma-
tional equilibrium of inactive Meta I and active Meta II state (Fig-
ure 44A for Meta II), absorbing at 480 and 380 nm, respectively. In
addition to the transduction cascade progressing “normally” towards
the all-trans state, Meta III [in early literature (Matthews et al. 1963)
also referred as 465 nm compound, transient orange, pararhodopsin,
P470 and metarhodopsin465] can be formed that is maximally absorb-
ing at 470 nm (Figure 44B). The Meta III was shown to be light sen-
sitive (Matthews et al. 1963), using a second illumination with light
>475 nm after the initial activation (“first illumination” in Figure 44A)
efficiently converting Meta III back to Meta II/I (Figure 44B). Other
decay products such as opsin, released all-trans, and Schiff base be-
ing insensitive for this light step (Heck et al. 2003; Vogel et al. 2003;
Bartl and Vogel 2007). Additionally, previous study had shown illu-
mination of Meta III resulting in photoregeneration of rhodopsin and
isorhodopsin (Donner and Reuter 1969).

The Meta III is a relatively stable state thermally (at 30°C, time con-
stant is in the range of hours). It has been suggested to functions as
a storage for all-trans retinal and remove it temporally from the bio-
chemical reactions of the visual cycle (Heck et al. 2003). Recent studies
have shown that excess all-trans retinal in the outer segment of pho-
toreceptor cells may form deleterious adducts to rhodopsin, which
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Figure 44: Vertebrate rhodopsin intermediates. (A) Decay of the activated
Meta II state to Meta III. Illumination of rhodopsin’s dark state
(λmax = 500 nm) produces the Meta I/Meta II photoproduct equi-
librium, which consists mostly of active Meta II at 30 1C and pH
8.0, absorbing at 380 nm (A). This equilibrium then decays ther-
mally on the time scale of minutes via two pathways to (i) opsin
and all-trans retinal via hydrolysis of the retinal Schiff base, lead-
ing to an absorption loss at 380 nm, and (ii) Meta III, giving rise to
an absorption increase at 470 nm (spectra were recorded immedi-
ately after illumination and subsequently at 2 min intervals up to
20 min after illumination). By applying a second illumination, the
decay product Meta III of the second pathway can be converted
back to Meta I/Meta II (again consisting mostly of Meta II), while
the decay products of the first pathway, opsin and all-trans retinal,
remain largely unreactive. (B) (Bovine) rhodopsin transduction.
Activation of rhodopsin is achieved by light-dependent isomer-
ization of the chromophore and subsequent thermal relaxation of
the receptor on the millisecond time scale to the active receptor
conformation. This relaxation of the receptor proceeds via sev-
eral, spectroscopically resolvable intermediates and involves as a
key event the transition from the still inactive Meta I to the active
Meta II state, absorbing at 480 and 380 nm, respectively. These
two photoproduct states form a conformational equilibrium that
can be shifted from Meta I to Meta II by decreasing pH or increas-
ing temperature. (Bartl and Vogel 2007)
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Table 4: Spectral parameters of rhodopsin and products of its photolysis in
B. bufo (first row) and R. temporaria rods (second row)a (Kolesnikov
et al. 2003).
Rh Meta I Meta II Meta III Retinal P440 Retinol

λmax 502 489 379 479 381 440 325

nm 503 470 382 478 381 449 325

ǫ 1 1.09 1.16 1.0 1.05 0.9 1.29

1 1.09 1.16 1.0 1.05 0.9 1.29

DR 6.4 6.4 12.5 12.5 0.49 0.36 0.41

5.7 5.7 14.6 14.6 0.5 0.7 0.5

aλmax , wavelength of maximum absorbance; ǫ molar extinction at λmax , with respect to rho-
dopsin; DR, dichroic ratio Transversal polarization/Longitudinal polarization. In each row, the
upper line corresponds to B. bufo, and the lower, to R. temporaria. λmax for retinal and retinol
and ǫ for retinol are taken from Knowles et al. 1977.

are involved in age-related macular degeneration and other retinal
diseases (Fishkin et al. 2003, Różanowska and Sarna 2005). Under in-
tense light with higher bleaching, a delayed release of all-trans retinal
during Meta II decay by formation of a Meta III storage, thus might
be physiologically advantageous for retinal protection (Bartl and Vo-
gel 2007). The spectral sensitivity and dichroic ratios of intermediate
photoproducts are summarized in Table 4 (Kolesnikov et al. 2003).

Hubbard and Kropf 1958 was first to show that normal photo-
bleaching could be prevented if additional light was absorbed by the
bleaching intermediates, referred as the “photoreversal” of bleaching
(Williams 1964). Similar phenomenon was observed in early recep-
tor potential (ERP) recordings of a rat, with complete bleaching of
rhodopsin abolishing early receptor potential, but being recordable
again after a blue light flash (Figure 45B, Cone 1967). The most likely
intermediate photoproduct being photoreversed was suggested to be
metarhodopsin II, that has a peak absorbance at ~380 nm with a 1.2
times higher excinction coefficient than rhodopsin (Weale 1967; Bartl
and Vogel 2007). Further rat study in vivo by Grimm et al. 2000 es-
timated the quantum efficiency of photoisomerization to be roughly
~0.3 (Figure 45A,inset), while demonstrating that light at 550 nm was
able to fully bleach the rhodopsin, in contrast to the “rhodopsin-
equal” exposure at 403 nm that left significant portion of rhodopsin
to the unbleached state (Figure 45A). This blue-enhanced photorever-
sal was linked to the increased susceptibility for blue-light damage
(Grimm et al. 2001).

4.5.2 Deactivation of the photoresponse

The temporal resolution of the visual process depends on the speed
of the biochemical chain and on the lifetime of the active metarhodop-
sin state (Ma), the trigger of the phototransduction chain (Burns and
Arshavsky 2005, Burns and Baylor 2001). Inactivation of the metarho-
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Figure 45: Photoreversal of human rhodopsin. A) Bleaching of rhodopsin
in vivo by blue and green light. Eyes of anesthetized rats were
exposed to green light (�, 550 nm), to blue light (◦; 403 nm), or to
blue light in the presence of NH2OH to inhibit potential photore-
versal of bleaching (•; 403 nm). rhodopsin disappeared rapidly in
green light and in blue light with NH2OH, conditions with min-
imized photoreversal of bleaching. However, in blue light with-
out NH2OH, rhodopsin disappeared slowly, despite irradiation
with the same photon fluxes as in the other two conditions. Inset:
Scheme for calculating the total number of photons absorbed by
rhodopsin (R) and the photoreversible intermediate, assuming it
is metarhodopsin-II (MII). Photoregenerated rhodopsin is shown
as R’. The numbers on the arrows indicate the average numbers
of photons needed to cause the reactions and reflect the fact that
the quantum efficiencies of bleaching and photoreversal are not
unity (Grimm et al. 2000). (B) Photoregeneration of the ERP in
the eye of the albino rat. Both the test flash and the bleaching
light consisted of long wavelengths primarily absorbed by rho-
dopsin. The blue, photoregenerating flash contained wavelengths
absorbed by the longer-lived intermediates of the bleaching pro-
cess. The control trace was obtained from a second eye subjected
to the same bleaching exposure and test flashes, but without the
blue flash. Temperature, 27°C (Cone 1967).
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dopsin state occurs on binding of an arrestin molecule [cf Nair et al.
2005 in vertebrates, and Belušič et al. 2010 in invertebrates], allow-
ing the visual system to respond to subsequent stimuli (Hardie 2001).
Photoconversion of the metarhodopsin (Mi) back to rhodopsin (Ri →

Ra transition) is followed by arrestin release, after which the resulting
native rhodopsin (Ra) is ready for another round of phototransduc-
tion (Byk et al. 1993; Hardie and Postma 2008). Similar role of arrestin
in the deactivation of the melanopsin photoresponse was shown by
Hatori and Panda 2009 as suggested earlier in Panda et al. 2005, thus
being included to the quantitative model of melanopsin phototrans-
duction later (Section 4.6).

In Drosophila, which has been extensively studied, there are two
arrestin forms, arrestin1 (Arr1) and arrestin2 (Arr2), originally iden-
tified as phosrestin 2 and 1, respectively (Matsumoto and Yamada
1991). Arr2 is approximately sevenfold more abundantly expressed
than Arr1 in the wild type fly. Arr2 is the functionally more impor-
tant form for the inactivation of metarhodopsin (Dolph et al. 1993),
Arr2 mutants (w−; arr23) having a log unit lower threshold for enter-
ing the PDA state compared to the wild-type flies (Dolph et al. 1993;
Vinós et al. 1997; Belušič et al. 2010). The residual arrestin in Arr2-
mutants is mostly Arr1, still being able to inactivate metarhodopsin,
while less effectively resulting in a slow course of inactivation in the
Arr2 mutant (Ranganathan and Stevens 1995). At low light intensities,
the photoreceptor sensitivity was shown to be arrestin independent
(Liu et al. 2008; Belušič et al. 2010).

In vertebrates, the rhodopsin is multiply phosphorylated by rho-
dopsin kinase, and phosphorylation is essential for the inactivation
(Benovic et al. 1986; Chen et al. 1995). In contrast, in a mutant with
the phosphorylation sites deleted, showed no defects in electrical re-
sponses or in the ability of arrestin to bind to rhodopsin (Vinós et al.
1997), implying that the phosphorylation plays no direct role in the
fly phototransduction (Hardie 2001; Liu et al. 2008). Light-dependent
phosphorylation have been suggested to be involved in melanopsin
photoresponse deactivation (Robinson et al. 2009; Blasic et al. 2011).

Additionally, upon illumination arrestin translocates from photore-
ceptor cell bodies to rhodopsin and membrane-rich photosensory
compartments, vertebrate outer segments (Calvert et al. 2006) and
invertebrate rhabdomeres (Satoh et al. 2010). This physical transloca-
tion of the arrestin molecules has suggested to play a role of adapting
arresting levels to the prevailing fMe levels determined by the ambi-
ent illumination (Satoh et al. 2010).

4.5.3 Measuring phototransduction kinetics

In invertebrates, the simultaneous study of electrical responses (ERG)
and pigment state can be conveniently studied via fluorescence mea-
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surements (Figure 46B). The fluorescence of Drosophila rhodopsin has
been shown to be negligible, while the metarhodopsin states M and
M′ (4.5.1) exhibit a strong fluorescence (Figure 46A), with a high emis-
sion in the red wavelength range (Stavenga et al. 1984, Stavenga 1983).
The fluorescence measurements are preferably applied in white-eyed
mutants and are performed with a microspectrophotometer, the in-
strument diaphragm isolating the fluorescence from the deep pseu-
dopupil (Lee et al. 1996; Stark and Thomas 2004). Figure 46C shows
the relation of the measured ERG and PDA responses as a function
of light intensity in both the wild type (w−) and the arrestin mutant
(w−; arr23) fly demonstrating pronounced PDA in arrestin-deficient
mutant flies as expected (4.5.3).

In vertebrates, the kinetics of phototransduction have been studied
in vivo for example, measuring the changes in near-infrared light scat-
tering (Uhl et al. 1990) following the photoactivation of rhodopsin
(Vuong et al. 1984). Recently, adaptive optics system (for reviews see
Porter et al. 2006; Hampson 2008; Roorda 2011) have been added al-
lowing measurements of phototransduction in humans in vivo (Grieve
and Roorda 2008; Jonnal et al. 2010; Hunter et al. 2011). There are no
reports describing the fluorescence of melanopsin intermediate pho-
toproducts. In theory the fluorescence of melanopsin could be mea-
sured with adaptive optics systems (Gray et al. 2006; see also Section
6.5) in vivo to determine the relative concentration of R and M states
if similar fluorescence were found for the melanopsin M state, and
other ocular fluorescent sources would not have spectrally overlap-
ping fluorescence.

4.6 visual-pigment arrestin cycle

Simplified visual pigment-arrestin cycle is shown in Figure 47 pro-
viding a quantitative framework for pigment-level kinetics in a fly
bistable pigment system. Photoconversion of the native, active rho-
dopsin (Ra) creates the active metarhodopsin state (Ma, at a rate of
kR) , this Ma state triggers the phototransduction. Upon binding ar-
restin (A) the photoresponse is quenched and Ma converts into in-
active metarhodopsin (Mi, at a rate of kb) . Photoconversion of Mi

creates inactive rhodopsin (Ri, at a rate of kM), which upon arrestin
release return to the active rhodopsin state Ra (at a rate of kd). In-
active metarhodopsin (Mi) is phosphorylated when photoconverted
from Ma, dephosphorylation occurring upon photoconversion from
Ri to Ra (Kiselev and Subramaniam 1994). However, available data
in flies indicate that the phosphorylation state does not influence its
activity or its activity to bind to arrestin (4.5.2), making it possible to
exclude it from the quantitative modeling. Additionally, the arrestin-
bound states Mi and Ri are subject to spontaneous degradation with
a rate of k f , with Ra regenerating in the dark at the rate of kg.
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Figure 46: (A) Metarhodopsin fluorescence as a function of wavelength. a
Fluorescence signals induced by a number of monochromatic
light pulses (wavelengths 490–550 nm) followed by a red (600
nm) light pulse (Drosophila). The values of the initial red-induced
emission due to the metarhodopsin, a, and the background value,
b, were measured. Simultaneous measurements of the metarho-
dopsin fluorescence (B) and electroretinogram (C) from the eyes
of a wild-type Drosophila, elicited by monochromatic blue pulses
of 490 nm followed by red pulses (600 nm). Blue pulses with
intensities log I > -3 created a measurable metarhodopsin frac-
tion as witnessed by the red-induced fluorescence signal (fluores-
cence decay induced by the 600 nm pulse). (D) Amplitudes V of
ERG responses (ERG) and afterpotentials (PDA) elicited by the
blue light (490 nm) pulses of (B), for both the wild type (w−)
and the arrestin mutant (w−; arr23); error bars, SEM. The ERG
responses and PDA functions are fitted with sigmoidal Hill func-
tions. Adapted from Belušič et al. 2010
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Figure 47: Visual pigment-arrestin cycle. Photoconversion of active rhodop-
sin, Ra, creates active metarhodopsin, Ma, which upon binding ar-
restin, A, becomes inactive metarhodopsin, Mi. Photoconversion
of Mi creates inactive rhodopsin, Ri, which upon arrestin release
converts into the native rhodopsin, Ra. The light-induced conver-
sion processes have rate constants kR and kM, the rate constants
of arrestin binding and dissociation are kb and kd. Ri and Mi are
degraded with rate constant k f , and Ra is regenerated with rate
constant kg. (Stavenga and Hardie 2010).

To simplify the quantitative analysis of the pigment-arrestin cycle,
the cycle can be assumed to be a “closed system” (4.2.1) so that the
total number of pigment molecules does not change:

R0 = Ra + Ma + Ri + Mi (35)

The microvillus might not be completely filled with the maximal
number of molecules Rmax then the number of missing visual pig-
ment molecules is Rm = Rmax − R0. When A0 is the total number of
arrestin molecules and A the number of unbound arrestin molecules,
then:

A0 = Ri + A + Mi (36)

The pigment-arrestin cycle can be described by a set of linear dif-
ferential equations (Stavenga and Hardie 2010, note that the +kdRa

term from was missing from the original publication):
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dRa/dt = −kRRa + kM Ma + kgRm (37)

dMa/dt = −kM Ma + kRRa − kb AMa (38)

dMi/dt = −kM Mi + kRRi + kB AMa − k f Mi (39)

dRi/dt = −kRRi + kM Mi − kdRi − k f Ri (40)

dA/dt = −kb AMa + kdRi + k f Mi + k f Ri (41)

The steady-state (photoequilibrium) is when the net pigment tran-
sitions equal zero: dRa/dt = dMa/dt = dMi/dt = dRi/dt = dA/dt =

0, thus the fraction in equilibrium is:

fMe = (Ma + Mi) /R0 (42)

The rate constants kR and kM (s-1, Eq. (16)) depend on the light in-
tensity, increasing intensity driving the pigment-arrestin system more
quickly to photoequilibrium (smaller rate constants), following an ex-
ponential time course with time constant τc = 1/ (kR + kM) (Eq. (20)).
The behavior of the system (i.e. rate constants for the R ⇋ M transi-
tions) depends furthermore on the values of quantum efficiency (γi),
the molecular absorbance coefficient (αmax), concentration (C) of the
photopigment, and on the absorbance coefficient of the rhabdomere
/ outer segment medium (κmax). Typical values for these value from
the literature are listed in Table 6 in B). The rate constants kR and
kM can be expressed for monochromatic light stimulus as following
combining Eq. (15) and Eq. (16):

kR =

780
∫

380

[(

γR
κmax

C
αR,norm(λ)

)

× (I(λ)h(λ)) dλ
]

(43)

kM =

780
∫

380

[(

γM
κmax

C
αM,norm(λ)

)

× (I(λ)h(λ)) dλ
]

(44)

where the I(λ) is the corneal spectral irradiance, h(λ) is the oc-
ular media transmittance [to avoid confusion with time constant τc

the typically used τ(λ) was changed (2.2.3)], and the αi,norm is the
spectral shape of the photon absorption as defined by a nomogram
(Govardovskii et al. 2000; Stavenga 2010). The parameters for mela-
nopsin system were estimated to be (see also Section B.4) 1.0 for rel-
ative quantum efficiency (ϕ = γM/γR), 5.5 × 10-5μm2 for molecular
absorbance coefficient (αmax), 1,560 μm-3 for melanopsin concentra-
tion (C), and 3.5 ×10-2μm-1for the melanopsin “medium” coefficient
(κmax). This model of Stavenga and Hardie 2010, allows the evalua-
tion of relative distribution of the four pigment states and arrestin
dynamically as a function of time and light intensity.
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This proposed model can be further elaborated for melanopsin sys-
tem, incorporating the melanopsin photoreceptor geometry to the
model as outlined by Warrant and Nilsson 1998 for general photore-
ception. The above-defined equations are valid for infinitesimal pho-
toreceptors, which is not the case for real-world photoreceptors. The
self-screening effect (2.3.3) of the photoreceptors thus has to be taken
into account for the path length of the traveled light through photore-
ceptors, extreme case being dragonfly which has the longest photore-
ceptors known (>1.1 mm) in nature (Labhart and Nilsson 1995). The
absorption coefficient κmax (in older literature k) relates the medium
properties (i.e. pigment density) to the fraction F(l) absorbed in the
total medium as a function of photoreceptor length l in simple case
(Warrant and Nilsson 1998):

F(l) = 1 − e−κmax l (45)

This fraction F(l) is known as absorptance (Knowles et al. 1977), the
larger the value being the more light incident on the photoreceptor
is absorbed by it. Small F(l) indicate that self-screening has no sig-
nificant effect on the spectral sensitivity of the given pigment, due to
short path length or low pigment concentration (C = κmax/αmax). The
Eq. (45) is however only valid for monochromatic light, and not valid
for polychromatic white light, and the wavelength dependence of pa-
rameter κ has to be added for F(l) knowing that k(λ) = kαnorm(λ) as
following:

F(l, λ) = 1 − e−καnorm(λ)l (46)

Eq. (46) describes the absorptance spectrum, with absorbance spec-
trum α(λ) having values between 0 and 1 with a nomogram shape,
κ(λ) varying between 0 and κmax. This equation can now be used to
calculate the spectral absorbance as a function of path length, i.e. how
the spectral sensitivity changes as light is absorbed in the deeper lay-
ers of the photoreceptors (see Figure 9). This effect can be expressed
as the fraction Fw(κ, l) of total number of photons QT available to the
photoreceptor from environmental light I(λ) in wavelength range be-
tween λ1 and λ2:

QT =

λ2
∫

λ1

I(λ)dλ (47)

and the total number of photons absorbed QA by the photoreceptor
of a given length l with an absorptance spectrum α(λ):

QA =

λ2
∫

λ1

I(λ)F(l, λ)dλ =

λ2
∫

λ1

I(λ)
(

1 − e−καnorm(λ)l
)

dλ (48)
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The fraction Fw(κ, l), thus becomes (Warrant and Nilsson 1998):

Fw(κ, l) =
QA

QT
=

∫ λ2
λ1

I(λ)
(

1 − e−καnorm(λ)l
)

dλ
∫ λ2

λ1
I(λ)dλ

(49)

where the subscript w denotes “white” light absorption. The ob-
tained Fw(κ, l) can now be combined with commonly used Land equa-
tion (Land 1981; Kirschfeld 1974) for determining the optical sensitiv-
ity Sw of an eye (as used by Stavenga and Hardie 2010 for Drosophila)
that is given as:

S =
(π

4

)2
A2

(

d

f

)2
(

1 − e−κl
)

(50)

where A is the diameter of the (circular) aperture through which
light enters the eye (pupil in humans, Section 3.1), f is the focal length
of the eye (~1.67 cm in humans, 2.2.1), and d the diameter of each
photoreceptor (~10 μm for mouse ipRGC, B.4.1). Now by replacing
the Eq. (46) in Eq. (50), we obtain the following for optical sensitivity
Sw(κ, l) of the human eye to white light as a function of absorbance
coefficient κ(λ) and path length l (Warrant and Nilsson 1998):

Sw (κ, l) =
(π

4

)2
A2

(

d

f

)2

Fw(κ, l) (51)

=
(π

4

)2
A2

(

d

f

)2
⎛

⎝

∫ λ2
λ1

I(λ)
(

1 − e−καnorm(λ)l
)

dλ
∫ λ2

λ1
I(λ)dλ

⎞

⎠

The optical sensitivity Sw(κ, l) is the ratio of the number of pho-
tons (at λmax) absorbed by a photoreceptor to the number (at λmax)
emitted per steradian of solid angle from a unit area of an extended
source. In other words, it is a measure of a photoreceptor’s ability
to capture photons when viewing an extended light source of given
radiant intensity. This ability depends partly on the design of the eye,
and partly on the design of the photoreceptor: photoreceptors absorb
more photons when they view larger solid angles of visual space
[proportional to ((d/ f )²] through larger pupils [proportional to A²].
Sw(κ, l) therefore has units of μm²·steradian-1 (Warrant and Nilsson
1998).

Strictly speaking in the above equation, it is assumed that the pa-
rameter κ(λ) is constant over time, while in reality is the effected by
the “bleaching state” of the pigment (2.3.3) being effectively smaller
in light-adapted retina for cones and rods. Given the uncertainty
whether melanopsin bleaches optically (i.e. does its transmission char-
acteristics significantly change), with its very low pigment density
(~4 log units less, Do et al. 2009), the added complexity of estimat-
ing bleaching state as a function of light intensity and duration (for
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calculation see Mahroo and Lamb 2004) can be avoided. Now the op-
tical sensitivity Sw(κ, l) can be combined with the rate constant (kR

and kM) equations Eq. (16) to obtain more complete descriptions for
polychromatic light than defined previously for monochromatic light
in Eq. (43) and Eq. (44). The ratio can be dropped, retaining only the
absorbed photons QA as illustrated in Fig. 3 of Warrant and Nilsson
1998:

kR =
(π

4

)2
A2

(

d

f

)2
780
∫

380

I(λ)h(λ)
(

1 − e−κγRαR,norm(λ)l
)

dλ (52)

kM =
(π

4

)2
A2

(

d

f

)2
780
∫

380

I(λ)h(λ)
(

1 − e−κγMαM,norm(λ)l
)

dλ (53)

The obtained expressions can be numerically evaluated, in contrast
to the approximated and tabulated values proposed by Warrant and
Nilsson 1998.
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4.7 melanopsin as a bistable photopigment

There is evidence suggesting that mammalian melanopsin functions
like an invertebrate bistable rhodopsin. Evidence from studies em-
ploying heterologous expression of melanopsin suggest that mela-
nopsin could act as both a sensory photopigment and a photoiso-
merase allowing regeneration of the activated photopigment (Melyan
et al. 2005; Panda et al. 2005), while in contrast Qiu et al. 2005 found
no support for this. Studies by Doyle et al. 2006 and Fu et al. 2005

suggest that melanopsin could work independently of the the visual
retinoid cycle implying bistable capability of the photopigment indi-
rectly. Studies on mice have provided contradictory results, two stud-
ies are in favor of bistability in vivo (Mure et al. 2007; Qiu and Berson
2007), whereas Mawad and Van Gelder 2008 found no evidence for
either in vivo nor in vitro melanopsin bistability. The discrepancy be-
tween the results may rise from the high irradiance used by Mawad
and Van Gelder 2008 close to melanopsin response saturation making
the assessment of bistability more difficult (Cooper and Mure 2008).

The question of melanopsin bistability was suggested to be solved
via biochemical (Van Gelder and Mawad 2008) or spectrophotometric
means, with suitable light stimuli driving the pigment back and forth
between the thermostable inactive and active states each with its char-
acteristic absorption spectrum. The hypothesis of melanopsin bista-
bility was supported by the spectrophotometric results of Koyanagi
et al. 2005 for Amphioxus melanopsin (inactive “R-state” λmax~ 485

nm, and an active Meta-state with a red-shifted λmax~ 520 nm). How-
ever it should be noted, the Amphioxus is an invertebrate (Koyanagi
et al. 2005; Gomez et al. 2009), and mammalian melanopsin may be
functioning differently (Bellingham et al. 2006, Koyanagi et al. 2005).
Walker et al. 2008 found that for purified mouse mRGCs, following
480-nm stimulation, both cis- and trans- forms were observed suggest-
ing additional light-independent pathway (“dark regeneration” as for
rods and cones) while not excluding bistable hypothesis.

In humans, the evidence for melanopsin bistability is still very lim-
ited. The study of Mure et al. 2009 used PLR as a tool in humans
with a classical strategy of successive monochromatic stimulations
used first by Lisman and Sheline 1976 with Limulus to demonstrate
the “bistable hypothesis” using early receptor potential (ERP). In this
strategy, two equal “test” light pulses are presented (480 nm light in
Mure et al. 2009) with an adapting light stimulus between these two
[for example M → R (red light) and R → M stimuli (blue light)], and
then the modulating effect of this light pulse is quantified using the
action spectra described in Section 4.3. Additionally, several different
“test” light pulses could have been used [see Fig. 1 of Stavenga 1976]
to provide stronger evidence of the existence of bistable pigment sys-
tem with a single isosbestic point (4.3.2). Mure et al. 2009 found the
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preceding M → R stimulus (620 nm) potentiating the following sus-
tained PLR component in response to the “test” R → M stimulus
(480 nm), and the preceding “adapting” R → M stimulus (460 nm)
depressing the following sustained PLR component, as predicted by
the bistability hypothesis.

Similar protocol was used by Hansen et al. 2011 reducing the time
between pulses to 30 secs compared to the 40 minutes of Mure et al.
2009 between adapting and the second “test light”. In this temporally
compressed protocol, both preceding blue (470 nm) and red (660 nm)
light was found to potentiate the following PLR response. The au-
thors themselves provided little explanation for the found discrep-
ancy with previous data, but an invertebrate analog for the observed
phenomenon could be the “PDA facilitation” (4.4.4) in which subse-
quent identical stimulus can be potentiated if the preceding stimulus
has not transferred “too much” of the pigment from the R to the M

state. Fontaine and Hébert 2011 found preliminary evidence for po-
tentiating effect of red (620 nm) light alternated very rapidly with
blue (460 nm) light (3 ms of blue, 11 ms of red) for mean heart rate.

4.7.1 Bistability potentiation/Sensitization

An observed phenomenon closely related to “bistability–potentiation”,
is the photopotentiation demonstrated by Zhu et al. 2007 in mice.
After “supersaturating” light stimulus (1 minute of 18 W/m², white
light from an unspecified halogen light source) the following 1 minute
blue “probe” light (470 nm) pulse, either at half-saturating irradiance
IR50 or at 70%-saturating irradiance IR70, was shown to elicit a po-
tentiated PLR rather than a depressed PLR. The photopotentiation
was shown to originate from melanopsin despite the unique action
spectrum (Figure 48B) as mice (opn4-/-) lacking melanopsin showed
no photopotentiation. The shown photopotentiation was shown to
depend strongly on the dark period after the supersaturating stimu-
lus (Figure 48A) with the photopotentiation effect quickly dissipating
with increased dark period. Secondly, the photopotentiation exhib-
ited very non-linear even switch-like dependence on irradiance (Fig-
ure 48B) occurring approximately at 2 log units higher light intensity
than required to drive the PLR itself. Thirdly, the spectral sensitivity
was measured (Figure 48C) with photopotentiation occurring nearly
equally at all blue-light wavelengths, but falling off at wavelengths
longer than 500 nm.

Underlying photosensitive structure was not identified by the au-
thors, but visually comparing the results (Figure 48B) to the absorbance
spectrum of the Metarhodopsin II/III (Figure 44A) in vertebrates, the
shape could be in theory explained by photosensitive melanopsin
intermediate photoproducts. Similar unexplained “third photosensi-
tive” state was found in the study of Cronin and Goldsmith 1984
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Figure 48: (A) Time-course of decay of photopotentiation in rd/rd mice. A
dark period of variable length was interposed between the satu-
rating white-light pulse and the subsequent 470-nm probe-light
stimulus. Percentage of potentiation was calculated by comparing
dark-adapted and post-saturated PLRs during probe-light stimu-
lation. Data plotted as the mean ± SE (n = 5). (B) Intensity de-
pendence of photopotentiation in rd/rd mice. Data are plotted as
the mean SE (n = 7). Energy dependence of PLR and photopo-
tentiation in rd/rd mice. (◦) Irradiance–response curve for initial
PLR to white light (halogen). (•) Irradiance response curve for
photopotentiation of PLR subsequent to a range of bright white
light intensities (halogen). (Zhu et al. 2007)

in bistable crayfish rhodopsin. High intensity R → M stimulus was
shown to “damage” both the dark-dependent and light-dependent
(with M → R) photoregeneration pathway, suggesting the existence
of a second photosensitive “regenerating” system in addition to the
bistable R ⇋ M system, in which the photosensitive unit is likely
to be protein-bound replacement chromophore. Such photosensitive
unit is suggestive of retinochrome of cephalopod mollusks (Hara and
Hara 1972), as present also in the eyes of bees (Pepe and Cugnoli 1980;
Schwemer et al. 1984).

Additionally, the origin of the photopotentiation was tested test-
ing both ipsilateral and contralateral pupillary responses (Section 3.2),
with the photopotentiation occurring only in the eye receiving satu-
rating stimulus, demonstrating the photopotentiation do occur either
before bilateral integration in the olivary pretectal nucleus (OPN) or
within the eye on the efferent limb. Finally, the PLR protocol was
extended to a comparable in vitro multielectrode array (MEA) record-
ing from an adult rd/rd mouse (5 weeks old) where in contrast to the
PLR protocol, no photopotentiation was found for the ipRGC firing
(Zhu et al. 2007). The wavelength-dependence in ipRGC firing was
found (sensitivity higher for 430 nm than fro 530 nm) comparable
to the established wavelength sensitivity. The authors concluded that
the observed photopotentiation occurs downstream of the photopig-
ment and immediate phototransduction event itself, more exactly at
the synapse between ipRGC and OPN. The photopotentiation was
suggested to counteract the adaptation of melanopsin-ipRGCs (Wong
et al. 2007 and see 2.4.8) ensuring minimum pupil size even under
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Figure 49: (A) Time-course of PLR to different wavelengths of saturating
monochromatic light exposure (10¹5 photons/cm²/s). The same
animals were tested at all wavelengths. (B) Wavelength depen-
dence of photopotentiation in rd/rd mice. Single irradiance rela-
tive response spectrum for photopotentiation in rd/rd mice. Pho-
topotentiation of pupillary responses subsequent to stimulation
with intense monochromatic lights of equal irradiance (10¹5 pho-
tons/cm²/s for all colors) was examined. One-minute 470-nm
light pulses (IR50) were used to compare PLR sensitivity before
and after intense light exposure. (Zhu et al. 2007)

high irradiances. Similarly the explanation would be compatible with
the shown persistence of rat SCN cell firing in vivo in response to light
stimuli up to 30 minutes (Meijer et al. 1998).
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R E S E A R C H P R O J E C T S

5.1 background

The first presented research subproject (Section 5.2) is a continuation
of the previous study by Mure et al. 2009 with Ludovic S. Mure.
The study is focused on studying the dark regeneration time of the
melanopsin and whether a “photic memory” (Hochstein et al. 1973) is
exhibited in the melanopsin system, in other words if the melanopsin
system is able to “remember” its state when left in the dark for 8

hours.
The second subproject (Section 5.3) was related to a melatonin sup-

pression study done by Raymond P. Najjar in the same team. The goal
was to quantify the effect of lens density for melatonin suppression
between young and aged subjects for what a easily implementable
and low-cost psychophysical method was realized for crude estima-
tion of the lens density.

The third subproject (5.4) is a result from a collaboration with
Véronique Daneault and Gilles Vandewalle in Montreal, in which
the age-dependent pupillary light reflex (PLR) changes are studied.
The last fourth subproject (Section 5.5) provides a quantitative frame-
work for predicting the responses of bistable photopigment systems
including the putative bistable melanopsin pigment system. The ini-
tially planned projects on studying differential photoreceptor contri-
butions on NIF responses (2.4.5), and the use of PLR and especially its
melanopsin-dependence on glaucoma diagnosis were never realized
(Section 3.9).

5.1.1 PLR Setup

The PLR setup used in the study (Section 5.2) is almost the same as
previously used by Mure et al. 2009, thus it is essential in the interpre-
tation of the results presented in this work and previously obtained
in the same team. The schematic of the consensual PLR measurement
system is given in Figure 50, and the physical setup in our laboratory
in Figure 51.

The homogeneity of the light distribution in the visual field was
quantified using Photolux software (Dumortier et al. 2005), as shown
in Figure 52. The system consists of Nikon 5000 digital camera with
a fisheye lens and Photolux software developed in ENTPE, Lyon,
France. The system is typically used for quantifying the luminance
distribution in architectural lighting settings helping the lighting de-
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Figure 50: Schematics of the used PLR setup. The light is delivered con-
sensually (left eye dilated with tropicamide) by photographic
slide projector (24V/150W halogen light), the interference fil-
ter (hbw = 10 nm) is placed on the slide slot. The light output
is controlled mechanically using a computer-controlled shutter
(Uniblitz®). The filtered light is projected via mirror to a sheet of
tracing paper glued on the end of a PVC tube (∅ = 6 cm). The
inside of the PVC tube is painted with a white spray paint. The
distance between the diffuser paper and the eye is ~10 cm. The
right eye is illuminated by an array of concentrically placed IR
LEDs (λmax~ 950 nm), and monitored with an analogue NTSC
camera (ViewPoint, Arrington®) digitized with a sampling rate
of 60 Hz and a resolution of 640 x 480. The subject is asked to fix-
ate to red LED (λmax~ 950 nm) with a cross-shaped mask placed
on top of the camera at the distance of ~17 cm.

signers verifying their designs (Rea 2003). There is also a simplified
version of the software for iPhone (iPhotoLux, © 2011, Dominique
Dumortier, LASH, ENTPE).

In the previous study by Mure et al. 2009, the IR LED illumination
consisted of only one infrared LED placed on top of the camera objec-
tive. This was in many cases insufficient for the the used Arrington
ViewPoint eyetracking system to detect pupil properly. The illumina-
tion was improved with an off-axis illumination from a total of eight
infrared LEDs (λmax ∼ 950 nm) placed concentrically around the eye
(Morimoto et al. 2000; Teikari 2007a). Additionally, the fluctuations
in the pupil size were not around the mean “correct” pupil size in
Gaussian manner, but rather fluctuated either between the “correct”
pupil contour and some contour detected by the program inside or
outside the “correct” pupil contour.
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Figure 51: Physical PLR setup. The subject enters the light-proof-cabin in
which there is a seat with a chinrest. External to the cabin there
is a LCD monitor for helping to set the individual focus distance
and camera positioning. The long tube is for housing of the fixa-
tion LED if its distance from the eye need to be increased.

Figure 52: Luminance homogeneity of PLR setup. (A) Photo of the tube
used for the light delivery. The bright spots on the right are the in-
frared LEDs (λmax ∼ 950 nm) which are seen in the photo due to
different spectral sensitivity of the used camera compared to hu-
man visual system. (B) The corresponding luminance map with
Photolux system (Dumortier et al. 2005), demonstrates a bright
central region (~400-800 cd/m²) corresponding to a visual an-
gle ~34° [diameter of the diffuser disk is 6 cm and the distance
between the eye and the disk is ~ 10 cm, these values allow-
ing more quantitative retinal irradiance calculations (Weber et al.
2004; Sliney 2008)] with surrounding area of ~1 log unit lower
luminance (40-80 cd/m²).
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Figure 53: Pupil image quality. (Top row) Pupil image recorded with only
one IR LED placed on top of the camera objective as used in
the study by Mure et al. 2009. (Bottom row) The image quality
was improved by changing the one IR LED setup for eight IR
LEDs placed concentrically around the eye. The change in illumi-
nation setup can be seen in corneal reflections (Purkinje images,
e.g. Said and Weale 1959; Cornsweet and Crane 1973; Tabernero
et al. 2006), there being only one in the old setup (very near the
detected centroid of the pupil perimeter) and multiple corneal
reflections seen in the bottom row corresponding to individual
LEDs. The dynamic fitting behavior of the system cannot be illus-
trated well with static images, thus the difference in pupil size
recording quality between the image quality of top and bottom
row is illustrated in Figure 106. The subject for the both rows is
the same.

The improvement in image quality is illustrated in Figure 53 with
clearly improved iris-pupil contrast with the new lighting condition
accompanied with lower variation in pupil recordings in general as
shown in Figure 106. Brown irises were found to give the best im-
age quality as the reflectance of iris for near-infrared light is higher
(Medina et al. 2011), thus producing the best iris-pupil contrast. The
geometric distortions of the imaging system were defined using Imat-
est (Boulder, Colorado, USA) as defined in Teikari and Rautkylä 2008,
and were found to be non-significant.

5.1.2 Individual PLR variability

As a part of the collaboration with Véronique Daneault, a pilot study
was conducted on the diurnal variability of the PLR. The experimen-
tal methods were the same as in the previous study by Mure et al.
2009 and in the “photic memory” study (Section 5.2). The four sub-
jects (one of them did only 6 experimental conditions) were exposed
to monochromatic 480 nm light (hbw = 10 nm, irradiance ~10¹² pho-
tons/cm²/sec) at 8 different time points (02h, 05h, 08h, 11h, 14h, 17h,
20h, 23h) split to two consecutive days so that each subject did 4
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Figure 54: Individual variability of PLR waveform. Each row corresponds
to subject and the columns the different time points tested. Cir-
cadian rhythmicity cannot be derived from these graphs as the
sleeping, food intake and environmental light exposure were not
controlled.

sessions per day. Pupil was recorded first 5 minutes in darkness (pre-
light baseline) and then exposed to 5 minutes of light, and the again
for 5 minutes in darkness (post-light baseline). The focus was on diur-
nal and general variability on the PLR responses on the same subject
for the same light stimulus, thus no constant routine protocol (Wirz-
Justice 2007) was used to assess circadian rhythmicity as done in the
study by Zele et al. 2011. The subjects were free to sleep between the
sessions as they felt like, and the food intake and the environmental
light exposure were not controlled.

The results of the PLR waveform (see 3.2.2) variation are shown
in Figure 54. Intriguingly, the subject murlu demonstrates a “switch-
like” behavior between pupillary escape (02h, 05h, 23h) and pupillary
capture (08h, 11h, 14h, 17h, 20h). Other subjects show less drastic
variable PLR when examining only the shape of the PLR waveform.

The results of the PLR component variation are shown in Figure 54.
The pre-light baseline (0-300 sec, 1st column) functioned as the base-
line for the pupil size thus all the time points have a value of 1.0, and
each component time point was always compared to the baseline of
that given time point. A significant variation in response components
can be seen, in addition to the inter-individual responses in the rela-
tive response amplitude. The subject murlu again differs from other
subject showing more pronounced sustained response, whereas in
other subject the sustained response have decayed close to the base-
line value. In regard to the “bistable photopotentiaton”, the subjects
with weak sustained response are not the most optimal objects (as dis-
cussed with IRCs in 2.4.3). As the “pupil resolution” between the test
and reference pulse can be insufficient for proper characterization of
potentiation and depression of the following response.
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Figure 55: Individual variability of PLR components. Each row corre-
sponds to subject and the columns the different time points tested.
Circadian rhythmicity cannot be derived from these graphs as the
sleeping, food intake and environmental light exposure were not
controlled.
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5.2.1 Introduction

To avoid overlap in this thesis, introduction to melanopsin bistability
is found in Section 5.5.1, and for bistability in general in 4. In this
study we examined the dark regeneration of melanopsin photopig-
ment using PLR as tool as done in the previous study in our team
(Mure et al. 2009). In the previous study (Mure et al. 2009), dark re-
generation was not seen when keeping the dark period between the
test and the reference pulse in 45 minutes. For this study, an overnight
condition was introduced with a dark period of 8 hours between the
reference/adapting and the test stimulus with three different adapt-
ing conditions (460 nm, darkness and 590 nm). The hypothesis was
that there would be “photic memory” phenomenon observed in the
in melanopsin regeneration behavior, term introduced by Hochstein
et al. 1973 for bistable barnacle. In practive this means that the rela-
tive concentrations of the R and the M state would be unaltered after
a long 8 hour dark period compared to the shorter 45 min dark con-
dition of previous study (Mure et al. 2009).

5.2.2 Material and Methods

5.2.2.1 Subjects

Seven subjects with normal color vision participated in this study [2
males and 5 females, 22.3 ± 2.3 years (mean ± SD)]. The selection for
the final seven subjects was based on the pilot recordings of the short
session with 590 nm adapting light (Figure 56), particularly in regard
to the subjects’ ability to fixate well, and whether the subjects exhib-
ited the potentiation in PLR seen in previous study of Mure et al.
2009. The latter criterion introduced a slight selection bias for the ex-
periment as later seen in Figure 57B. All experiments were performed
in accordance with Institutional guidelines and the research protocol
received the necessary ethical approvals. Written informed consent
was obtained from each subject prior to inclusion in the experiment.
Subjects were examined for normal color vision, visual field and veri-
fied that there was no detectable ophthalmic problems. Subjects were
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emmetropic and none were under medication during the testing pe-
riod.

5.2.2.2 Pupil Measures

Monochromatic light stimulations were used to record consensual
pupillary constriction responses. The pupil size was recorded from
the unilluminated eye using an infrared video pupil tracking system
(ViewPoint, Arrington®). A video camera was set in a plane parallel
to the cornea, with infrared LEDs (λmax≈ 950 nm) set obliquely to
the cornea ensuring high reflection from the iris while keeping the
pupil as dark as possible. By placing the infrared LEDs closer to the
eye obliquely, higher corneal irradiance and iris-pupil contrast was
achieved compared to the condition of previous study from our group
(Mure et al. 2009) with only one infrared LED used placed on top of
the camera. Behind the recording system, a small red LED (λmax≈ 650

nm) was located to allow the subject to keep a stable gaze on the same
point during the entire experiment. Pupil aperture size measures are
based on online thresholding algorithm provided at a sampling rate
of 60 images/sec by the software (ViewPoint, Arrington®). The circu-
larity is calculated for each fitted ellipsoid as a ratio between aperture
height and aperture width.

5.2.2.3 Light stimulation

Monochromatic stimulation was produced using a tungsten halogen
light source (24 V–150 W Eke bulb) with heat absorbing, collimat-
ing lenses and Schott® interference filters (hbw=10 nm). Light was
projected through an opal diffuser providing a uniform, pattern-less
stimulus that encompassed the entire visual field of one eye. Stimu-
lus irradiance and duration was controlled with an electronic shutter
(Uniblitz®) under a computer program. Irradiance levels and spectral
distribution were monitored with a photometer (International Light®

IL700) and spectrophotometer (Ocean Optics® S4000). The pupil of
the stimulated eye was dilated by topical application of tropicamide
on the cornea.

5.2.2.4 Protocol and Data analysis

General

The data were analyzed using custom-written program on Matlab®

(Mathworks). Artifacts in pupil measures, for example due to eye
movements or eye blinks were eliminated using the circularity coef-
ficient of the pupil outline. Sample sequences containing more than
15% deviation from unity circularity were excluded from the analysis.
To correct for individual variations in pupil size, data were normal-
ized for each subject to mean pupil area measured during the last 5
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minutes of dark adaptation prior to light exposures. Pupil data were
smoothed using a non-parametric locally weighted linear regression
(Lowess, span 0.40, Cleveland 1979).

Kinetics and of the PLR

Different temporal sequences of the pupillary response were ana-
lyzed during several time windows of the initial pupillary constric-
tion between 0–30 seconds after lights-on (phasic and tonic responses
(Clarke et al. 2003a; Gamlin et al. 2007; McDougal and Gamlin 2010).
The steady-state of the pupil constriction was measured during the
prolonged constant light exposure (3–5 minutes). Finally, post-stimulus
persistence of pupillary constriction was analyzed during the first
minute after lights-off.

Effects of prior light exposure on the PLR

To assay the effects of prior light exposure we used procedures previ-
ously applied to studies of invertebrate photoreception (Lisman and
Sheline 1976; Stavenga 1975; 1976; Hillman et al. 1983), in the mouse
(Mure et al. 2007), and in humans (Mure et al. 2009). In this study
we used 480 nm light as the test and reference stimuli since this has
been reported as the peak wavelength of sensitivity for melanopsin
expressed in vitro (Panda et al. 2005; Koyanagi et al. 2005; Torii et al.
2007; Terakita et al. 2008), and for retinal mRGCs recordings (Berson
et al. 2002; Tu et al. 2005; Dacey et al. 2005). Test wavelength of 480

nm had a photon density of 10¹² photons/cm²/sec, while the adapting
light stimuli (460 nm and 590 nm) had a photon density of 10¹4 pho-
tons/cm²/sec. The protocol is illustrated in Figure 56. The experiment
always took place at ~22h (corresponding to 0 minute in Figure 56) in
contrast to our previous study done in midday (Mure et al. 2009).

5.2.3 Results

The results from the study are seen in Figure 57 for three different
time bins corresponding to the same time bins previously used by
Mure et al. 2009: A) Phasic component (2-4 sec after light onset), B)
Sustained / steady-state component (3-5 min after light onset), and C)
Persistent component (0-1 min after light offset). In the phasic compo-
nent (Figure 57A), no statistically significant modulation of the PLR
in response to test light by the adapting light stimulus was seen.

In the sustained component, adapting light stimulus is seen to mod-
ulate the PLR with some of the results reaching statistical significance
as assessed with Kruskal-Wallis test (Kruskal and Wallis 1952) . In
the short condition, there is a difference between the 590 nm and
darkness condition (p=0.048), but not between 590 nm and 460 nm
(p=0.123) nor between darkness and 460 nm (p=0.935). In the long
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Figure 56: Experiment protocol. Protocol design corresponds to the experi-
mental design of Mure et al. 2009 with an initial bleaching white
light stimulus for rods and cones ( fMe ∼ 0.19, followed by 45
minutes of dark adaptation, 5 min reference light pulse (480 nm,
fMe ∼ 0.71), 5 minutes of dark, 5 minute adapting light [460
nm, fMe ∼ 0.74; darkness, fMe ∼ 0.71 after 480 nm; or 590 nm,
fMe ∼ 0.01 (simulated threshold wavelength for total R → M con-
version was 602 nm]. In the “short condition” (above), the second
480 nm (Test) light pulse is followed after a dark adaptation of 45
min, whereas in the “long condition” (below), the dark adapta-
tion time is 8 hours during which the subjects can sleep. The fMe

values were calculated using Eq. (18) with the peak values of 482
nm for R and 587 nm for M state. The nomograms were created
using the definition by Govardovskii et al. 2000 using the β-band
with no self-screening correction (2.3.3).
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condition, there is a difference between 590 nm and 460 nm (p=0.042),
and darkness and 460 nm (p=0.028), but not between 590 nm and
darkness (p=0.749). Between the short and long conditions, there is
only a difference between short 590 nm and long 460 nm condition
(p=0.004), other interactions between the two conditions not reaching
statistical significance. In the persistent response, differences can be
seen but none of them are statistically significant due to high variabil-
ity.

Alternatively the results could be plotted as the individual changes
between the short and long sessions for each given condition (590 nm,
dark and 460 nm) as shown in Figure 58. It can be seen that the pha-
sic component exhibits very little variability which is to be expected
from low melanopsin drive during the initial PLR (McDougal and
Gamlin 2010). The sustained and especially persistence responses ex-
hibit high variability, some subjects showing more potentiation (sec-
ond data point higher than the first data point per time bin) after
long conditions whereas some other show the depression (second
data point lower than the first data point per time bin). The individ-
ual values for each condition are shown in Figure 58.

5.2.3.1 Robustness of bistability-mediated potentiation in PLR

In the process of recruiting subjects, more subjects were tested with
the short 590 nm protocol than the final seven subjects, and the re-
sults for these non-selected subjects along with the subjects (total n =
24 subjects) from the previous study by Mure et al. 2009 are shown in
Figure 59 (individual values in Table 9 and the individual PLR traces
and “difference signals” shown in Section C.5). The choice of subjects
for the full protocol was based on whether they exhibited potentiation
in the 590 nm condition and whether they were behaviorally suitable
for the protocol, i.e. being able to fixate well. The results demonstrate
a significant inter-individual variability in the responses, the potentia-
tion value of the sustained response being closer to zero compared to
the results of Mure et al. 2009. The persistence response exhibits de-
pression of the response after prior 590 nm adapting light exposure.

5.2.3.2 Effect of data conditioning on the results

The sensitivity of the obtained results for the LOWESS span [Mat-
lab command yy = smooth(x,y,span,’rlowess’)], higher span values
resulting in smoother plots. The data were smoothed piecewise in
three 5 minute bins (pre-light baseline, light exposure, and post-light
baseline) so that the phasic component would not be smoothed too
much. The robust version of the LOWESS was chosen to minimize
the effects of outliers to the smoothing results. It can be seen in Fig-
ure 60 with the data set analyzed that the span parameter did not
have a dramatic effect on the sustained nor the phasic component.
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Figure 57: Alteration of PLR response following pre-exposure of adapting
light in short and long condition. (A) Phasic response (2-4 sec
after light onset), (B) Sustained response (180-300 sec after light
onset), and (C) Persistent response (0-60 sec after light offset)
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Figure 58: Individual Changes The plot can shows how if the “photic mem-
ory” phenomenon would have been very robust, all the subjects
would responded roughly in the same way between the short
and long conditions. This is not the case for majority of the
conditions, some subjects exhibiting potentiation and some oth-
ers attenuation (comparing “short and “long” conditions) for the
same adapting light condition (460 nm, dark, 590 nm). The “NaN-
threshold” to reject outliers were set to 100%, thus the single
points missing a connection line to either short or long conditions
were due to the other marked as an outlier.
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Figure 59: PLR component analysis of the short 590 nm condition. The
averaged responses ± SEM of all subjects (n=24, see values in Ta-
ble 9) tested for the short 590 nm condition for three time bins.
LOWESS span used was 0.20. The “NaN-threshold” to reject out-
liers was set to 100%.

With the persistence component the conclusion weather the adapting
light stimulus caused potentiation or depression depended on the
span parameter (potentation at span=0.20 and depression at span=0.3
and 0.4). These results highlight the need for high quality recordings
in order to make correct conclusion from the measured data as dis-
cussed in 3.5.1 and in 5.1.1.

5.2.4 Discussion

In contrast to the previous study by Mure et al. 2009, a less robust
bistable photopotentiation effect was found in both short and espe-
cially in the long study condition. The mean response for the sus-
tained PLR component with the 590 nm adaptation light was roughly
similar to the results obtained by Mure et al. 2009, whereas with
the dark control the response suppression was found to be stronger
than with the adapting 460 nm light. However, none of these differ-
ences results reached statistical significance due to highly variable re-
sponses. The obtained results for the difference between the short and
long condition did not seem to support either a pure “photic mem-
ory” hypothesis nor a combination of “photic memory” and “dark
regeneration”. Similarly, possible contribution of upregulation of the
melanopsin pigment after prolonged darkness with or without circa-
dian drive for pigment concentration (2.4.9) and/or pupillary light
reflex (Section 3.6) could not be derived from the results.

There were mainly three differences in the experimental design
compared to the previous one (Mure et al. 2009). The first one was
the use of 590 nm adapting light as the “maximal potentiator” light
instead of the 620 nm used previously. The 590 nm was chosen as
the experimental wavelength as it corresponded to the putative peak
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Figure 60: The effect of LOWESS span (mean ± SEM) is illustrated for the
same 24 subjects in Figure 59 for various LOWESS span values
(x-axis) for the three analyzed time bins: phasic, sustained and
persistence. The phasic and sustained are more or less insensitive
for LOWESS span while still yielding different means. The per-
sistence response can be either potentiated by prior 590 nm light
exposure or suppressed depending on the LOWESS smooth pa-
rameter. . For comparison, the highest 0.8 was used in the study
presented in Section 5.4. The 0.01 and 0.05 values are insuffi-
cient for our PLR recordings at least when visually inspecting
the smoothed individual PLR recordings.
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of the “meta-melanopsin”. The 590 nm wavelength in equilibrium re-
sults a fMe of 0.01 while the 620 nm is able to shift all the pigment to
the R state in theory (see equilibrium spectrum in Figure 37 with zero
values at that wavelength). Thus, the change in adapting wavelength
to 590 nm from 620 nm would in theory lower also the maximum
possible potentiation. The second difference is in the experimental
time, as the previous study was done during midday whereas this
study was undertaken late in the evening starting at 22h. Strict con-
trol of prior light history and subject behavior was not possible due
to resource limitation, while extreme chronotypes were excluded and
subjects were asked to have regular sleep-wake cycles before the ex-
perimental sessions.

Third difference was the improvement of infrared (IR) illumination
discussed in detail previously in 5.1.1. Qualitatively examining the
traces in Figure 106 and Figure 107 from this current study and from
the previous study (subjects with code starting with ori are from
Mure et al. 2009), one could suggest that the results obtained previ-
ously could be partly explained by the previous noisy recording of
the pupil diameter. The recorded pupil size is seen to oscillate signif-
icantly more than in the majority of recordings for the current study
(byrso and gauel being notable exceptions). As shown above in Fig-
ure 60, the choice of smoothness parameter (span in our case when
using LOWESS) can significantly affect the obtained final results. Fur-
thermore higher span values result less variable estimates of the time
bins (lower standard deviation as data points from which the time
bin mean is calculated become less variable), if the original variabil-
ity in the raw data is taken into account as was the case with Mure
et al. 2009. Surprisingly, the fit of difference spectrum with 5th degree
polynomial was found to have R² value close to unity (Figure 61A),
and being visually comparable to nomogram fitting for photometric
data in Rh2 of Drosophila (Figure 61A) obtained by Salcedo et al. 1999.

Additionally, statistically non-significant trend was found for the
subjects from the Mediterranean region (subjects douni, fifka, gilal,
spama, boune, byrso) in regard to the sustained component behavior.
The sustained component decayed qualitatively closer to the baseline
at the end of light stimulus, suggesting a possible long-term adapta-
tion for environmental light exposure experienced during childhood.
Similar claims were made for the differences found in light sensitivity
between indoor and outdoor workers in the studies by Rufiange et al.
2007 and Beaulieu et al. 2009, being mediated via “photostasis”-like
phenomenon shown in rats (Penn and Williams 1986). In rats reduced
environmental light have shown to cause elongation of the rod outer
segments to compensate for the reduced retinal irradiance.

In conclusion one cannot reject the hypothesis of melanopsin bista-
bility based on the results presented here, but one could hypothesize
that the PLR would not be optimal tool to demonstrate it in humans
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Figure 61: Experimental difference spectra. (A) The difference spectrum
was obtained by measuring the change in pupil constriction be-
tween the two identical reference and test stimulations (480 nm,
1012 photons/cm2/sec, 5 min duration) subsequent to a 5 min pre-
exposure period for 11 different wavelengths (n = 4 subjects; iso-
irradiance of 14.1± 0.2 log photons/cm2/s). Consistent with typ-
ical difference spectra of invertebrates, the response function (5-
degree polynomial, R² = 0.91) shows two domains: a decrease in
the response between 400–515 nm (min = 466 nm) and an increase
in constriction for longer wavelengths (515–650 nm, max = 592
nm). The response function also shows an isosbestic point that
corresponds to the wavelength at which the pre-exposure stimu-
lation has a neutral effect (514.3±1.2 nm). (Graph from Mure et al.
2009) (B) In each case the difference spectra were calculated from
spectra measured after illumination with adapting lights (using a
single-adapting light and subtracting from the dark-adapted state
or with λ1 and λ2) which were 418 and 524 nm for Rh2. Differ-
ence spectrum (bold trace) was fit with calculated rhodopsin and
metarhodopsin absorption profiles (Stavenga et al. 1993). Curve
fits of the difference spectrum and the R- and M-forms are shown
as fine traces in each panel. (Graph from Salcedo et al. 1999)
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especially using the current paradigm. One could want a method that
more directly assesses the pigment-level changes in melanopsin pho-
totransduction rather than being too-many-synapses away with PLR
recording (Section 3.2). The discussion is continued in 6 with alter-
native paradigms and alternative explanations for the observed phe-
nomena offered.
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5.3.1 Introduction

Aging is associated to many anatomical and physiological alterations
at the eye level. Although distinct from age related eye diseases, these
alterations produce similar yet smaller photoreception changes. Lens
yellowing is one of these alterations and gradually leads to the most
documented cause of blindness in developed countries: cataract.

With aging many changes occur at the eye level. Most of these
anatomic and physiologic processes, that follow a gradual decline,
can solely be attributed to the aging process. Although these pro-
cesses are distinct from the aging eye diseases, the vision changes they
produce may be similar, albeit smaller. Lens yellowing is one of these
phenomenon and gradually leads, at some point, to the most docu-
mented cause of blindness is developed countries: cataract (Michael
and Bron 2011). Lens yellowing most commonly occur as a result of
aging and exposure to environmental factors as ultraviolet light (Tay-
lor et al. 1988; Hodge et al. 1995; Vrensen 2009). However cataract
may occur secondary to hereditary factors (Sacca et al. 2009), trauma
(Shah et al. 2011), metabolic or nutritional disorders (Lutze and Bres-
nick 1991; Wegner and Khoramnia 2011), smoking (Hammond et al.
1999), non-ionizing (Söderberg et al. 2009) and ionizing radiation (Fill-
more 1952; Lipman et al. 1988; Ainsbury et al. 2009). The effect of
cataract for visual perception have been simulated for example in re-
gard to painter Claude Monet’s paintings (Marmor 2006), and glare
in night-time driving (Ikaunieks et al. 2009; Pamplona et al. 2011).

The relationship between healthy aging and ocular lens density
have been studied by many (van Norren and Vos 1974; Werner 1982;
Pokorny et al. 1987; De Natale et al. 1988; Sample et al. 1988; 1991;
Johnson et al. 1993; Hammond et al. 1997b; Wooten et al. 2007). These
studies show a decreased transmission (increased density) of the in-
traocular lens, especially for short wavelength lights with age. This
increase is even more pronounced in individuals with cataract (Sam-
ple et al. 1988). Recently Dillon et al. 2004 and Broendsted et al.
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2011 demonstrated a good correlation between ex vivo techniques for
donor lenses, and non-invasive in vivo technique.

Lens yellowing and cataract have been quantified using various
method in vivo including Purkinje images (Said and Weale 1959; John-
son et al. 1993; Savage et al. 2001), visual evoked potentials (Werner
1982), psychophysical techniques (van Norren and Vos 1974; Wooten
et al. 2007; Barbur et al. 2010), slit lamp photographs with manual
(Chew et al. 2010) or automated analysis (Li et al. 2010), photoacoustic
imaging (Lerman et al. 1978; Silverman et al. 2010), Shack-Hartmann
wavefront sensing (Donnelly et al. 2004), imaging spectrograph for
fundus reflection (van de Kraats and van Norren 2008; Gimenez et al.
2010), femtosecond optical coherence tomography (OCT, Palanker
et al. 2010), retro-illuminated image processing techniques (Campar-
ini et al. 2000), dynamic light scattering technique (Datiles et al. 2002;
Datiles et al. 2008), Raman spectroscopy (Hogg et al. 2007), autoflu-
orescence imaging (Broendsted et al. 2011), parallax barrier-based
method using a smart mobile phone (Pamplona et al. 2011), and
Scheimpflug photography (Bosem et al. 1994; Nishimoto and Sasaki
1995).

Scheimpflug photography is the most commonly used technique
for lens density clinically (Wegener and Laser-Junga 2009), imple-
mented commercially in Pentacam® (Oculus, Germany) has been
shown to correlate well (Pei et al. 2008; Grewal et al. 2009; Magalhães
et al. 2011) with the subjective Lens Opacities Classification System
III (LOCS-III, from 1, clear lens, to 5, cataract; (Chylack et al. 1993)
employed by ophthalmologists.

Psychophysical methods are easy and low cost to implement both
in clinical and experimental settings. Early scotopic psychophysical
studies used long dark adaptation times (van Norren and Vos 1974;
Pokorny et al. 1987), up to 45 minutes, making these cumbersome
in real-life settings. Several attempts have been made to shorten the
measurement time. In photopic color matching (Davies and Morland
2002), no long dark-adaptation is required, however the obtained re-
sults are influenced by combined rod and cone responses, that is
not in accord with the univariance principle of additivity (Naka and
Rushton 1966). Additionally, the results may be subject to individ-
ual variability in the L/M cones ratio (Carroll et al. 2002). Whether
photopic methods are equivalent to scotopic methods have been ad-
dressed previously by Wooten et al. 2007, authors demonstrating
strong relation (R2 = 0.80) between scotopic and photopic heterochro-
matic flicker match, suggesting that reliable photopic psychophysical
estimates would be possible. Wooten et al. 2007 also suggested that
relative thresholds might even be superior to absolute thresholds in
relation to maintaining steady state absolute adaptation as no fixed
adaptive state is required. Similar results were obtained by Barbur
et al. 2010 elaborating the idea of Moreland et al. 2001 using a normal
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computer monitor for flicker photometry with notch filters, allowing
reliable photopic estimation of macular pigment and lens density.

To be clinically significant cataract should cause a significant reduc-
tion in visual acuity or other visual impairments. The eye does not
only serve for visual purposes as a non-visual melanopsin (ipRGCs)
based photoreceptive system has recently been discovered (Berson
et al. 2002) . Together with the conventional visual photoreceptors
(rods, cones), this system conveys photic information for non-visual
functions such as pupillary light reflex (PLR) and circadian photo-
entrainment (Güler et al. 2008). Knowing that the visual system usu-
ally compensates for visual impairments, the question remains how
pre-cataract lens opacification affects entrainment of the circadian sys-
tem. Therefore lens opacification should be measured objectively and
compared to non visual sensitivity to light, even before visual impair-
ments.

Moreover assessing the amount and spectral composition of light
reaching retinas’ photopigments is crucial for studying photorecep-
tor contribution in non visual photoreception (Brainard et al. 1997;
Brainard et al. 2001; Thapan et al. 2001; Mure et al. 2009; Gooley et al.
2010). Amongst the factors that could alter light penetrating through
the ocular media, pupil size, corneal filtration, eye chambers filtra-
tion and lens opacification. Compared to other ocular medias the
lens alters spectral composition of light reaching the retina. There-
fore having a system that could give objective ocular media spec-
tral transmittance is a necessity in the circadian photoreception and
vision field. Moreover a debated has been going on about the the
potential risks and benefits of blue light blocking intraocular lenses
(IOLs) after cataract surgery. These artificial lenses that filter a con-
siderable amount of blue light were suggested to provide photopro-
tection against the risks of development or progression of age related
macular degeneration (AMD) and enhance visual performance by re-
ducing glare (Davison et al. 2011) . For other authors these IOLs filter
short wavelengths that are crucial for circadian photoentrainment and
might have potential risks on scotopic and mesopic vision (Mainster
2006).

In our study we evaluated an improved scotopic flicker photome-
try technique to assess the age-related changes in lens density. Psy-
chophysical technique of absolute threshold detection in the same
subjects. In addition we also diminished the DA period from 45 min
to 5 min and to 0 min, and compared the results. Another aim of this
paper is to compare three methods of lens opacification assessment,
using psychophysical testing, Scheimpflug imaging (Oculus Penta-
cam) and a grading system commonly used with slit lamps by oph-
thalmologists [LOCS III (Chylack et al. 1993), Oxford Clinical Cataract
Classification and Grading System (Sparrow et al. 1986) or The WHO
simplified cataract grading system (Thylefors et al. 2002)]



156 research projects

5.3.2 Material and Methods

Subject’s lens density was assessed using an improved light emitting
diode driven (LED) heterochromatic flicker photometry system devel-
oped at our institute (INSERM U846, Bron, France)

5.3.2.1 Principle of lens transmission measurement

Except for the lens and the macular pigment, the ocular media have
been shown to be wavelength neutral or to show very little change in
transmittance with age (van de Kraats and van Norren 2007a). Since
the macular pigment has an effect mainly on the cones in the fovea,
testing peripheral vision using the psychophysical procedure to be de-
scribed provides a nearly pure measure of changes in lens density as a
function of age (Sample et al. 1988). The action spectrum of rhodopsin
is genetically determined (Nathans et al. 1986), stable with age, and
very well known. When measuring individual aphakics (Wright 1951;
Griswold and Stark 1992), it is clear that their scotopic spectral sensi-
tivity curve is highly similar to the relative absorption curve based on
the extinction spectrum of rhodopsin (Wald 1949). Therefore, based
on a nomogram (Govardovskii et al. 2000) for rhodopsin sensitivity
[λmax= 495 nm (points from Kraft et al. 1993 refitted with Govar-
dovskii et al. 2000), β-band included, and axial density dRh of 0.40

OD (Lamb 1995)] pairs of wavelengths with equal absolute threshold
are chosen (L1 and L2). Without any filtering by the ocular lens in
vivo, the scotopic threshold for L1 and L2 is obtained at the same
irradiance (I1 = I2). A different threshold is obtained (I1 
= I2) when
a non-homogeneous filtering of the light spectrum occurs due to lens
filtering (Figure 2).

5.3.2.2 Subjects

Thirty nine subjects participated in this study (21 males and 18 fe-
males). Subjects were sorted by age groups, 17 young (26.7 ± 3.4 years
old), 9 middle aged (45.3 ± 5.7 years old) and 13 old (62.4 ± 2.9 years
old) and were tested using a scotopic heterochromatic flicker pho-
tometry technique. All experiments were performed in accordance
with Institutional guidelines and the research protocol received the
necessary ethical approvals (RBM C06-17 and C08-13). Written in-
formed consent was obtained from each subject prior to inclusion
in the experiment. Subjects were examined for normal color vision,
visual field and verified that there was no detectable ophthalmic
problems. All experiments were performed between 9:00 and 19:00

hrs and were conducted between Jan 2011 to July 2011. Subjects also
filled in 3 questionnaires: Horne and Ostberg questionnaire (Horne
and Östberg 1976), Munich chronotype questionnaire (Roenneberg
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et al. 2003), and sleep quality [Pittsburg Sleep Quality Index (PSQI],
Buysse et al. 1989).

5.3.2.3 Apparatus

Apparatus consisted of a full field covering black box with a chin rest
and a two way joystick with a confirm button. System was placed in
a convenient dark painted room. A 3° wide annulus was projected
using LEDs on a diffusing paper placed in front of the subject at
a 15° to 18° visual periphery. The two LEDs used to produce light
stimulus had wavelength peaks at 405nm (LedEngin, Inc., UV LED,
LZ1-10UA00, 700mA) and 530nm (Philips Lumileds® Luxeon III LED,
LXHL-LM3C, 1000mA). The LEDs were attached to heat sinks (Aavid
Thermalloy, part no. 601403b06000) with a thermal adhesive (Aavid
Thermalloy, Ther-O-Bond 1500 ) to ensure sufficient heat dissipation
from the LEDs (Tao and Hui 2012). Light emitted by these LEDs
was collimated (Ledil® LE1-RS Lens, ±4° angle for 405 nm LED, and
L2® 3° Spot for the 530 nm LED) and filtered respectively by 410nm
monochromatic filter (BFI Optilas® IF 410 +/- 0.4nm, FWHM = 3

+/- 0.4nm) and 560nm monochromatic filter (BFI Optilas® IF 560 +/-
0.4nm, FWHM 3 +/- 0.4nm). The resulting chromaticity (CIE xy) for
410 nm light was x=0.18, y=0.03, and for the 560 nm light x=0.41, y=
0.58.

Light intensity was attenuated to scotopic levels (10−2 to 10−6 cd/m²)
by different neutral density filters (ND) ranging from ND2.5 to ND5.0
(Omega Optical®). Light attenuation and ND’s used were dependent
to subjects’ scotopic threshold. LEDs were controlled by constant cur-
rent LED drivers (XP Power® LDU0830S350, 350 mA) and intensity
was modulated using pulse width modulation signal (PWM) con-
trolled by a data acquisition card (DAQ, National Instruments® USB-
6210). The software front-end was developed by the author using
LabView® development environment (Figure 62). The output current
(350 mA) of the LED drivers was chosen to be lower than the nomi-
nal current of the LEDs to avoid reduction in light output and shift in
the peak emission with heating of the LEDs even with the heatsinks
(Watanabe et al. 1992; Pousset et al. 2010). Initially, in place of the
DAQ card a low-cost sound card was used as described by Puts et al.
2005, but the quality of our sound card with the accompanying am-
plifier was not sufficient for a good-quality square-wave required by
the LED drivers.

Light intensity was directly controlled by the subject, using the joy-
stick , depending on the task he was instructed to perform. Therefore
in order to increase or decrease light intensity subject pushed up or
down the joystick lever. Joystick also had a confirm button to acquire
subject’s responses on the PC. Irradiance levels were monitored using
a radiometer (International Light ® IL 1700) and a luminancemeter
(Minolta® LS-110). The spectral emission characteristics of the system
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Figure 62: LabView interface for lens density program. The subject con-
trols the duty cycle of 410 nm in the flicker photometry condition
with the joystick.

were measured using a spectrophotometer (Ocean Optics USB4000®).
Data were analyzed using a custom-written Matlab program (Math-
works©).

5.3.2.4 Method

In this study we used scotopic heterochromatic flicker photometry
technique to measure lens yellowing. After receiving proper expla-
nations about the experiment and safety procedures, subject dark
adapted for 45 minutes to ensure full dark adaptation. After this
dark adaptation (DA) period 99.9% of the rhodopsin photopigment
contained in rod photoreceptors of the retina would have been re-
generated and be responsive to light (Lamb and Pugh 2004; Reuter
2011). DA period was followed by a training phase in which the sub-
ject increased light intensity until he reached his scotopic threshold
and detected, with his non-preferred eye, a flickering 3° wide annu-
lus in free-view (Newtonian view) at a 15° to 18° visual periphery
(63, right). Free-view had been shown previously to correspond well
to the results obtained with Maxwellian view (Wooten et al. 1999;
Wooten et al. 2007), allowing simplification of the optical setup as
summarized by Howells et al. 2011 for macular pigment measure-
ment. Subjects’ preferred eye was occluded using an eye patch.

In order to adjust the annulus light intensity, the subject used an
one-axis (up, down) joystick confirming the detection intensity when
the scotopic annulus is detected by pressing on a button (63, left).
Once the subject has understood the indications and localized the
flickering annulus in his peripheral vision, the testing starts. On aver-
age, total measurement time, including DA and instructions, is about
90 min. Subjects fixation was aided by a small centered ~10’ red fixa-
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Figure 63: Physical lens density setup. The implementation of the lens den-
sity setup in Montreal, Canada. (left) Overall view of the setup
with the joystick and the confirm button shown on the left of the
setup. (right) The view of the annulus as seen by the subject. The
subject positions himself to the chinr est and sees the annulus
flickering in scotopic conditions. The wightness of the annulus is
due to the white tracing paper to diffuse the light.

tion light (λpeak= 650 nm, luminance of 7 to 10 cd/m²). Zagers and van
Norren 2004 had suggested that the variability in their intra-session
macular pigment density results was the result of fixation errors, with
the less experienced subjects showing greater variability. Some sub-
jects reported difficulties in fixating, and they were instructed upon
problems to close eyes for couple of seconds. Additional reason for
the requested blinking and small pauses was to minimize Troxler’s ef-
fect (Troxler 1804), a fading of the peripherally viewed stimulus that
sometimes makes the extrafoveal flicker match difficult.

The homogeneity of the light distribution in the visual field was
quantified using Photolux software (Dumortier et al. 2005). The sys-
tem consists of Nikon 5000 digital camera with a fisheye lens and
Photolux software developed in ENTPE, Lyon, France. The system is
typically used for quantifying the luminance distribution in architec-
tural lighting settings helping the lighting designers verifying their
designs (Cai and Chung 2010; Hua et al. 2011). There is also a sim-
plified version of the software for iPhone (iPhotoLux, © 2011, Do-
minique Dumortier, LASH, ENTPE). The observed homogeneity of
the annulus was very good due to the use of multiple diffusing sheets
(Figure 64), and especially when compared to the less homogenous
luminance map of the PLR setup (Figure 52).

Absolute scotopic threshold detection

Based on the principle described earlier, this technique allows to esti-
mate lens density by directly comparing absolute scotopic thresholds
to rhodopsin absorption curve (van Norren and Vos 1974). Such com-
parisons yield in vivo spectral density curves that generally agree with
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Figure 64: (A) Photo of the annulus with a long exposure time resulting the
color being a mixture of the 410 nm and 560 nm. The vertical re-
flections on the sides come from the chin rest metal frame, and
one in the below of the annulus from the chin rest. (B) The cor-
responding luminance map (as presented also for Figure 52) with
Photolux system (Dumortier et al. 2005).

ex vivo curves suggesting that this technique is valid. The method
is also widely regarded as valid because, as it is clearly rod-driven,
the underlying template being univariant (Naka and Rushton 1966).
While fixating a centred red dot with his preferred eye, subject con-
trolled the annulus light intensity until he could detect it flickering in
his peripheral vision field. The flicker frequency was chosen to be 2

Hz (500 ms of light, 500 ms of dark) based on earlier pilot study and
the temporal summation characteristics of Hecht et al. 1942. . Once
the annulus is detected, subject confirmed by pressing on the button.
Intensity at which annulus is detected represents absolute scotopic
threshold of the subject for the wavelength used. This procedure was
repeated 5 times with 410 nm light and 5 times with 560 nm light.
Under scotopic conditions both lights are detected as gray. Each trial
yielded an estimate of the difference of quantal light intensities ex-
pressed as:∆I = Iph,410nm − Iph,560nm (both Iph,410nm and Iph,560nm being
in log units) which was used for calculation of the lens density in-
dex (see 5.3.2.4). The possible diurnal variation of absolute threshold
(Bassi and Powers 1986; O’Keefe and Baker 1987; Tassi et al. 2000a)
has no influence on our results, as it has a symmetric effect for both
test lights, the underlying spectral sensitivity being univariant.

Critical Fusion Frequency detection (CFF)

The aim of this step was to detect subjects’ flicker sensitivity, the
critical fusion frequency [CFF (Conner 1982; Hammond and Wooten
2005)] in scotopic conditions. The CFF thresholds were obtained with
the same optical setup as the above described absolute threshold
method. Only the 560 nm reference light was used in this condition
with a square-wave modulation at the maximal modulation depth
(half of the cycle period light on, and the other half of the cycle the
light was completely off). The intensity of the 560 nm light was set
at 1 Log unit above individual threshold, and the flicker frequency
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(range of 0.2 - 60 Hz) was controlled by the subject using a joystick
(method of adjustment).

Subjects were instructed to: 1) Start the flickering of the annulus
by decreasing its flicker frequency (descending condition), 2) stop
the flickering of the annulus by increasing its flicker frequency (as-
cending condition). Both ascending and descending condition were
repeated 5 times. CFF threshold was considered to be the point at
which the subject detected (mean of all trials) the annulus flickering
while decreasing its frequency. The latter option of decreasing the
frequency was shown to be more robust against flicker adaptation
lowering the CFF of the subject with increased exposure to flickering
light (Nygaard and Frumkes 1985). It has been shown previously that
CFF have high test-retest reliability (Gortlemeyer and Wieman 1982),
thus the obtained CFF can be considered a reliable estimate for our
purposes. Hammond and Wooten 2005 had refined the approximate
CFF threshold from method of limits approach (six ascending and six
descending steps) using a constant stimuli approach with 40 trials.

Heterochromatic flicker photometry

Lens density was finally assessed using the heterochromatic flicker
photometry (HFP, Wagner and Boynton 1972; Bone and Landrum
2004), in which the subjects were instructed to minimize or elimi-
nate the perception of flicker by adjusting light intensity of the test
light (410 nm light) while the reference (560 nm) was kept constant.
The HFP technique has been validated for example by Werner et al.
1987 for macular pigment (MP) measuring the entire spectral absorp-
tion curve, which closely matched the ex vivo measurement of the MP
absorption spectrum.

The 560 nm and the 410 nm lights were square wave-modulated
in counterphase with a frequency of 2 Hz (500 ms of test, 500 ms
of reference) as used by Wooten et al. 2007), and this frequency was
found to give reliable results with little complaints from all subjects.
The measured CFF of the subject was left unexploited (Hammond
and Wooten 2005).

It was seen in a study by Barbur et al. 2010 that a subject with
low CFF will have a wide flicker nulling range, while a subject with
high CFF may not be able to null the perception of flicker completely,
particularly when fixation instability is large. The nulling range is de-
fined as the difference between flicker null intensity while approach-
ing the flicker null zone with increasing intensity and with decreasing
intensity.

The 560 nm light was set one log unit above the measured abso-
lute threshold, and the subject had to adjust the light intensity of
the 410 nm in order to stop the annulus from flickering. Since both
lights are still seen as gray under these conditions (scotopic vision)
total fusion can only be achieved once both lights are detected at the
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Figure 65: Lens density measurement protocol. After 45 minutes of DA,
subject performed a threshold detection training phase with his
non preferred eye in which he had to increase light intensity of
560 until he detects the annuls flickering. Training was followed
by threshold detection procedure for 560nm and 410nm with pre-
ferred eye. In a second step subject had to detect their CFF by
increasing (UP) or decreasing (DOWN) annulus flickering fre-
quency. In the last step of the protocol (Flicker Fusion) subject
had to minimize the perception of flicker by adjusting light inten-
sity of the measuring wavelength (410nm) either by increasing it
(UP) or decreasing it (DOWN). Flicker fusion was made using
both eyes, once at a time.

same intensity. At this point the difference between the intensities of
two wavelengths is an indicator of the lens density. The subject was
instructed to perform the adjustment by first increasing then 410 nm
light intensity, and then decreasing the light intensity. Fusion point
was chosen as the mean of these two measures (end points of nulling
range) as done previously by Barbur et al. 2010. Both eyes were tested
individually using this technique and five trials were obtained for
each condition and each eye. The lens density was calculated as with
absolute scotopic threshold detection (see 5.3.2.4).

Lens density index calculation

The lens density index was calculated from the obtained detection
difference of scotopic threshold condition (5.3.2.4) or the flicker null
of the HFP condition (5.3.2.4) ∆I = Iph,410nm − Iph,560nm based on the
formulation of van Norren and Vos 1974 customized for our mea-
surement technique. The average lens density difference DstdDi f f be-
tween the used spectral power distributions (SPD) of the experimen-
tal lights (photon densities L1(λ) for 410 and L2(λ) for 560 nm in
linear scale) was calculated from the standard observer lens density
DstdObs(λ) from the human ocular media model (Eq. (62)) of van de
Kraats and van Norren 2007a by setting the age to 25 years:

DstdDi f f = log10

(
∫ 780

380 L1(λ)× 10DstdObs(λ)dλ
∫ 780

380 L2(λ)× 10DstdObs(λ)dλ

)

(54)

Now the obtained DstdDi f f is the same as the “scaling factor” used
in van Norren and Vos 1974, and for our choice of experimental lights,
the DstdDi f f was ~0.775 log units. This approach of integrating the “ef-
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fective lens density” over the full light spectrum (from 380 nm to 780

nm) avoids the cumbersome use of tabulated values of van Norren
and Vos 1974 that are only valid for very monochromatic lights (like
ours), but start to deviate from “ground truth” as the half-bandwidth
(HBW) of the light starts to increase as it is the case for unfiltered
LEDs pointed out by Wooten et al. 2007.

Lens density index Dlens for each subject is calculated by subtract-
ing the ∆I from the obtained DstdDi f f :

Dlens = DstdDi f f − ∆I (55)

The lens density index Dlens now represents the difference in lens
density between the imaginary “standard observer” and the subject
tested, and thus can be negative if the subject has a very low lens
density or due to calibration offsets in the system. The Dlens is the
ideal lens density assuming that our test lights (L1(λ) and L2(λ))
stimulated equally rhodopsin and the spectral transmittance of the
measurement system was spectrally neutral. However, this was not
the case and the following corrections had to be made for the Dlens.

First, our method is sensitive for the correct parameters chosen for
rhodopsin peak wavelength λmax, peak density dRh and the nomo-
gram model for rhodopsin S(λ), as pointed out by van de Kraats
and van Norren 2007a in regard to the previously published method
from the same authors (van Norren and Vos 1974). In practice the
experimental lights do not have to stimulate equally rhodopsin if the
stimulation difference △R is exactly known expressed as following:

△ R = log10

(
∫ 780

380 L1(λ)× S(λ)dλ
∫ 780

380 L2(λ)× S(λ)dλ

)

(56)

In the paper by van Norren and Vos 1974, peak wavelength λmax

was chosen to be 493 nm (Wald and Brown 1958), and the peak den-
sity dRh of 0.20 (Rushton 1972) while using the Dartnall template
(Dartnall 1953). We chose slightly different values based on recent lit-
erature with a peak wavelength λmax estimate of 495 nm by re-fitting
the points given by Kraft et al. 1993 with the nomogram provided
by Govardovskii et al. 2000. The self-screening correction was done
with an estimate of 0.40 for peak density dRh for rhodopsin in dark-
adapted human rods (Lamb 1995) as following:

S(λ)ss = log10

{

1 −
[

S(λ) ·
(

1 − 10−dRh
)]

−dRh

}

(57)

where S(λ)ss is the spectral sensitivity for rhodopsin, corrected for
the self-screening effect. The human rod is only 25 μm long (Baylor
et al. 1984), thus the correction for spectral absorbance change as a
function of outer segment length was found to be non-significant for
our purposes (Warrant and Nilsson 1998). With our parameter values
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the 410 nm light stimulated 0.08 log units more the rhodopsin than
the used 560 nm lights, whereas with the parameter values of van
Norren and Vos 1974 our 410 nm light would have stimulated 0.19

log units more than the 560 nm light.
The self-screening effect of rhodopsin peak density drh had negligi-

ble effect on rhodopsin stimulation, drh decreasing from 0.40 to 0.20

caused a simulated increase of 0.004 log units in rhodopsin stimula-
tion at λmax~495 nm. The results of these calculations are shown in
Section C.1. This invariant behavior on pigment density is beneficial
considering that there is evidence for photopigment density decrease
in cones with age differentially for fovea and perifovea (Swanson and
Fish 1996). Renner et al. 2004 noticed a paradoxical increase of L and
M cone photopigment in the parafovea with age improving the pho-
ton catch, and likely counteracts the typically seen loss of visual sen-
sitivity with age.

Additionally, the apparatus with its diffusing sheets (Chen et al.
2008) differentially filtered blue light especially via Rayleigh scatter-
ing causing blue light to scatter more and to be attenuated signifi-
cantly in the optical system of the apparatus. The optical system of
the apparatus was measured to attenuate our 410 nm test light 0.60

log units more than the 560 nm test light.

Estimation of spectral attenuation from lens density index

The lens density index was calculated by fitting the ocular media
model of van de Kraats and van Norren 2007a to the measured two
data points (410 nm and 560 nm), with only the age as free parameter
(Matlab function fmincon, from Optimization Toolbox) in the model
(Eq. (62)) resulting a “virtual age” estimate for each subject. This vir-
tual age is conceptually similar to the virtual age used by van Norren
and van de Kraats 2007 to estimate the spectral behavior of intraocu-
lar lenses (IOL) in regard to their photoreception and photoprotection
characteristics. The virtual age of the lens allowed the approximation
of the full spectral attenuation profile of the ocular lens. The human
ocular media model Dmedia(λ) is defined in general form as a sum of
five spectral components and a spectrally neutral offset:

Dmedia(λ) = dRL(age)× MRL(λ)

+MTP(λ)

+dLY(age)× MLY(λ)

+dLOUV(age)× MLOUV(λ)

+dLO(age)× MLO(λ)

+dneutral (58)
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where Mi are the templates (M for media) describing the spectral
shape of each component and di are age-dependent scalar weights,
i.e. the density coefficients. The subscripts RL, TP, LY, LOUV, and LO
are Rayleigh loss, tryptophan, lens young, lens old UV, and lens old,
respectively.

The templates MTP and MRL represent the light losses in the ocu-
lar media as a whole, the former is based on tryptophan absorption
occurring heavily below 310 nm (Gakamsky et al. 2011), and the lat-
ter for Rayleigh scatter arising from light interaction with submicro-
scopic density fluctuations in the ocular media including the aqueous
and vitreous humors (Ambach et al. 1994), and cornea (Boettner and
Wolter 1962; Kolozsvári et al. 2002). Without the Rayleigh scatter, the
humors and the cornea can be considered to consist mainly of water,
and to be transparent for the visible light. The water in the eye start
to absorb beyond 700 nm and can the transmittance be modeled then
using the tabulated water absorption up to 2500 nm (van den Berg
and Spekreijse 1997).

The three lens templates (LY, LOUV and LO) are based on the
absorbance characteristics of kynurenine derivatives (Gaillard et al.
2000) in the human eye, dominating absorber being the the 3-hydroxy-
kynurenine glucoside (3HKG) with contributions from kynurenine
and 3-hydroxy-kynurenine (3HK). With aging, the lens proteins un-
dergo changes in structure or in binding of kynurenine products
(Bloemendal et al. 2004; Lynnerup et al. 2008; Su et al. 2011), for ex-
ample the total amount of 3HKG is reduced to about 30% at the age
of 50 compared to the young lens (Gaillard et al. 2000). The three lens
templates and the tryptophan template can be described with a single
Gaussian:

Mi,gaussian = norm × exp
(

−
{[

w ×
(

λ − λpeak

)]

²
})

(59)

where the norm is the the normalization factor for the template
to normalize the template to unity at 300 nm, w is the width factor
(in nm-1) describing the “narrowness” of the spectral template anal-
ogous to the definition of half-bandwidth in Gaussian light sources,
and the λis the wavelength vector and the λpeak is a scalar wavelength
describing the maximum absorption of the spectral template. The
Rayleigh scatter component MRL is described as monotonically de-
creasing function with wavelength, typical for Rayleigh scatter (Bohren
and Huffman 1998):

MRL(λ) = (400/λ)4 (60)

The age relationship for di was found by the authors best described
by a quadratic age relationship rather than by a linear one:

di = di,0 + αi × age² (61)
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Figure 66: Lens density index as a function of age. (A) Lens density index
as a function of age in the heterochromatic flicker photometry
(HFP) condition (age coefficient ai= 0.000168 (Eq. (61)), R²~0.79).
(B) Lens density index as a function of age in the absolute sco-
topic threshold condition(age coefficient ai= 0.000144 (Eq. (61)),
R²~0.59).

with di,0 the density at age 0 (the intercept), αi the aging in years-2

(quadratic slope), and age in years.
The human ocular media model Dmedia(λ) can be expressed in its

final form with all the numerical values derived by van de Kraats
and van Norren 2007a, combining the Gaussian expression (Eq. (59);
for TP, LY, LOUV and LO) and Rayleigh scatter (Eq. (60)) with the
aging trend (Eq. (61); excluding MTP which was not found to depend
on age) resulting the following:

Dmedia(λ) = (0.446 + 0.000031 × age²)× (400/λ)4

+14.19 × 10.68 × exp (−{[0.057 × (λ − 273)] ²})

+ (0.998 − 0.000063 × age²)

×2.13 × exp (−{[0.029 × (λ − 370)] ²})

+ (0.059 − 0.000186 × age²)

×11.95 × exp (−{[0.021 × (λ − 325)] ²})

+ (0.016 − 0.000132 × age²)

×1.43 × exp (−{[0.008 × (λ − 325)] ²})

+0.111 (62)

5.3.3 Results

Lens density index when plotted as a function of squared age (age²
as done in van de Kraats and van Norren 2007a) shows a clear increas-
ing trend with age in both heterochromatic flicker photometry (HFP)
condition (Figure 66A), as well as in the absolute scotopic threshold
condition (Figure 66B). However, the HFP condition exhibits signifi-
cantly less variability as a function of age as it can be seen from R²
values (R²~0.79 for the HFP, R²~0.59 for the scotopic threshold.
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Figure 67: Left vs. right eye as done with heterochromatic flicker photom-
etry (HFP) technique. Bland-Altman plot (Bland and Altman
1986).

Figure 68: Lens density results for three age groups: young group, [20,35]
year olds; middle age group ]35,55[ year olds; and the old group
[55,70] year olds.

Left vs. right

Left and right eye did not correlate with the original version of Bland-
Altman (Bland and Altman 1986) as shown in Figure 67.

Age-grouped

Our results are normalized to lens density of standard observer (25

yo). Data is presented as mean ± SD. Our preliminary results in 39

subjects (17 young, 9 middle aged and 13 old) show a significant
increase in lens density index between young group, middle aged
group compared to old group in blue (t-test p<0.05). Increase in lens
density index was not significant between young group and middle
aged group (Figure 68).

Used in van de Kraats and van Norren 2007a ocular media model
this increase in lens density index leads to a diminished transmittance
over the entire visible spectrum in the elderly compared to young and
middle aged group. Moreover, filtering is particularly pronounced in
the short wavelength range (<500 nm) a result that is similar to the
one recently reported by Gimenez et al. 2010 using a different tech-
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Figure 69: Spectral attenuation of the three age groups as expressed in vir-
tual age: young group, [20,35] year olds; middle age group ]35,55[
year olds; and the old group [55,70] year olds.

nique. Our data using fusion technique are in agreement with Sample
et al. 1988 and showing a strong correlation (R2 = 0.96) between left
and right (non-cataractous) eyes using the fusion technique.

Our results using our flicker photometry system show a significant
increase of lens density and therefore lens filtration with age (Fig-
ure 68). These results are in total agreement with previous literature
data. The system developed in our laboratory is therefore fully ef-
ficient for measuring lens yellowing in vivo. Moreover, the Fusion
technique we developed seems to be less variable and repetitive than
traditional threshold detection technique (results are still under anal-
ysis).

Spectral attenuation estimates based on the model of van de Kraats
and van Norren 2007a are shown in Figure 69 based on the calcula-
tions outlined in 5.3.2.4.

CFF

Shown in Figure 70A, no age-dependent effects were found for CFF
threshold, in contrast to the results found in the study of Hammond
and Wooten 2005 which had shown a decreasing CFF threshold with
age, while however demonstrating high variability. The results are
roughly in accordance with the three-phase age dependence of tem-
poral contrast sensitivity (TCS, i.e. flicker sensitivity), TCS increasing
up to an age of ~16 years, then remaining relatively constant until 60

years followed by a decline after 60 years (Kim and Mayer 1994; Tyler
1989). The individual CFF did not correlate well with the individual
flicker nulling range as shown in Figure 70B.
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Figure 70: Behavior of CFF in the descending frequency condition (A) CFF
as a function of age. The fit (red line) is a 2nd order polynomial
with a R2~0.02. B) Nulling range defined in optical densities [OD]
as a function of flicker frequency used normalized to the individ-
ual CFF threshold. In other words if 2 Hz was used and individ-
ual’s CFF threshold was 20 Hz, the normalized value for x-axis
was 0.1. Note that there are more data points than subjects as
some subjects were tested with various flicker frequencies. The
fit (red line) is a 2nd order polynomial with a R2~0.22.

5.3.4 Discussion

The estimates of short-wavelength light absorption by the ocular me-
dia correlated well with the age of the subject (Pokorny et al. 1987;
Weale 1988; van de Kraats and van Norren 2007a). A large variation
in ocular media optical density between individuals (Sample et al.
1988), and in many cases the use of average values is not indicative of
a individual lens OD. Mathematical models have been produced to
predict the expected changes in the absorption characteristics of the
aging lens (van de Kraats and van Norren 2007a) they cannot present
individual changes for real observers. This is in contrast with the typi-
cal corrections applied in NIF photoreception studies, typically using
the standard observer lens density template provided by Stockman
et al. 1999.

For the lens media correction to be meaningful, the transmittance
of the lens media should be measured before the actual experimental
session. The ocular media transmittance can be then used to correct
the experimental corneal irradiance to a level giving equal retinal irra-
diance for all the tested subjects. The change of the spectral sensitivity
occurring in the ocular media from the corneal irradiance to the reti-
nal irradiance can be done post hoc. The correction the NIF responses
for wavelength-dependent light attenuation can be complicated by
the nonlinear irradiance response curves (sigmoidal relationship) for
majority of NIF responses such as for melatonin suppression (McIn-
tyre et al. 1989; Brainard et al. 2001; West et al. 2011), light-induced
alertness (Cajochen et al. 2000) and PLR (Reeves 1920; 3.3.2). In other
words, a reduction of irradiance in the ocular media by 0.40 log units
for example would not necessarily lead to a reduction of the mea-
sured response by 0.40 log units, the reduction depending on the
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individual irradiance response curve that might be subject to light/-
dark adaptation effects and individual variations.

The example of a lens media correction with confusing results can
be seen in the melatonin suppression study by Thapan et al. 2001 us-
ing the lens media template of Stockman et al. 1999 post hoc of the
study. The results showed a maximal retinal sensitivity for melatonin
suppression at ~420 nm, thus significantly blue-shifted compared to
the current knowledge of melanopsin λmax~ 480 nm (see 2.4.2). Ad-
ditionally, the authors were fitting a “Dartnall template” (Dartnall
et al. 1983) derived from donor retinas for the corneal sensitivity data
(showing a λmax~ 468 nm, R2~ 0.85), which in theory could never fit
if there is a filtering ocular media between the light stimulus and the
retina. Furthermore, the attempt to fit the same template (Dartnall
et al. 1983) to ocular media corrected sensitivity gave a λmax~ 459 nm
with a worse fit (R2~ 0.74). The exact reasons for the deviation from
the other published melatonin suppression action spectra (Brainard
et al. 2001; 2008b) is hard to estimate afterwards.

In contrast, in the studies by Brainard et al. 2001; 2008b, the corneal
irradiance was increased to compensate the losses in ocular media
based on the mean estimates from their previous study (Brainard
et al. 1997). This approach in theory provides more conceptually cor-
rect correction of ocular media, whilst suffering from the lack of in-
dividual measurements of ocular media (e.g. Gimenez et al. 2010).
van de Kraats and van Norren 2007b re-analyzed the ocular media
corrections used in the melatonin suppression studies, and they sur-
prisingly proposed the best fit for melatonin suppression action spec-
trum, to be the same as for photodependent oxygen uptake in reti-
nal pigment epithelial (RPE) cells [approximated by an exponential
function, (Rózanowska et al. 1995)] for both melatonin suppression
datasets. This highlights the difficulty and importance of ocular me-
dia correction as also addressed by Takahashi et al. 2011. Additionally,
there is evidence that the spectral sensitivity of the human visual sys-
tem may change with age (Kraft and Werner 1994) to compensate
the reduced retinal short-wavelength irradiance. See 6.4.1 for more
discussion on practical implications of ocular media on lighting and
NIF photoreception.

Strictly speaking, the used psychophysical heterochromatic flicker
photometry (HFP) cannot distinguish the lens density component
from other ocular absorbers, and the result is an estimate of the whole
eye absorption difference between 410 nm and 560 nm. By choosing
a peripheral retinal location (3° wide annulus between 15° to 18°)
the contribution of macular pigment was avoided (Delori et al. 2001),
even considering the noted variability in the peak density and the rate
of decrease amongst individuals (Hammond et al. 1997a), and the
possible spread of macular pigment towards the periphery of retina
with age (Chen et al. 2001b). The cornea, the aqueous and the vitreous
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humors, and lens capsule (Murata 1987) were implicitly incorporated
to the human ocular model (van de Kraats and van Norren 2007a),
and their significance to the obtained lens density results cannot be
separated. In previous reports, however the optical density contribu-
tion of the cornea (Boettner and Wolter 1962; van den Berg and Tan
1994) and the humors (Boettner and Wolter 1962), were found not
be effected by aging making their contribution to final results less
complex.

In a study of Van Loo and Enoch 1975, a wavelength-dependent
directionality was found for the human rods in a Maxwellian view
setup. The extreme directionality difference at 3.5 mm displacement
from the center of the pupil, was found to be 0.17 log units between
the used monochromatic 433 nm light and the broadband light with
wavelengths below 433 nm filtered out. The directionally difference
was found to be negligible up to 1.5 mm displacement from the center,
and combined this with our approach to use the free-view optical
setup the directionality for the used wavelengths can be assumed to
be non-existent.

Crystalline lens has been shown to fluorescence in response to light
mainly at two spectral bands, the blue fluorescence and green fluo-
rescence (Van Best and Kuppens 1996). Excitation of the lens at 413

nm causes a fluorescence emission with a peak at ~480 nm (Zuclich
et al. 1992). Fluorescence may be assumed to add a uniform compo-
nent to the retinal point spread function (PSF) degrading the visual
performance by adding a “veiling glare” on top of the retinal image
(van den Berg et al. 2009b). Weale 1985 has estimated that the recip-
rocal ratio between the luminance of a patch of sky and the fluores-
cence it induces is ~0.002 for the normal lens of a 30-year-old human,
increasing to 0.017 for a 60 year old and to 0.121 for an 80 year old,
the two latter ones starting to be visually noticeable. With aging, flu-
orescent intensity increases roughly linear with age (Van Best and
Kuppens 1996) and fluorophores emerging with age that emit at even
longer wavelengths (Cooper and Robson 1969; Yu et al. 1985), the
upper limit for excitation being roughly 650 nm for older lenses (Yu
et al. 1985). The absorbance of fluorescence by the ocular media it-
self has been also used to quantify the lens absorption (Weale 1996;
Broendsted et al. 2011)

As the fluorescence induced outlasts the duration of the exciting
stimulus, in our psychophysical paradigm it can be assumed that in
theory there is an added “visual component” both during the 410

nm light and decaying fluorescence during 560 nm light, the exact
“artifact luminance” depending on the photon densities at a given
time. The prolonged impairment is qualitatively similar of the “flash
blindness” phenomenon (Brown 1965b) referred in Zuclich et al. 1992

with lens fluorescence causing a prolonged glare/visual impairment
for example from the blue-enriched headlights of by-passing cars in
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night-time driving conditions (Gray et al. 2011 ). van den Berg 1993

estimated quantal sensitivity of the blue fluorescence (induced for ex-
ample by our 410 nm light) to be between 0.004 and 0.025 fluorescent
quanta per exciting quantum.

In theory, the transmural transmittance of the ocular wall and iris
transmittance could have contributed to our results by attenuating
the test light at 410 nm more, but the attenuation values found in the
literature were in order of 2 log units even for the light-eyed subjects
(van den Berg et al. 1991). These estimated iris transmittance values
combined with the dark-adapted pupil, and thus smaller iris area, the
effect of iris transmittance in our ocular media density values can be
assumed to be non-significant.

There has been some evidence of other sources of yellowing of the
ocular media existing in the human eye. Geeraets et al. 1960 found
short-wavelength absorption in human neurosensory retina (outside
the anatomic fovea that contains the macular pigment), while at the
time it was considered a postmortem artifact. The report of Snodderly
et al. 1984 suggest the existence of two additional yellow pigments
with absorbance maxima at 410 and 435 nm, located in the outer nu-
clear layer or the inner segment layer of retinal tissue both inside and
outside the anatomic fovea. Furthermore, Bowmaker et al. 1991 re-
ported another yellow ocular pigment, located in the inner segments
of both rods and cones of old world monkeys with a peak absorbance
at 420 nm. Any or all of these yellow pigments could contribute to the
filtering of the light before reaching the rods in our scotopic measure-
ment conditions.

Hubbard and Kropf 1958 had originally shown that normal photo-
bleaching could be prevented if additional light was absorbed by the
bleaching intermediates, referred as the “photoreversal” of bleaching
(Williams 1964). Similar phenomenon was observed in early recep-
tor potential (ERP) recordings of a rat, with complete bleaching of
rhodopsin abolishing early receptor potential, but being recordable
again after a blue light flash regenerating rhodopsin (Cone 1967). The
most likely intermediate photoproduct being photoreversed was sug-
gested to be metarhodopsin II, that has a peak absorbance at ~380 nm
with a 1.2 times higher excinction coefficient than rhodopsin (Weale
1967; Bartl and Vogel 2007). Further rat study in vivo by Grimm et al.
2000 estimated the quantum efficiency of photoisomerization to be
roughly ~0.3, while demonstrating that light at 550 nm was able to
fully bleach the rhodopsin, in contrast to the “rhodopsin-equal” ex-
posure at 403 nm that left significant portion of rhodopsin to the un-
bleached state. This blue-enhanced photoreversal was linked to the
increased susceptibility for blue-light damage (Grimm et al. 2001).

Additionally, some residual photoregeneration could occur via the
putative retinal G protein-coupled receptor (RGR) photoisomerase
pathway (Chen et al. 2001a), with Wenzel et al. 2005 showing dim
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light an 4-fold effect in accelerating rhodopsin regeneration, although
independent of RGR. Authors suggested a plausible candidate for ac-
celerated recovery to be the light-dependent palmitoylation of sRPE65

to mRPE65, as palmitoylation of retinal pigment epithelial protein 65

(RPE65) has shown to accelerate the delivery of retinyl esters to the
isomerohydrolase (Xue et al. 2004). The authors (Wenzel et al. 2005),
however did not extend their protocol to include the wavelength-
dependent effect of such acceleration making quantification of their
findings problematic for our purposes. An equilibrium photoreversal
at 1% of the rate of photobleaching (metarhodopsin II and rhodopsin
stimulation ratio in response to the used white fluorescent light) was
estimate in their study being practically insignificant.

In conclusion, the proposed method is able to provide a relatively
low-cost estimate of the ocular media density that is a clear improve-
ment compared to the approach of using standardized ocular media
templates. For more exact estimation of ocular media on melanopsin
photoreception, a third light source could be added for the wave-
length region of 480 nm. In that case two distinct heterochromatic
flicker pairs (410 nm vs. 560 nm, and 480 nm vs. 560 nm) would be
need to done for each subject resulting three points for the curve fit-
ting algorithm (B.3), thus improving the accuracy of the full spectral
attenuation estimate.
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5.4 pupillary light reflex with aging
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5.4.1 Introduction

Light is perceived by the visual system to allow conscious vision but
also by a photoreceptive system based on light sensitive melanopsin-
expressing intrinsically photosensitive ganglion cells (ipRGCs, mRGCs,
pRGCs) optimized to detect changes in light irradiance rather than
to participate in image formation (Brown et al. 2010; Hatori and
Panda 2010; Schmidt et al. 2011). This non-image-forming (NIF) pho-
toreceptive system is responsible for circadian entrainment but also
acutely regulates many other non-visual functions such as melatonin
secretion, sleep, alertness, performance, cognitive brain functions and
pupillary constriction (Brainard and Hanifin 2005; Chellappa et al.
2011; Hatori and Panda 2010; Schmidt et al. 2011). The NIF system
shows a peak sensitivity at around 460-480 nm (blue light) (Brainard
and Hanifin 2005) so that the impact of light on non-visual functions
is greater under short-wavelength blue light compared to lights of
longer-wavelength such as green light (Cajochen et al. 2005; Lockley
et al. 2003; Lockley et al. 2006; Mure et al. 2009; 2007; Vandewalle
et al. 2011; 2009). This maximal sensitivity to short wavelength light
is primarily due to the recruitment of mRGCs, which receives addi-
tional modulatory inputs from rods and cones (Berson 2003; Hatori
and Panda 2010; Provencio et al. 2000; Schmidt et al. 2011). mRGCs
project directly to numerous brain regions including the suprachi-
asmatic nuclei (SCN), site of the master circadian clock, the ventro-
lateral preoptic nucleus (VLPO) which contains sleep active neurons,
and the olivary pretectal nucleus (OPN), crucial for pupillary con-
striction (Berson et al. 2010; Hatori and Panda 2010; Schmidt et al.
2011).
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Aging is associated with changes in functions affected by the non-
visual photoreception system including sleep and circadian entrain-
ment (Turner et al. 2010). For instance, studies have demonstrated
that healthy aging is associated with advanced sleep timing, more
wakefulness during the sleep episode, and increased rate of napping
(Buysse et al. 1992; Carrier et al. 1996; 2001; Landolt and Borbély 2001,
Landolt et al. 1996). Aging also induces significant changes in the cir-
cadian timing system (phase advance and reduced amplitude of cir-
cadian rhythms) and problems to adapt to circadian challenges (e.g.,
shift work, jet lag) (Carrier et al. 1996; Duffy et al. 1998; Kawinska
et al. 2005; Moline et al. 1992; Monk et al. 1995; Van Cauter et al.
1996). These age-related modifications may be triggered in part by a
decreased sensibility to light or by the ability for light to drive non-
visual functions. Indeed, the impact of light on the circadian phase,
and therefore on the circadian entrainment, seems to diminish with
aging [significant impact found in Duffy et al. 2007 but not in Sletten
et al. 2009]. Recent evidence also suggests that acute effects of light
such as melatonin suppression, subjective alertness enhancement and
PERIOD2 expression decrease with age for blue but not for green
light (Herljevic et al. 2005; Jud et al. 2009; Sletten et al. 2009). How-
ever, age-related alterations on pupillary light reflex (PLR), which
regulates the amount of light reaching the retina (see Section 3.1),
remain poorly understood.

Major modifications occur with aging at the level of the eye such
as a decrease in scotopic and photopic sensitivity, as well as in the
number of retinal photoreceptors (Sturr et al. 1997; Hébert et al. 2004;
Freund et al. 2011). Due to progressive opacification and yellowing
of the lens (see Section 5.3), light transmission decreases with age,
especially for shorter wavelength (blue) light (Kessel et al. 2010). In
addition, aging is associated with a substantial decrease in pupil size
(senile miosis) in darkness and under various light irradiance levels
(Bitsios et al. 1996a; Winn et al. 1994). Yet, how aging affects the wave-
length sensitivity of pupil constriction and its response dynamics as
a function of irradiance change is unknown.

In the present study, we first assessed how the amount of light
reaching the retina changes with age by measuring pupil size under
green (550nm) and blue (480nm) light exposures at different irradi-
ance levels in healthy young and older individuals. We then assessed
PLR, i.e. the relative change in pupil size under these light conditions,
to investigate whether the ability of light to trigger this non-visual re-
sponse changes with aging. We anticipated that, in older compared
to young subjects, a smaller pupil size would be observed under all
light conditions, accompanied with a reduction in PLR, particularly
for blue light.
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5.4.2 Materials and methods

Subjects

Healthy subjects, 16 young (22.8 ± 4y; 10 females) and 14 older (61

± 4.4; 10 females), participated in the present study. Recruitment in-
terviews established the absence of medical, traumatic, psychiatric,
or sleep disorders. Questionnaires were used to exclude candidates
with extreme chronotype (Horne and Östberg 1976), poor sleep qual-
ity (Buysse et al. 1989), high anxiety (Beck et al. 1988) or depression
(Steer et al. 1997) scores (see Supplementary Table 8 for detailed sub-
ject characteristics). Candidates with a body mass index > 27 were
excluded. None had worked on night shifts during the preceding
year or traveled across more than one time zone during the last two
months. All participants were nonsmokers, moderate caffeine and al-
cohol consumers and were not using medication, except for hormonal
contraceptive in 9 out of 10 young women. Prior to participation, sub-
jects went through an extensive professional ocular examination to
confirm normal color vision and absence of ocular problems. The ab-
sence of cataract was assessed subjectively using the Lens Opacities
Classification System III (LOCS-III, from 1, clear lens, to 5, cataract;
(Chylack et al. 1993). All young subjects had clear lenses (level 1) and
all older subjects’ lenses were classified below level 4. This experi-
ment was performed in accordance with institutional guidelines and
received the necessary ethical approvals. Written informed consent
was obtained from each subject.

Protocol

Upon arrival, subjects were dark-adapted for 15 minutes (0 lux) and
baseline pupil size was assessed at the end of this adaptation period
(Figure 71). Pupil size was then measured under blue (480nm, full
width at half maximum - FWHM: 10nm) and green (550nm, FWHM:
10nm) monochromatic light exposures presented at low (7×1012ph/
cm2/s), medium (3×1013ph/ cm2/s), and high (1014ph/ cm2/s) ir-
radiance levels. Light exposures lasted 45s, during which subjects
were asked to maintain a fixed gaze, and were separated by 2 min
of darkness (0 lux, free gaze or eyes closed). Three light exposures
of each wavelength were administered for the three irradiance lev-
els (pseudo-random order; high irradiance was never administered
first). The order of blue and green monochromatic lights was counter
balanced between subjects and groups (Supplementary Table 8). Pre-
exposure pupil size was assessed at the end of each 2 min period in
darkness. Note that we verified that pseudo-randomization prevented
an exposure to significantly affect the subsequent exposure (supple-
mentary material). Data was collected during the day between 10:00h
and 20:00h. Average clock time of testing did not differ between the
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Figure 71: Experimental Protocol. Legend: *↓ = baseline pupil value; **↓
= pre-exposure pupil value; BLo; BMed, BHi = Blue light; lower,
medium and higher irradiances, respectively; GLo; GMed, GHi =
Green light; lower, medium, higher irradiance, respectively. Ex-
ample for one subject, wavelength and irradiance conter balanced
between subjects and groups.

two groups and all experiments were carried in the Fall season (Sup-
plementary Table 8).

Light settings and data acquisition

Narrow interference band-pass filters (Edmund Optic, NJ, USA) were
used to produce blue and green monochromatic lights using a white
light source (PL950, Dolan-Jenner Industries, MA, USA). Switch be-
tween filters was achieved using a filter wheel (AB301-T, Spectral
Products, NM, USA) inserted between the light source and an op-
tic fiber (Dolan-Jenner Industries). The latter brought light to a dif-
fusing glass placed 2cm in front of the subject’s left eye. The light
source and the filter wheel were computer-controlled and synchro-
nized with pupil data acquisition using COGENT2000 under Matlab
7.0.4 (R14SP2, 2005, Mathwork Inc., MA, USA). Light spectra was
assessed at the level of the diffuser (Lightspex, GretagMacbeth, NY,
USA) and confirmed to peak at 480nm and 550nm. Irradiance levels
were verified using a calibrated radiometer (PM100D, Thorlabs, NJ,
USA).

Pupil size was recorded using an eye tracking device (EyeFrame
Scene systems, Arrington Research Inc., AZ, USA) consisting of an
infrared camera mounted on the frames of eyeglasses in front of the
subject’s right eye. As PLR is a consensual mechanism (i.e. light in one
eye constricts the pupil in the other eye), light was administered to
the subjects’ left eye while pupil size was captured from the right eye.
Pupils were not pharmacologically dilated. Pupil width and height
(arbitrary units) were acquired at a sampling rate of 60Hz and the
frame image size used was constant for all acquisitions to assure
equivalence of the unit size.

Data analysis

Data was analyzed using Matlab 7.10 (R14SP3, 2005). Artifacts in
pupil measures, including eye movements and blinks, were excluded
using a circularity coefficient exclusion criteria (ratio between width
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and height <0.70 or >1.30). According to literature on pupil analy-
sis (Canver et al. 2010; Wyatt 2010), pupil data was smoothed using
a non-parametric locally weighted linear regression (function: smooth,
type: ’rlowess’; span: 0.8), for the effect of smoothing parameter on the
analysis results see Figure 60. PLR is characterized by an initial tran-
sient robust constriction at light onset (phasic response) followed by
a tonic or sustained steady-state response at a lower constriction level
(McDougal and Gamlin 2010; Mure et al. 2009). In our experimental
setting, the transition between light-on and light-off was not sharply
regulated (~ 500ms for full illumination or extinction) therefore not al-
lowing a reliable analysis of the phasic response. In consequence, we
excluded the first 6s of each illumination to make sure that we only in-
cluded stable response and averaged pupil size during the remaining
39s of each light exposure. Baseline pupil size and pre-exposure pupil
size were estimated by averaging the last second (60 data points) of
the 15 or 2 min. of darkness prior to illumination, respectively. Pupil
size referring to pupil area was inferred by computing the ellipsoidal
surface obtained with width and height arbitrary units PLR was es-
timated by normalizing mean pupil size during the illumination ac-
cording to baseline pupil size or pre-exposure pupil size. Statistical
analysis was computed in SPSS 17.0 (IBM SPSS Statistics) using two-
tailed Student t test to assess difference in baseline pupil size, and
a 3-way repeated-measure analysis of variance (ANOVA) with wave-
length (blue, green) and irradiance (lower, medium, higher) as within
subject factors and age (young, older) as between subject factor. Due
to technical issues, three older subjects had missing values (two men
with data of 1 light condition missing and one woman with data of
2 light conditions missing). We estimated these missing values with
Yates replacement technique (Kirk 2012).

5.4.3 Results

Analysis of baseline pupil size (i.e. following 15min. in darkness)
showed that older subjects (arbitrary units a.u., mean ± SEM: 0.08 ±

0.009) had smaller pupil size than young subjects (0.11±0.008) [T(28)
= 2.73, P =0.01]. This represents an average reduction in surface area
of about 27% in older subjects.

Repeated-measure 3-way ANOVA on absolute pupil size during
illumination (no normalization) with light wavelength (blue, green)
and light irradiance (lower, medium, higher) as within subject fac-
tors, and age group (young, older) as between subject factor, revealed
a significant interaction between age groups and irradiance [F(2, 56)
= 7.29, P=0.006] (see 72 for the interaction). Older subjects showed
smaller absolute pupil size at each irradiance level but the age-related
difference was higher at lower irradiance (low: young = 0.049 ± 0.004,
older = 0.030 ± 0.004 [F(1, 28) = 11.47, P=0.002] - medium: young =
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Figure 72: Significant interaction between age group and light intensity
on absolute pupil size. Mean sustained pupil values (a.u.±SEM)
during light exposure in young (blue bars) and in old (orange
bars) group at lower, medium, and higher irradiances. Blue and
green wavelengths are combined to show the significant interac-
tion between between age-group and light irradiance. Young and
older subjects show stronger differences on absolute pupil size at
lower irradiance level. Significant differences : p < 0.003 * Signifi-
cant differences : p ≤ 0.005 **.

0.038 ± 0.003, older = 0.024 ± 0.003 [F(1, 28) = 10.05, P =0.004] -
high: young = 0.031 ± 0.002, older = 0.020 ± 0.003 [F(1, 28) = 9.35,
P =0.005]). This analysis also revealed a significant effect of light
wavelength [F(1, 28) = 4.69, P =0.039], with smaller pupil size un-
der blue light (0.031 ± 0.002), as compared to green light (0.033 ±

0.002). No other interactions were significant (light wavelength by
age group: [F(1, 28) = 2.73, P =0.110] - light wavelength by light irra-
diance: [F(2, 56)= 2.87, P =0.683] - light wavelength by light irradiance
by age group: [F(2, 56)= 0.055, P =0.898]).

We then normalized sustained pupil size during light exposure ac-
cording to baseline pupil size to analyze PLR (Figure 73). Repeated-
measure 3-way ANOVA of normalized pupil values revealed that
blue light induced significantly more constriction (66.67% ± 2.10),
than green light (64.47% ± 2.25) [F(1, 28) = 6.43, P =0.017]. Moreover,
constriction was greater with increasing irradiances (low: 57.83% ±

2.71 - medium: 66.67%±2.04 - high: 72.21% ± 1.81) [F(2, 56) = 89.18,
P < 0.001]. The main effect of age was not significant [F(1, 28) = 0.514,
P = 0.479] and none of the interactions, including the age group by ir-
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Figure 73: Pupil light reflex in young and older individuals. Color bars:
Mean pupillary constriction relative to baseline±SEM in each age
group. Blue bars: blue light at lower (L), medium (M), and higher
(H) irradiances; Green bars: green light at lower (L), medium (M)
and higher irradiances (H). Effects of wavelength and irradiances
levels were significant (*; p < 0.05) but there was no difference
between age group and no interaction with age (n.s. : non signifi-
cant).

radiance were significant (irradiance by age group: [F(2, 56) = 1.78, P

= 0.19], light wavelength by age group: [F(2, 56)= 1.75, P= 0.20], light
wavelength by light irradiance: [F(2, 56) = 0.24, P =0.75], light wave-
length by light irradiance by age group: [F(2, 56) = 0.33, P =0.68]).
Finally, statistical analysis performed on normalized pupil size data
according to pre-exposure pupil size gave similar results (C.3).

5.4.4 Discussion

This study investigated the effects of age on pupil size and PLR us-
ing shorter (blue, 480 nm) and longer (green, 550 nm) wavelength
monochromatic light exposures at three different irradiance levels.
Our results confirm that older subjects have smaller pupil size than
young subjects (Bitsios et al. 1996a; Winn et al. 1994). This difference
was observed both after prolonged dark adaptation and during blue
and green light exposures at the three irradiance levels. The observed
interaction between irradiance level and age groups is in agreement
with previous results that report larger age-related decreases in pupil
size under lower, compared to higher irradiance level (Winn et al.
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1994). Our results also support previous reports showing that PLR is
greater under blue than green light exposure and for higher irradi-
ances (Mure et al. 2009; West et al. 2011). However, despite the fact
that irradiance levels exerted a stronger impact on the absolute pupil
size of younger compared to older individuals, PLR did not differ
between the two age groups for either blue or green light exposures
at the 3 irradiance levels.

A previous study by Bitsios et al. 1996a showed no age-related dif-
ferences under white light for the latency of the phasic PLR, while
other parameters of the phasic response were affected by age (ampli-
tude, maximum constriction velocity, maximum constriction acceler-
ation). However, in this previous study, sustained pupil constriction
was not investigated.

At the eye level, senile miosis is one of the primary functional mech-
anisms reducing the amount of light reaching the retina (Winn et al.
1994). In our sample, the observed age-related reduction in pupil size
(~30%) is comparable with previous reports in young and older pop-
ulations (Bitsios et al. 1996a). Senile miosis may constitute a contribut-
ing factor to the reduced impact of light on non-visual functions
in older subjects (Herljevic et al. 2005; Jud et al. 2009; Sletten et al.
2009). Indeed, in young subjects, studies have reported a correlation
between pupil size and light-induced melatonin suppression (Gaddy
et al. 1993; Higuchi et al. 2008). In our study, despite the 30% reduc-
tion in pupil size (0.15 log attenuation of retinal irradiance) and the in-
crease in lens opacification (professional assessment, LOCS-III [Steer
et al. 1997, see Section 5.3] score on Table 8), older subjects showed a
steady-state PLR similar to that of younger subjects.

One explanation for the lack of difference could be that compen-
satory mechanisms may allow a normal PLR despite the age-related
decrease in the amount of light reaching the retina. For instance, an
increased sensitivity to light may develop with age to compensate
for chronic exposure to lower levels of light due to lens opacification.
Several studies in young individuals have shown that, following pro-
longed exposure to low light level, exposure to light induces stronger
suppression and phase shift of melatonin secretion (Hébert and Stacia
2002; Jasser et al. 2006; Chang et al. 2011). An alternative explanation
for the smaller pupil size in the aged, despite the lack of a difference
in relative pupil constriction, is a loss of tonic control of pupil dilation,
suggested by the study of Clarke et al. 2003a in the non-human pri-
mate. These authors reported that pharmacological blockade of the
sympathetic pupillodilator pathway reduces pupil size but does not
affect PLR dynamics to different broadband white light intensities.
The idea of a loss of autonomic control in the aged is consistent with
the the results in our study that show smaller absolute pupil areas
in the older subjects, but no difference in PLR under blue or green
wavelength light exposures.
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Statistical power analysis on our normalized data (i.e. PLR) indi-
cated a small effect size for the main effect of age (0.13) supporting
the notion that age did not affect PLR response in the present study.
However, the interactions between group and irradiance and between
group and wavelength showed medium effect size (0.24 and 0.30, re-
spectively). Future studies with a larger sample size will contribute to
a better understanding of age-related interaction according to wave-
length and irradiance light levels.

In general agreement with previous hypotheses (Revell and Skene
2010), our data suggests that, although aging alters several non-visual
functions regulated by light, the degree to which the impact of light
on these functions is reduced may vary considerably. It is worth not-
ing that our sample was slightly younger than previous studies show-
ing age-related differences in non-visual effects of light [4 years (Jud
et al. 2009; Sletten et al. 2009) or 7 years (Duffy et al. 2007) on aver-
age]. However, such limited age differences appear unlikely to fully
explain the very limited effect of aging on PLR in our data compared
to these other studies. Interestingly, another recent investigation did
not find a significant impact of age on the ability of light to phase
shift circadian rhythmicity (Sletten et al. 2009), contrary to a previous
investigation (Duffy et al. 2007) suggesting that aging may not impact
all non-visual functions similarly.

The lack of age-related differences in PLR response compared to
other non-visual responses reported by previous studies may be re-
lated to the involvement of different melanopsin ganglion cell types
and their target brain structures, or the output pathways involved.
For example, recent studies in rodents have found that light sensitiv-
ity is not equivalent for all non-visual functions regulated by light.
The sensitivity of the circadian system for entrainment and phase
shift was greater than that of PLR or masking (Hut et al. 2008; But-
ler and Silver 2010). There is evidence that different populations of
mRGCs may mediate these light sensitivity differences. Five types of
these mRGCs (M1 to M5) have been identified to date, their projec-
tions overlapping only partially (Berson et al. 2010; Ecker et al. 2010;
Schmidt et al. 2011; see also 2.4.1). In addition, two subtypes of M1

cells have been identified, with one subtype innervating the SCN
while the other projects to all other known brain targets of mRGCs
including the OPN (Chen et al. 2011). In this respect, it appears plau-
sible that the impact of aging varies for different non-visual functions
regulated by light, such as circadian entrainment, melatonin secretion,
and PLR, which present different light sensitivities and are mediated,
at least in part, by different populations of mRGCs.
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5.5.1 Introduction

In this chapter, a simplified model for pigment kinetics coupled to the
membrane potential mediated via “transmitter gating” model (Car-
penter et al. 1987) is presented. The model for the visual pigment
kinetics is derived from the model described by Stavenga and Hardie
2010 for bistable invertebrate photoreception. The transmitter model
for bistable invertebrate phototransduction was described by Öğmen
and Gagné 1987, and it was used as a basis for the bistable mela-
nopsin model presented here. The model allows quantitative predic-
tions of pigment-level changes, and how these pigment modulation
are coupled to the photoreceptor responses. Given the scarce informa-
tion on the quantitative aspects of melanopsin phototransduction, the
proposed framework should be interpreted as a “order-of-magnitude”
estimate of the function with tunable model parameters that can be
improved as more research is done on melanopsin.

5.5.2 Analytical Methods

Response types in bistable pigment systems

In 4.4, the typical photoreceptor response types used to quantify the
bistability photopigment systems were reviewed. In order to avoid
overlap and needless repetition, only the very key points are reviewed
here briefly.

Stimulus types

a. Neutral stimulus. Neutral stimulus is defined as not inducing a
net pigment shift from the R state to the M state, or vice versa.
In other words, the relative stimulation of two states is the same
when the illuminant is changed. For example in increase of
light intensity with no changes in the spectral content of the
light, will typically result an increased photoresponse without
net pigment shift.

b. R → M stimulus. The change from the R state (rhodopsin in
flies) to the M state (metarhodopsin in flies) is maximal when
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the stimulus wavelength is at the peak of the equilibrium spec-
trum (see 4.3.3) , in the study of Mure et al. 2009, the peak wave-
length of equilibrium spectum was found to be around ~460

nm.

c. M → R stimulus. The most effective light stimulus for shift-
ing pigment from the M state to the R state occurs slightly red-
shifted from the peak of the M state spectral sensitivity (see e.g.
Figure 56) as there is an overlap of the R and the M state spectral
sensitivities at the peak spectral sensitivity of the M state.

PLR as a tool for melanopsin bistability

The shape of the human pupil response (i.e. the waveform) to light
can be roughly generalized having three distinct components, phasic,
sustained and post-illumination persistence. Phasic component is the
rapid initial constriction, that is followed by a slight dilation to a
steady-state (tonic) pupil diameter (also referred as a pupillary escape
(Lowenstein and Loewenfeld 1959; Hung and Stark 1979; Sun et al.
1983). With higher light intensities the steady-state pupil size is more
or less equal to the initial phasic size (see for example Fig. 2A in
Mure et al. 2009) and this is referred as pupillary capture (Usui and
Stark 1978; Sun and Stark 1983). The two components have rough
correspondences at the level of olivary pretectal nucleus (OPN) where
two types of neurons were found in macaques based on their firing
patterns, burst-sustained (“phasic-sustained”) neurons and transient
neurons that responded both to lights-ON and lights-OFF (Pong and
Fuchs 2000a).

After light offset, the pupil does not immediately return to its dark-
adapted diameter, and this behavior is referred as the post-illumination
persistence. At light offset there might be an initial dilation followed
by reconstriction as shown first by Alpern and Campbell 1963. It was
further shown (Newsome 1971) that after extremely bright light (3.5
x 106 Td) the pupil remained constricted in darkness as long as ~5-6
minutes reaching full pupil size after 15-18 minutes of light offset as
seen in Figure 20A. The recontraction and initial dilation was shown
to depend on the light intensity (Figure 20B). The pupil reconstriction
was shown to disappear with light stimuli shorter than 1 sec (Fig-
ure 20C) presumably corresponding to sluggish response of the yet
undiscovered ipRGCs. Similar results were obtained in a study by
Alpern and Ohba 1972 with recordings of post-stimulation pupil size
extending up to 30-40 minutes in the darkness.
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Figure 74: Visual pigment-arrestin cycle. Photoconversion of active
rhodopsin, Ra, creates active metarhodopsin, Ma, which upon
binding arrestin, A, becomes inactive metarhodopsin, Mi. Pho-
toconversion of Mi creates inactive rhodopsin, Ri, which upon
arrestin release converts into the native rhodopsin, Ra. The light-
induced conversion processes have rate constants kR and kM, the
rate constants of arrestin binding and dissociation are kb and kd.
Ri and Mi are degraded with rate constant k f , and Ra is regener-
ated with rate constant kg. (Stavenga and Hardie 2010).

5.5.3 Pigment kinetics

The simplified model for describing visual pigment-arrestin kinetics
(74) in flies by Stavenga and Hardie 2010 was reviewed in Section
4.6. Photoconversion of the native, active rhodopsin (Ra) creates the
active metarhodopsin state (Ma, at a rate of kR) , this Ma state trig-
gers the phototransduction. Upon binding arrestin (A) the photore-
sponse is quenched and Ma converts into inactive metarhodopsin
(Mi, at a rate of kb). Photoconversion of Mi creates inactive rhodopsin
(Ri, at a rate of kM), which upon arrestin release return to the active
rhodopsin state Ra (at a rate of kd). Inactive metarhodopsin (Mi) is
phosphorylated when photoconverted from Ma, dephosphorylation
occurring upon photoconversion from Ri to Ra (Kiselev and Subra-
maniam 1994).

In comparison to Drosophila bistable rhodopsin, some parameter
values need to be estimated for the bistable melanopsin system. The
rate constants kR and kM (s-1, Eq. (16)) depend on the light inten-
sity, increasing intensity driving the pigment-arrestin system more
quickly to photoequilibrium (smaller rate constants), following an ex-
ponential time course with time constant τc = 1/ (kR + kM) (Eq. (20)).
The behavior of the system (i.e. rate constants for the R ⇋ M transi-
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tions) depends furthermore on the values of quantum efficiencies (γi),
the molecular absorbance coefficient (αmax), and on the absorbance co-
efficient of the rhabdomere / outer segment medium (κmax). Typical
values for these value from the literature are listed in Table 6 in B).

The parameters for melanopsin system were estimated to be (see
also Section B.4) 1.0 for relative quantum efficiency (ϕ = γM/γR)
as done in Mure et al. 2009, without any quantitative estimates pub-
lished on the forward (R → M) and backward (M → R) conversion
quantum efficiencies. The molecular absorbance coefficient αmax ~ 5.5
× 10-5·μm2 was obtained by fitting an exponential recovery function
for the pupil recordings obtained in our group, and estimating the
time constant τc for the pupil to reach steady-state. The obtained esti-
mate for the time constant τc was roughly 37 sec using the following
equation:

αmax =
1/τc

kR + kM
(63)

with the light-dependent rate constant kRand kM calculated us-
ing 480 nm light stimulus (hbw= 10 nm) with a photon density of
10¹² ph·cm-²·s-1. Absorbance coefficient κmax of the photoreceptive
medium (see Section 4.6 for details) was set to unity due to the very
low pigment density of melanopsin (Do et al. 2009; see also B.3.3)
making the calculations simpler.

Strictly speaking, the time constant τc estimated from pupil re-
sponse might not reflect the conformational changes of the melanop-
sin photopigment (discussed later also in Section 6.1), this PLR-based
assumption was based on Mure et al. 2009 where the equilibrium in
pupil response was interpreted as an equilibirum in melanopsin pig-
ment kinetics. Another limitation of the pigment kinetic model here is
the assumption of first-order pigment kinetics, whereas Mahroo and
Lamb 2004 (see also 2.3.6) recently proposed cone and rod bleaching
and regeneration to follow rate-limited kinetics deviating from pre-
viously reported first order kinetics (e.g. Boynton and Whitten 1970;
Paupoo et al. 2000). The rate limit was suggested to arise from a lim-
itation in the delivery of 11-cis-retinoid to the photoreceptor outer
segments, which might not be the case with “non-bleaching” bistable
melanopsin (see Wang and Kefalov 2011 for a review on classical pho-
toreceptor regeneration mechanisms).

Bistable melanopsin photopigment behavior

The pigment model described by the set of linear differential equa-
tions can be then simulated using Matlab and its ode45 solver on
ordinary differential equations based on the Runge-Kutta method
(Shampine and Reichelt 1997). In an ideal bistable photopigment sys-
tem (see 4.2.1), the system being infinitely stable on the M state, the
stimulus wavelength only having an effect on the relative R and M
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state pigment concentration on equilibrium state. This relative R and
M state concentration is described with fM and fMe from now on, the
former describing the fraction of pigment in M state at a given mo-
ment, and the latter fraction of pigment in M state in equilibrium e

denoting equilibrium. In our case with melanopsin, the quantitative
effects of arrestin in the visual pigment are not examined in detail as
melanopsin “visual cycle” (e.g. Sexton et al. 2012) and the role of ar-
restin in melanopsin deactivation (Hatori and Panda 2009; Frederick
et al. 2009) are not well known.

The intensity-dependence of pigment kinetics is simulated in Fig-
ure 75. Condition similar to the one used in a study of Mure et al.
2009 is used as the simulation condition. First (Figure 75A), the pig-
ment shift kinetics from the fully dark-adapted state ( fMe= 0) to an
equilibrium state of fMe~0.70 is induced by a 480 nm (hbw = 10 nm)
light stimulus (R → M) at various photon densities is shown. inten-
sities high enough. Note that in Mure et al. 2009 the initial fMe was
around 0.19 due to the 1 minute bleaching white light 45 minutes be-
fore the reference stimulus. The two lowest intensities (-2.0 and -3.0
LOG) were shown to be too weak to drive the system to the equilib-
rium during the 5 minute simulation time period.

The pigment shift back from the M state ( fMe~ 0.70) to the R state
was driven with a a 620 nm (hbw = 10 nm) light stimulus (M → R) at
same light intensities as in Figure 75A. The effect of pigment turnover
was modeled in Figure 75C,D using otherwise the same values as in
Figure 75A,B, but the thermal stability of the M state was weakened
significantly by setting the rate constants k f ∼ 0.28 s-1 for pigment
degradation and kg ∼ 0.08 s-1 for pigment regeneration. These val-
ues present very rapid pigment turnover maybe only found in hyp-
sochromic invertebrates, but are shown to demonstrate the possible
“ciliary behavior” of bistable photopigment system. The equilibrium
is now reached faster with the inclusion of pigment turnover, with
an overall decrease of fMe in practice keeping more photopigment
in responsive state at moderate light intensities, whereas there is no
difference in fMe between the Figure 75A,C with the simulated val-
ues for the highest intensity. The faster pigment turnover favors low
fMe, thus in Figure 75D only a faster return back to baseline is seen,
without any additional phenomena observed.

The wavelength dependence of the pigment kinetics is simulated in
Figure 76. The effect of various wavelengths on pigment kinetics, from
a dark-adapted initial state ( fMe = 0) is shown in Figure 76A. The same
simulation wavelengths as in in Figure 76A is used to simulate the
wavelength-dependent drive of the pigment back to the R state (Fig-
ure 76B) from an initial state of fMe = 0.53 being higher. The 700 nm
stimulates the M state so weakly that eventually all pigment would be
regenerated but the 300 seconds is not enough for that. Photon den-
sity for both simulations was fixed to 12.5 log photons·cm-2·s-1. The
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Figure 75: Intensity dependence of pigment kinetics. (A) The pigment shift
from fMe= 0 induced by a 480 nm (hbw = 10 nm) light stim-
ulus (R → M) at various photon densities to the equilibrium
state of fMe~0.70 with intensities high enough. The highest in-
tensity (LOG 0.0) now set to 13.5 log photon density based on
the parameter estimates given in Section 5.5.3. (B) The pigment
shift back from the M state to R state, initial state being the
fMe~ 0.70 as the system left from (A) with a 620 nm (hbw =
10 nm) light stimulus (M → R) at same light intensities as in
(A). The (C,D) are the same as (A,B) but the thermal stability
of the M state is weakened significantly by setting the rate con-
stants k f ∼ 0.28 s-1 for pigment degradation and kg ∼ 0.08 s-1 for
pigment regeneration. Note that these values present very rapid
pigment turnover maybe only found in monochromatic inverte-
brates, but are shown to demonstrate the possible “ciliary behav-
ior” of bistable photopigment system. Note also that the time
constant τc is not changed as defined using the kR and kM while
the system itself reaches an equilibrium faster.
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Figure 76: Wavelength dependence of pigment kinetics. (A) The effect of
various wavelengths on pigment kinetics, from the initial state all
the pigment is in the M state ( fMe = 0). (B) The same simulation
wavelengths as in (A), but the initial state fMe = 0.53 being higher.
The 700 nm stimulates the M state so weakly that eventually all
pigment would be regenerated but the 300 seconds is not enough
for that. Photon density for both simulations was fixed to 12.5 log
photons·cm-2·s-1. In (C,D) the pigment turnover was simulated
to be very rapid (same values as in Figure 75), demonstrating the
same overall decrease in fMe values as in Figure 75.

rapid pigment turnover (Figure 76C,D) is shown to have the same
overall decrease in fMe values and faster time for equilibrium, as in
the intensity simulations (Figure 75C,D).

The model for pigment kinetics was implemented also for an easy
to use Matlab program with a graphical user interface (GUI) as shown
in Figure 77, allowing quick simulation of the pigment behavior.

5.5.4 Transmitter gating model

The model of Öğmen and Gagné 1987 describes the invertebrate bi-
stable photopigment with the system using the transmitter gating
model proposed by Carpenter et al. 1987. The model was intended
to improve the phototransduction model of Baylor et al. 1974a for
vertebrate photoreception. The model comprises of three blocks (Fig-
ure 78), the first “Pigment Kinetics” block corresponding to the visual-
arrestin cycle described above (Section 5.5.3) which is coupled to the
last photoreceptor membrane potential both directly to the membrane
block (upper arrow in Figure 78), and via “Transmitter gating” block
(lower arrow in Figure 78).

The principle of transmitter dynamics model is shown in Figure 79

as modified from Carpenter et al. 1987. The modulation signal S in
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Figure 77: Matlab GUI for pigment kinetic model.

Figure 78: Block diagram of the transmitter model phototransduction, re-
drawn from Öğmen and Gagné 1987.
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the transmitter model causing the transmitter z to be released at a
rate of of T = Sz, where further the S can be thought to depend on
the visual pigment kinetics (dRa/dt for example). Whenever two pro-
cesses, such as S and z are multiplied, they interact by mass action.
Thus, the z gates S to release a net signal T, and the cell tries to re-
plenish z to maintain the system’s sensitivity to S (Carpenter et al.
1987). Transmitter turnover studies in neural preparations have been
done for example by Esplin and Zablocka-Esplin 1971, and a gating
concept appears in the model of Hemilä 1977; 1978 for rod adapta-
tion in frog retina. The terms (L − w) and w are added to distinguish
the transmitter between bound or storage form and transmitter that
is available, or mobilized. The transmitter dynamics between the mo-
bilized transmitter z(t) and storage transmitter w(t) can be expressed
as following:

dw/dt = K (L − w)− (Mw − Nz) (64)

dz/dt = (Mw − Nz)− Sz (65)

The term in Eq. (64) states that w(t) tries to maintain a level L

via transmitter accumulation (or production and feedback inhibition).
The term −(Mw − Nz) in Eq. (64) says that storage transmitter w is
mobilized at a rate M whereas mobilized transmitter z is demobilized
and restored at a rate N until the two processes equilibrate. Term
(Mw − Nz) in Eq. (65) states that w’s loss is z’s gain, and the term Sz

in Eq. (65) says that the mobilized transmitter is released at rate −Sz

as it couple to the signal S by mass action. More details of the model
can be read from Carpenter et al. 1987.

Depolarization amount (x = V − V0) is defined as the difference
between the resting membrane potential V0 and the absolute depolar-
ization V. The resting membrane potential V0 is found when putting
dV(t)/dt. The dynamic equation for the depolarization is then de-
fined as following (Öğmen and Gagné 1987):

dx

dt
= −

(

g+ + g−
)

x +
(

V+ − V0
)

g+ +
(

V− − V0
)

g− (66)

where g+ and g− are respectively positive and negative ion con-
ductances; V+and V− are respectively the positive and negative de-
polarization saturation points. The signal T(t) from the transmitter
block is coupled to the standard membrane equation (Eq. (67)) via
the positive conductance g+ which can be interpreted as the opening
of ion channels. The standard membrane equation translates the con-
ductance change into membrane potential as following (Cole 1968):

C
dU(t)

dt
=

(

U+ − U
)

g+ +
(

U− − U
)

g− + (Up − U) gp (67)
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Figure 79: Transmitter dynamics. Transmitter w accumulates until a target
level is reached. Accumulated transmitter is mobilized until an
equilibrium between mobilized and unmobilized transmitter frac-
tions is attained. The signal S is gated by mobilized transmitter
which is released by mass action. The signal also modulates the
accumulation and/or mobilization process. Redrawn from Öğ-
men and Gagné 1987 and Carpenter et al. 1987.

Where U+, U+ and U+ are respectively the positive, negative and
passive saturation points; U is the voltage difference across the mem-
brane; C is the membrane capacity [typically 1 μF·cm-2 (Cole 1968)].
To formulate the coupling of pigment kinetics to the membrane equa-
tion, Öğmen and Gagné 1987 used a mass action law with gm being
maximum number of pores, g0 the number of open pores at the rest-
ing potential and g+the number of open pores at a given moment.
The signal T will open the closed pores, which amount to (gm − g+),
at a rate proportional to its strength and to a given constant J. This is
formulated as following:

dg+

dt
= JT

(

gm − g+
)

(68)

To keep g+at its resting level against the fluctuations and stimulus
offset, an antagonistic component is needed for condition g+ ≦ gm

that increase the number of open pores by mass action. This is pre-
sented as (Öğmen and Gagné 1987):

dg+

dt
= H

(

g0 − g+
)

(69)

Combining Eq. (68) and Eq. (69), first equation for the coupling sys-
tem is obtained

dg+

dt
= H

(

g0 − g+
)

+ JT
(

gm − g+
)

(70)

If g+ < g0, the two terms (Eq. (68), Eq. (69)) both increases the con-
ductance g+, but as once g+ exceeds g0 the equilibrium level (Eq. (68))
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starts to oppose the effect of Eq. (69), its tendency being to keep g+at
this level.

The signal T(t) originates from the pigment transformations ands
its amplitude depends partly on their kinetics. On the other hand the
antagonistic component (Eq. (69)) has H as opposition rate (Öğmen
and Gagné 1987). If H were constant, the behavior of g+ would be
limited as in practice small increments in light stimuli are amplified
to a larger variations in T(t), and a large T would saturate the cell
by opening all available pores. Öğmen and Gagné 1987 proposed an
“enzymatic gain modulation strategy” to couple the pigment kinet-
ics directly to the membrane making the H to depend on pigment
kinetics f (·) as following:

dH(t)

dt
= −u (H − H0) + ǫ f (·)H (71)

where H0 is the resting level of H, u a constant and f (·) a function
of the closed pigment system defined in Eq. (37), Eq. (38), Eq. (39) and
Eq. (40). The f (·) is chosen to correspond the Ra → Ma conversion
(dRa/dt, Eq. (37)), as this conversion activity reflects the activation of
photoresponse. The ǫ is a gain depending on the magnitude of f (·)

which in our case is a constant simply scaling the f (·) for physiologi-
cally meaningful outputs.

In our case the signal T from the transmitter block transmitter block
can be estimated using a sigmoid function typically used for the ir-
radiance response curve (IRC) with the following 4-parameter model
(see also Matlab implementation in B.8):

Y(x) =
min + (max − min)

[1 + (x/X50)]
coe f f

(72)

Approximate irradiance behavior of mRGC subtypes M1 and M2

can be obtained from the study of Schmidt and Kofuji 2009, and an
approximation for the photoresponse latency was obtained from the
study by Tu et al. 2005 in 10-day postnatal mice (P10). These values
can be taken as an order-of-magnitude estimates for the mRGC be-
havior.

In the case of a PDA-inductive (4.4.4) stimulus we have a case
where the the R pigment population is decreasing ( f (·) < 0). The
PDA induction rises from the inequality between the antagonistic
drive at light offset and resting state [H(to f f set) < Ho], and in the
differential positive gains for LRP and PDA (Γg+PDA < Γg+LRP). The
positive gain is defined as following derived from Eq. (70):

Γg+ = H + JT (73)

In a post-stimulus conditions, the light-dependent T = 0 and the
positive gain Γg+ = H. Thus the observed prolongation of the depo-
larization and action potential firing after light offset (see e.g. Section
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Figure 80: Light drive (T) defined with an irradiance-response curve (IRC).
(A) Irradiance response curve (IRC) obtained for mRGC (sub-
types M1 and M2, see 2.4.1) using 5 second 480 nm light pulses
(Schmidt and Kofuji 2009, Fig. 2F), same figure as Figure 12B re-
drawn using a sigmoid fit (Eq. (72)). The irradiance-response for
normalized latency is obtained from Tu et al. 2005 (Fig. 6D) (B)
The abscissa of IRC transformed from photon density to rate fac-
tor kR [s−1] using a synthetic 480 nm light with a half-bandwidth
of 10 nm and the corresponding photon densities of (A). Irradi-
ance and rate constants were defined in logarithmic units for the
sigmoid fit.
Sigmoid parameters: (A) M1: min=0, max=1, X50 = 12.2, coe f f =-
29.6, M2: min=0, max=1, X50 = 13.3, coe f f =-29.1, Latency: min=0,
max=0.92, X50 = 11.9, coe f f =-28.9. (B) M1: min=0, max=1, X50 =
12.2, coe f f =6.00, M2: min=0, max=1, X50 = 12.2, coe f f =4.77, La-
tency: min=0, max=0.92, X50 = −3.06, coe f f =6.02.

2.4 and 3.2.2) depends on the behavior of the H (see later Figure 81;
Figure 82; Figure 83).

In the case of a PDA depression (4.4.4), PDA-antagonist stimulus
(M → R) follows the PDA-inductive one (R → M), the M pigment
population need be thus decreasing in the model formulation ( f (·) >

0). The return of the amount of depolarization x now depends on the
strength of gain f (·)− u.

The anti-PDA phenomenon requires (4.4.4) a PDA antagonist stim-
ulus to precede a PDA-inductive one. The behavior of the PDA in-
duced by the second PDA-inducing stimulus after the initial one de-
pends on the decay of H back to its baseline, and namely on the
variable u (Figure 82). The smaller the gain u is, the longer the decay
back to baseline, and longer the interval needed between the PDA-
inducing stimuli for the anti-PDA phenomenon to decay.

Finally, in the case of PDA facilitation effect (4.4.4) the second PDA
induced have been shown to be facilitated (in contrast to anti-PDA)
given that the first PDA was not “too strong” (too high fMe). The
duration difference in induced PDA in the model comes from the
difference in the gains of x and H. Even if x would have decayed to
the baseline, this would not necessarily mean that H has returned to
its resting values.
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Figure 81: Behavior of H as a function of H0. The parameter H0 is the base-
line antagonistic drive affecting the behavior of H (Eq. (71)). We
can see that larger the baseline H0 is the larger are the responses
of H in response to light pulses, the kinetics of H remaining un-
changed. See text for further details. add labels, increase resolution

Transmitter gating model behavior

Simplistic behavior of the transmitter gating model is simulated us-
ing the experimental paradigm used for Limulus (Lisman and Sheline
1976) and for human PLR (Mure et al. 2009). The responses to the two
different 480 nm light stimuli (hbw = 10 nm, 12 log photons·cm-2·s-1)
used in the study of Mure et al. 2009, are analyzed (reference being
the first 480 nm light pulse, and the test being the second light pulse
being modulated by adapting light), and the “reference - test” is the
difference between these two conditions. Note the test stimulus corre-
spond to the 480 nm delivered after adapting light of 620 nm ( fMe= 0),
and the reference stimulus is administered to an initial state of fMe~
0.19 to which the system is left after the bleaching white light before
the reference pulse (see Figure 56) if one assumes that during 45 min-
utes there is no dark regeneration. Alternatively the initial state of
fMe~ 0.19 can be taken as an initial state that can be “potentiated” in
contrast to the initial state of fMe = 0 when all the pigment is already
in the R state and cannot be further potentiated more with an adapt-
ing light. The light pulse is administered at 30 seconds for 5 minutes
with an 1 minute post-stimulus behavior included in the simulation.

The behavior of the antagonistic drive H is simulated in regard to
baseline antagonistic drive H0 (Figure 81), “antagonistic difference”
gain u (Figure 82), and the scaling factor ǫ added to the original for-
mulation of Öğmen and Gagné 1987 to function as a gain parameter
for the strength of the pigment kinetic drive f (·) for H (Figure 83).
The behavior of the depolarization amount x is not shown for this re-
port, it requiring further work and it will be published in the future
as fully functional implementation.
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Figure 82: Behavior of H as a function of u. The parameter u is a constant
gain affecting the difference between baseline antagonistic drive
and the antagonistic drive at a given moment (H − H0), defined
in Eq. (71). We can see that the smaller the gain u is the longer the
return to baseline accompanied with a different amplitude. See
text for further details. add labels, increase resolution

Figure 83: Behavior of H as a function of ǫ scaling f (·). The parameter
ǫ is gain scaling (ǫ f (·)) the “pigment drive” f (·), that is a dy-
namic variable depending on the rate of change from active R
state Rato active M state Ma (dRa/dt), affecting the minimal equa-
tion Eq. (71). The choice of ǫ only affects amplitude and the kinet-
ics of H. See text for further details. add labels, increase resolution,
change f (·) to ǫ
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5.5.5 Discussion

The presented model describes a mathematical framework for simu-
lating the behavior of a putatively bistable melanopsin in regard to
the pigment kinetics and their coupling to the membrane potential.
The intrinsic limitation of the model is that most of the simulation
parameter were estimated from scarce information available on the
quantitative behavior of melanopin phototransduction. Additionally,
many of the bistable phenomenon such as anti-PDA and PDA facili-
tation have not been explicitly tested in melanopsin (see later Section
6.2), and the whole phenomenon of in vivo bistability in human PLR
remaining still uncertain (see later Section 6.1). In order for the ex-
periment designed to test bistability, the measured response should
reflect the pigment level changes as well as possible which might not
be the case with the sustained pupil component (see detailed discus-
sion later in 6).

Previously in Section 5.2, the study designed to test the hypothesis
of a “photic memory” (Hochstein et al. 1973) was presented. In other
words, whether a lack of dark regeneration could be observed in the
melanopsin as shown by lack of change in response after 45 minutes
in darkness compared to 8 hours of darkness. The study was not
able to provide statistically nor qualitatively compelling evidence for
either lack or the existence of dark regeneration. The study however
highlighted the high inter- and intra-individual variability in human
PLR response (combined with the results from a short pilot study on
human PLR variability presented in 5.1.2).

Additionally as illustrated in Figure 75 for intensity dependence
and in Figure 76 for wavelength dependence, the photopigment sys-
tem exhibits quantitatively rather distinct responses depending whet-
her it is treated as time-independent (no pigment turnover) or as time-
dependent system not exhibiting the “photic memory”.

As discussed previously with intermediate photoproducts (4.5.1)
and to be discussed in more detail in 6.1.4, the intermediates in me-
lanopsin “photo cycle” are not well known including the effects of
arrestin (Hatori and Panda 2009; Frederick et al. 2009), phosphoryla-
tion (Reingruber and Holcman 2008; Robinson et al. 2009) and signal-
ing intermediates (6.1.5). On a system level, the melanopsin response
deactivation is modeled above with an arrestin binding and release
without any specific variable addressed for phosphorylation which
was assumed not to be play a role to simplify the model scheme. Ad-
ditionally, a signaling intermediate was not included for the current
implementation in lack of proper evidence for the existence of such,
but more intermediates could be rather easily added to the scheme
if their mutual relations are known with decent accuracy. Other such
intermediates would be possible short-lived intermediate melanopsin
analogies for bathorhodopsin and lumirhodopsin (6.1.4).
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Finally, the proposed framework does not contain any long-term
adaptation mechanisms shown for example by Wong et al. 2007; 2011;
2005 (see also review by Do and Yau 2010 on melanopsin proper-
ties), which in practice on the model level could have an effect on
both the pigment level behavior and the transmitter gating block.
One could predict based on the literature in flies (French 1979; Ju-
usola and Hardie 2001a;b) and in classical vertebrate photoreceptors
(Burns and Baylor 2001; Kefalov et al. 2003; Arshavsky and Burns
2012) that most likely the adaptation changes occur downstream from
the photopigment itself, the target for modification in the model be-
ing the transmitter gating model. Given that majority of the studies
for melanopsin are done for rather short light pulses, the simulation
of whole days would not be possible with the available information if
one further considers the possible modulation of melanopsin photore-
sponses by the circadian (Hannibal et al. 2002; Sakamoto et al. 2005;
Mathes et al. 2007) and ambient light intensity modulation (Hannibal
et al. 2005) reviewed in 2.4.9. In conclusion, the predictive and explain-
ing power of the framework currently is limited, but the parameters
can be updated to match the future studies.



6
D I S C U S S I O N

The phenomenon of melanopsin bistability is still rather poorly un-
derstood in the non-image forming photoreception community that
can be illustrated with a quote from McDougal and Gamlin 2010:

“Mure et al. 2009 propose that the dynamic nature of the
spectral sensitivity of the human PLR is due to the bistable
nature of melanopsin, and that as stimulus duration is in-
creased the absorbance spectrum is shifted by the light
induced transformation of M-state melanopsin into the R-
state, with each state having a different peak absorbance.
Furthermore, the authors contend that in the steady-state
condition, in which a complete transition from M to R
states is achieved, the action spectrum of melanopsin would
shift to ~460 nm, as opposed to the more commonly re-
ported peak of ~480 nm (e.g. Berson et al. 2002; Dacey
et al. 2005; Gamlin et al. 2007; Hankins and Lucas 2002

and Hattar et al. 2003).”

Where the authors with an extensive publishing record on PLR (Gam-
lin and Clarke 1995; Gamlin 2000; Gamlin et al. 2007; McDougal and
Gamlin 2008) first got the R and M states mixed up, and then under-
stood the equilibrium being defined as a complete transition to to the
other state, instead of interpreting equilibrium as a state where the
net change is zero between the states.

6.1 melanopsin bistability interpretation

6.1.1 Melanopsin properties

Despite the discovery of melanopsin over 10 years ago (Provencio
et al. 1998) and its role in non-image forming (NIF) photoreception
(Berson et al. 2002), a lot is still unknown. Probably the most charac-
teristic difference between mRGCs and classical photoreceptors, rods
and cones, is the depolarization of mRGCs with production of action
potential in response to light compared to graded hyperpolarization
of rods and cones. The exact mechanism of the molecular machin-
ery is not well understood at the moment, and it has been suggested
that the phototransduction steps resemble those found in Drosophila

photoreceptors (Sekaran et al. 2007; Graham et al. 2008; see Section
4.1).

There is evidence (Sexton et al. 2012; Provencio and Warthen 2012)
pointing that melanopsin seem to have a second messenger cascade

199



200 discussion

using Gαq/11-type G protein signaling (Graham et al. 2008) and phos-
pholipase C (PLC) signaling (Isoldi et al. 2005; Koyanagi et al. 2005;
Gomez et al. 2009; Angueyra et al. 2012; Pulido et al. 2012). The dis-
ruption of G protein signaling in heterologously expressed melanop-
sin interferes with melanopsin-driven light responses (Qiu et al. 2005;
Melyan et al. 2005). Additionally, Gqinhibitors and antibodies with
PLC inhibitors (Yau and Hardie 2009) reduce light responses (Qiu
et al. 2005; Panda et al. 2005), but Gi/o do not (Melyan et al. 2005).

The channel(s) needed to produce the observed are yet to be de-
termined, and canonical TRP channels as the effector channels have
been suggested (Sexton et al. 2012), as they are the mammalian ho-
mologs of the invertebrate TRP channels activated by rhabdomeric
opsins (Hardie and Postma 2008; Hardie 2011). Especially the types
TRPC6 and TRPC7 (subfamily C, and member 6 and 7) have been
of an interest as they are localized to mRGCs (Warren et al. 2006;
Hartwick et al. 2007). However, in mice lacking TRPC3, TRPC6, or
TRPC7 light-dependent mRGC responses were demonstrated, sug-
gesting the presence of an additional effector channel (Perez-Leighton
et al. 2011). Recent report found TRP-channel TRPM1 (subfamily M,
member 1; Oancea and Wicks 2011) to be involved in non-image form-
ing responses to light shown using pupillary light reflex (PLR), in ad-
dition to their better known role in the depolarizing light responses
of ON bipolar cells (Morgans et al. 2009). Additionally mutations of
the Trpm1 gene have been identified as a primary cause of stationary
night blindness (van Genderen et al. 2009).

Another hallmark of melanopsin-mediated photoreception is the
sluggish response both for lights ON and for lights OFF as seen both
at photoreception level (see Section 2.4) and in the downstream NIF
responses such as in PLR (see 3.2.2). The molecular mechanism for
this observed persistence is not known. The persistence was mod-
eled on a system level (Section 5.5) using the “arrestin deactivation”
scheme from Drosophila (Stavenga and Hardie 2010) combined with
the transmitter model (Carpenter et al. 1987) employed to describe
prolonged depolarization afterpotential (PDA, see 4.4.4) in Drosophila

(Öğmen and Gagné 1987). With increasing irradiance the response la-
tency to lights ON is reduced (Tu et al. 2005), and the persistence of
the photoresponse is prolonged and enhanced (Berson et al. 2002).

Additionally, mRGCs are rather insensitive for light and require
high light intensity for maximal response. The melanopsin molecule
itself exhibits larger single-photon responses than rodent rods or cones
(Do et al. 2009). The density of melanopsin protein is 10,000-fold
lower compared to rods and cones (see B.3.3), and together with lack
of light-absorbing organelles similar to the outer segments (Do et al.
2009) of the classical visual photoreceptors, the probability of photon
capture for M1 subtype is roughly million-fold lower than for rodent
rods and cones for a given irradiance falling upon a unit area of retina
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(Do et al. 2009; Sexton et al. 2012). Furthermore, the subtypes M2-M5

(see 2.4.1) have suggested to contain even less melanopsin (Schmidt
et al. 2011) and functioning maybe in vivo primarily as conduits for
signals from classical photoreceptors as shown in general for mRGC
signaling (Güler et al. 2008).

The mRGCs can also be distinguished from conventional RGCs
by their expression of pituitary adenylyl cyclaseactivating protein
(PACAP), a peptide neuromodulator that may play an important role
in nonimage vision (Hannibal et al. 2004). Many brain targets of
the ipRGCs express PACAP receptors, and animals with impaired
PACAP signaling are defective in circadian photoentrainment, among
other functions (Colwell et al. 2004).

In all mammalian species that have been studied, melanopsin ex-
ists only as long and short splice variants of a single gene (Torii
et al. 2007; Pires et al. 2009; Davies et al. 2010). By contrast, non-
mammalian vertebrates possess two evolutionary lineages of the me-
lanopsin gene family, opn4m and opn4x (Davies et al. 2010; Belling-
ham et al. 2006). Recent results from Davies et al. 2011 in zebrafish
indicate that there are both vertebrate monostable and invertebrate
bistable photopigments in the same species. Photopigments encoded
by opn4m-2, opn4x-1 and opn4x-2 functioned as classical monostable
vertebrate photoreceptors, whereas the photopigments encoded by
opn4m-1 and opn4m-3 functioned as typical invertebrate bistable pho-
topigments.

6.1.2 Novel non-melanopsin photopigments

In addition to melanopsin (Opn4), the mammalian retina may ex-
press other functional photopigments and photoisomerases including
encephalopsin/panopsin (Opn3, Blackshaw and Snyder 1999), neu-
ropsin (Opn5, Tarttelin et al. 2003), peropsin (Koyanagi et al. 2002),
retinal G protein coupled receptor (RGR, Jiang et al. 1993; Chen et al.
2001a; Wenzel et al. 2005; see 6.1.4 below), vertebrate ancient (VA)
opsin (Soni and Foster 1997) and cone opsins expressed in inner
retina (Semo et al. 2007). Around the discovery of melanopsin and
mRGCs, cryptochromes were also proposed to mediate the NIF pho-
toreception in humans but no evidence to date for their photorecep-
tor function in mammals have been provided (Somers et al. 1998;
Van Gelder et al. 2003; Fogle et al. 2011; for cryptochrome spectral
sensitivity see Hsu et al. 1996).

Neuropsin (OpnPN5) has been recently identified as a deep brain
photoreceptor in birds (Nakane et al. 2010, λmax ~ 420 nm), and found
localized within some types of amacrine cells and some cells in the
ganglion cell layer of the retinas of chicken (Yamashita et al. 2010). In
chicken, the Opn5 was found to be exhibit properties like suggested
for melanopsin (4), the authors suggesting that the UV-sensitive Opn5
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and blue-sensitive melanopsin, may concertedly control the activity
of dopaminergic amacrine neurons (Van Hook et al. 2012), resulting
in retinal adaptation. Furthermore, it was hypothesized that despite
UV light-absorbing compounds in human ocular media (see 2.2.3 and
Section 5.3), the human eye and brain might a potential ability to
receive UV radiation through Opn5.

The in vitro results were recently extended by Nieto et al. 2011

showing intrinsic light responses in the rat retina using the mam-
malian retinal ganglion cell line RGC-5 (Wood et al. 2010). The au-
thors hypothesized that Opn5 expression in the retina of mammals
might be responsible for the detection of some remaining light such
as observed in non-rod, non-cone, non-melanopsin animals (Gnat1-/-

Cnga3-/- Opn4-/-- mice) in which certain non-image forming tasks (a
residual pupillary light reflex) are still observed (Hattar et al. 2003;
Allen et al. 2010). As in pinealocytes neonatal rats, expression of both
rod-specific and cone-specific phototransduction were previously de-
monstrated in the study of Blackshaw and Snyder 1997. It was sug-
gested that the mammalian pineal gland could be physiologically
photosensitive during early life, Opn5 being one of the elements in-
volved in non-visual light detection (Blackshaw and Snyder 1997;
Tosini et al. 2000)

Recently, Kojima et al. 2011 provided the first evidence that Opn5

is expressed also in humans, using the cell line of HEK293S stably ex-
pressing human Opn5. The human Opn5 was shown to exhibit simi-
lar properties as the also studied mouse Opn5 such as sensitivity to
UV irradiation (λmax~ 380 nm) and bistable photoreversal with a λmax

~471 nm (“M-state” sensitivity). In mice, the OPN5 protein is present
in a subset of non-rod/non-cone retinal neurons, as well as in the
muscle and epidermal cells of the outer ears. Authors suggested that
even if human OPN5 would be present in the retina, it would be un-
likely to be activated effectively by light in the UV region. Instead,
non-retinal tissues such as the testis and its related tissue (epididy-
mus) showed detectable levels of human Opn5 mRNA expression.
Thus, further research is needed to elucidate the role of Opn5 in hu-
mans.

Encephalopsin/panopsin (both names used in the literature, still
referring to the same Opn3) have been recently found in the human
brain using post mortem donor brains (Nissilä et al. 2011) part of the
research initiatives related to a commercial product Valkee (Oulu, Fin-
land) designed to deliver light treatment via earbuds directly to the
ear canal for example to treat seasonal depression (Timonen et al.
2011). The first evidence for a photoresponsive mammalian cerebral
cortex was presented by Wade et al. 1988 who showed that high in-
tensity light was able to penetrate fur, scalp, skull, and dura mater of
a rat. The results suggest that ambient light may be sufficient to alter
the release of transmitters from mammalian cerebral cortex in vivo.
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Figure 84: Bistability of mouse and human Opn5. (A) Absorption spectra
of mouse Opn5 (Dark) and its photoproduct (Light). The Opn5
(λmax~ 380 nm) was irradiated with UV light (357 nm; hbw = 10
nm; 28 μW/cm2) for 32 min, resulting in formation of a blue-
absorbing photoproduct (λmax ~470 nm). (B) Estimation of the
absorption spectrum for human Opn5. The spectra for human
OPN5 and its photoproduct were estimated from difference spec-
tra (shown in Kojima et al. 2011) by using spectral template by
Govardovskii et al. 2000 for opsin-type photopigments (Kojima
et al. 2011).

Alternatively, one could hypothesize that the light signal in the brain
could be mediated via biophoton communication, the light stimulus
being able to generate biophotons conducted along nerve fibers (Sun
et al. 2010), conceptually similar to the hypothesis of humoral trans-
port of light (Grass and Kasper 2008). However, one should interpret
the results of human brain photosensitivity with caution, as the field
lacks research.

Finally, there is evidence that melanopsin is expressed also outside
the retinal ganglion cells in mammalian retina including the retinal
pigment epithelium (RPE) of Xenopus (Provencio et al. 1998), mouse
(Peirson et al. 2004), and with contradictory results in humans for be-
ing partly explained by retinal contamination during dissection of tis-
sues (Provencio et al. 2000) and with a recent report of allegedly non-
contamined finding of melanopsin in human RPE (Carr et al. 2011).
Müller glial cells (Jadhav et al. 2009) have closer contacts with mRGCs
than with other RGCs (Viney et al. 2007), and the finding of mela-
nopsin in Müller cells (Hollborn et al. 2011) could be related to the
“melanopsin visual cycle” yet uncharacterized (Sexton et al. 2012), as
Müller glial cells are involved in visual cycle of human cone photopig-
ments (Wang and Kefalov 2011). melanopsin expression have been
also reported in specific subset of human cone pigments (Dkhissi-
Benyahya et al. 2006) with the possible functional significance of this
being unknown.

Recently melanopsin was found directly on the iris of many verte-
brate species (excluding primates) driving the pupillary light reflex
(Xue et al. 2011) together with retina, as found previously with chick
(Tu et al. 2004) and frog iris (Barr and Alpern 1963). Furthermore,
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horizontal cells have been shown to express melanopsin in teleost
fish (Cheng et al. 2009) and in chick (Verra et al. 2011).

6.1.3 Photoreceptor contributions

As reviewed previously above for classical photoreception (2.3.5), for
non-image forming (NIF) responses in general (2.4.5), and more specif-
ically for pupillary light reflex (PLR; 3.3.3 and 3.3.4) there is evi-
dence that most of the NIF responses are driven jointly by multi-
ple photoreceptor classes. In the study by Mure et al. 2009, it was
assumed that the sustained component of the PLR was purely me-
lanopsin-mediated mainly based on the results obtained by Gamlin
et al. 2007. This view of melanopsin-only sustained response has been
challenged for pupillary light reflex, complicating the evaluation of
melanopsin bistability using the sustained component of PLR (see
below Section 6.2 also).

McDougal and Gamlin 2010 found significant rod contribution (see
3.3.4 for details) for the sustained component (100 seconds the longest
recording duration) using criterion response paradigm (e.g. Webster
et al. 1968) opposed to action spectrum derivation from response am-
plitude used in Mure et al. 2009 (with partial irradiance-response cor-
rection). For a review on the differences between approaches in gen-
eral one is recommended the review by Brainard and Hanifin 2005.
In regard to melatonin suppression, one can compare the criterion
response paradigm of Brainard et al. 2001; 2008b (action spectrum de-
rived from half-maximal irradiance) to the “response amplitude” of
Thapan et al. 2001. The rod contribution was assessed mathematically
using the Quick pooling model (Quick 1974) described in 3.3.4 from
the shape of the action spectrum, and the Quick pooling model can
be seen as an indirect estimate of photoreceptor contribution while
possible reflecting the underlying physiology.

The studies with rodent models have suggested also contribution
of other photoreceptor classes to the PLR. Thompson et al. 2011 com-
pared wild-type mice with Nob4 (mice lacking ON-bipolar cell func-
tion) and rd (rodless mice). The results indicated alternative rod-cone
input to the PLR not being entirely dependent on the ON bipolar
cells possibly mediated according to the authors via M2 mRGC sub-
type (see 2.4.1). Lall et al. 2010 found a cone contribution at moderate
light intensities with an evidence for “winner takes it all” situation
(described by McDougal and Gamlin 2010), melanopsin solely driv-
ing the PLR at high light intensities.

In a recent study, Allen et al. 2011 demonstrated a distinct contri-
bution of S-cones to sustained responses (30 sec recording) recorded
directly in the mouse olivary pretectal nucleus (OPN, see Section 3.2)
with minimal rod contribution. Authors used mice with the M cone
opsin replaced genetically modified by human red cone opsin (Small-
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wood et al. 2003) allowing the delivery of “melanopsin-silent” long-
wavelength stimuli (Lall et al. 2010; Brown et al. 2011b; 2010). Further-
more, the S-cone input was shown to drive a strong OFF-inhibition
at high irradiances, observed also in Opn4-/- mice. In other words,
photic drive from S-cones was able to cut off the persistent OPN fir-
ing back to baseline even in the presence of melanopsin, immediately
after light offset in contrast to the sluggish decay of mRGCs described
above (6.1.1).

In addition to typical characterization of spectral and irradiance
dependences, the temporal characteristics of the mice were studied
varying the frequency of sinusoidal light stimuli. The results were in
accordance with the view that M/L-cones encode the rapid changes
in light intensity, S-cone pathway tracking significantly lower changes
in light intensity. The multiple cone pathways with different tempo-
ral frequency was hypothesized to extend the sensory capabilities of
the mouse olivary pretectal nucleus (OPN) extending the results of
Dacey et al. 2005 and Schmidt and Kofuji 2010 for S-cone pathway in
NIF responses. Recent report (Estevez et al. 2011), suggested that the
M4 mRGC subtype was synaptically driven by the S-cone input cov-
ering a wide dynamic range (1010-1015 photons·cm-2·s-1) supporting
the involvement of S-cones in the NIF system.

In general, several approaches not relying on genetic models, have
been used recently to distinguish the distinct photoreceptor contribu-
tion from different photoreceptor classes. These approaches include
differential dichroic absorption ratio measurement in vitro conditions
studying intermediate photoproducts (Kolesnikov et al. 2003; see also
4.5.1); using the “silent substitution” method (Estévez and Spekrei-
jse 1982; Klee et al. 2011) allowing in theory differential stimulation
of photoreceptor classes as used with PLR (Tsujimura et al. 2010;
Viénot et al. 2012) and electroretinography (ERG; Fukuda et al. 2010);
mathematically fitting spectral absorption profiles for measured ac-
tion spectra (McDougal and Gamlin 2010); filtering selectively (notch
filter) certain portions of light to mimic the loss of excitation on that
wavelength region as done with circadian rhythms (Rahman et al.
2008) and PLR (Ishikawa et al. 2012); and isolating the photorecep-
tor responses based on the assumed differences in temporal response
properties (e.g. De Lange DZN 1954; Shinomori and Werner 2008),
M/L-cone being able to respond to highest frequencies while rods,
S-cones and melanopsin not being able to track as fast-changing stim-
ulus [defined for example with critical flicker frequency (CFF), see
5.3.2.4] as used with PLR (Tsujimura and Tokuda 2011; Allen et al.
2011; Doerning et al. 2011).

Furthermore, the observed OFF-response from S-cones (Dacey et al.
2005; Allen et al. 2011) combined with the poor understanding of the
S-cone OFF pathway (Shinomori and Werner 2008; Lee et al. 2009;
Li and Chen 2011), the S-cone OFF could be hypothesized to be in-
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volved in the possible adaptation of human NIF system to reduced
illuminance (senile miosis, increased lens density) and spectral filter-
ing of short wavelengths cue to increased lens density with age (see
2.2.3 and Section 5.3). The increase in lens filtering at the short wave-
length region in humans has the largest impact on S-cones (λmax~ 420

nm, see Figure 7), the corneal spectral sensitivity peak shifting to 448

nm (Stockman and Sharpe 2007) with S-cone stimulation reducing
roughly ~0.45 log units between 25 year and 65 year old standard
observes simulated with the ocular media model of van de Kraats
and van Norren 2007a. The loss of S-cone response (Shinomori and
Werner 2006) could prolong the neuronal firing for example in OPN
and in suprachiasmatic nucleus (SCN) compensating the decreased
retinal irradiance with age (Owsley 2011). Similar loss of inhibition
have been demonstrated in inhibitory cortical connections in aged
monkeys (Leventhal et al. 2003)

In conclusion, the assumption of “melanopsin-pure” drive of sus-
tained PLR response in Mure et al. 2009 (test/reference light of 480

nm, hbw = 10 nm, 1015 photons·cm-2·s-1, on average producing half-
maximal pupil constriction) might have been unsubstantiated, and
the observed chromatically modulated pupil responses might have
arisen from a combined drive of multiple photoreceptors. It should
be noted also that majority of the studies on PLR and melanopsin
phototrandusction have been using relatively short light stimuli, and
the relative contribution of different photopigments in more natural
conditions of hour would be of an interest. Recent report recorded
mRGC responses with a multielectrode array during 1-hour light ex-
posure (Wong et al. 2011). Significant adaptation of mRGC was found
(~1 log unit decrease in sensitivity) extending the previous findings
on mRGC adaptation (Wong et al. 2005), highlighting the dynamic na-
ture of even melanopsin-mediated photoreception. Further research
is needed to quantify the photoreceptors involved in the sustained
response and possible mediation via bistable melanopsin (see Section
6.2 for possible paradigms).

6.1.4 Regeneration, melanopsin visual cycle

The existence of dark regeneration in melanopsin as studied with PLR
in humans was presented above in Section 5.2. The results were seen
to be highly variable making quantification of the dark regeneration
impossible, and only highlighting the suitability for PLR sustained
response as a tool to study melanopsin bistability. The “melanopsin
visual cycle”, in other words how melanopsin photoreception system
restores its visual sensitivity is still not well understood (Sexton et al.
2012), Figure 85 demonstrates the three possible simplified models
for melanopsin regeneration. The photoreversal model refers to the
“bistable” scheme reviewed in 4, the dark regeneration scheme refer-
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Figure 85: Potential models for cell-autonomous and non-autonomous mela-
nopsin chromophore recycling. Three possibly non-mutually ex-
clusive models for chromophore recycling, including photorever-
sal/photoregeneration (i.e. “bistability”, see 4), dark isomerase/-
dark regeneration (Section 5.2), and second (photo)isomerase ac-
tivity (4.5.1). Schematic models redrawn from Sexton et al. 2012.

ring to light-independent pathway found in classical photoreception
with rods and cones, and the third possibility would employ second
photoisomerase demonstrated in some invertebrates (Pepe and Cug-
noli 1992). It should be noted that the three proposed models do not
need to be necessarily mutually exclusive.

The first “bistable” regeneration pathway has been thoroughly re-
viewed in 4, and it still remains unclear whether melanopsin in hu-
mans functions like a bistable photopigment and what are the prac-
tical implications of bistability behaviorally if the pigment itself is
bistable (Hochstein 1979; Rollag 2008). The light-driven photoregen-
eration from the M state to R state in flies seems to be very fast and
exhibiting irradiance dependency (Stavenga and Hardie 2010 and Sec-
tion 4.6), with some evidence for a non-transducing inactive R state
(Levine et al. 1987, in the model of Section 4.6 referred as Ri). To date,
no reports exist on the quantitative behavior of phototransduction
cascade of human melanopsin with detailed analysis of intermediate
photoproducts, only mouse melanopsin intermediated being studied
by Walker 2008, Walker et al. 2008, the results summarized in Fig-
ure 86.
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Figure 86: Melanopsin intermediates. Summary of endogenous mouse me-
lanopsin properties. Inactive (“dark adapted”) melanopsin has
an absorbance maximum λmax~500 nm which is upon absorption
converted to two distinct “meta-melanopsin” isoforms with ab-
sorbance maxima at λmax,”Meta−I”~540 nm and λmax,”Meta−I I”~380
nm. Reconstituted melanopsin with λmax~420 nm refers to the re-
constituted expressed melanopsin with exogenously added 9-cis-
retinal. The results (Walker et al. 2008) indicated that the native
melanopsin must also use some other light-independent retinoid
regeneration mechanism in addition to bistability to return to the
dark state, The schematic redrawn from Walker 2008.



6.1 melanopsin bistability interpretation 209

The dark regeneration (enzymatic visual pigment turnover) kinet-
ics differ significantly between different invertebrate species (Stavenga
and Hardie 2010 and Section 4.1), two rough categories of time course
existing depending whether the species is bathochromic (R peak blue-
shifted compared to M) or hypsochromic (R peak red-shifted com-
pared to M). The hypsochromic species are able to regenerate their
pigments very rapidly (in minutes in butterflies, Bernard 1983), whe-
reas the dark regeneration in bathochromic species such as in fly, the
dark regeneration may take several hours (Pak and Lidington 1974;
Stavenga 1975; Bruno et al. 1977; Schwemer 1989), and in the moth
Galleria several days (Goldman et al. 1975).

For melanopsin dark regeneration, there are contradictory infor-
mation available. Walker et al. 2008 found only 11-cis-retinal using
melanopsin chromophore extractions from dark-adapted retinas, sug-
gesting that even if melanopsin functions as a bistable photopigment,
there must also exist some other light-independent regeneration mech-
anism to return the “meta-melanopsin” to the R state (Walker 2008).
In contrast, the studies done with heterologously expressed melanop-
sin after illumination and conversion from 11-cis to all-trans-state, no
recovery of responsiveness was found after 20 (Melyan et al. 2005)
and 60 minutes (Giesbers et al. 2008) in darkness. Bistability in mela-
nopsin could be indirectly to be supported by the noticed resistance
of ipRGC function to systemic vitamin A depletion (Thompson et al.
2001; Sexton et al. 2012).

The third possible pathway would employ a second photoisomerase,
in addition or without the putative photoisomerase ability of mela-
nopsin to regenerate the pigment to the responsive state. In a fly,
there seems to be evidence for the existence of all three photoregen-
eration pathways in addition to the “bistable photoregeneration” and
with a recent “re-discovery” (Arshavsky 2010; Wang et al. 2010; von
Lintig et al. 2010; Wang et al. 2012) of the previously found light-
independent dark regeneration in flies over 30 years ago (Mayer and
Santer 1980; Schwemer 1984). The photoisomerization of all-trans to
11-cis-retinal is mediated with a λmax = 420 nm (Isono et al. 1988).

Additional phenomenon in the second photoisomerase pathway
have been demonstrated in crayfish (Cronin and Goldsmith 1984),
that has a hypsochromically shifted rhodopsin (λR,max~530 nm, and
λM,max~510 nm). Crayfish are known to regenerate in darkness (Cronin
and Goldsmith 1982a) with an evidence of membrane cycling in their
photoreceptors (Eguchi and Waterman 1979), newly synthesized pro-
tein continuously being added to the rhabdom (Hafner and Bok 1977).
Cronin and Goldsmith 1984 demonstrated that the sensitivity recov-
ery was significantly prolonged after orange exposure (note, now the
orange light is the R → M stimulus as the R peak is red-shifted
in regard to the M state) but not after blue light. Several hypothe-
ses were proposed for the observed phenomenon, the most intuitive
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explanation of a direct photodamage to photoregenerating mecha-
nism rejected. The authors (Cronin and Goldsmith 1984), found the
most plausible explanation to be that the wavelength of the adapt-
ing exposure (orange in this case) might not only affect the bistable
rhodopsin, but also a photosensitive regenerating system, such that
short-wavelength exposure (M → R stimulus for rhodopsin) leaves
more replacement capacity in the photoreceptor than does long-wave-
length exposure (M → R stimulus for rhodopsin). After an expo-
sure to long-wavelength light, for example, regeneration of rhodopsin
might be limited by the rate at which new chromophore (presumably
11-cis retinal) is made available. Thus, the actual store of chromophore
would be photosensitive, and being modulated by chromatic expo-
sure independently of the visual pigments.

Qualitatively this would fit the results obtained in the “photic mem-
ory” experimented presented in Section 5.2 (see Figure 57B) where
the response is suppressed even after eight hours of darkness follow-
ing an intense 460 nm light. However, the similar mechanism might
not exist for putatively bathochromic melanopsin (λR,max~ 480 nm,
λM,max~ 590 nm) as exist in hypsochromic crayfish. Additionally, the
large intra and inter-individual variations complicate the interpreta-
tion of the results while one should note that the response after eight
hours of darkness followed by 460 nm light shows the least variabil-
ity.

In mammalian retina, there is contradictory reports on a putative
RGR-photoisomerase pathway with Chen et al. 2001a finding a light-
dependent rhodopsin regeneration in mice, whereas Wenzel et al.
2005 found dim illumination accelerating rhodopsin regeneration 4-
fold in mice, however being independent of RGR. Wenzel et al. 2005

suggested the light-dependent palmitoylation of of sRPE65 to mRPE65

(Redmond. et al. 1998) being a possible mechanism for the observed
phenomenon, palmitoylation of RPE65 accelerating the delivery of
retinyl esters to the isomerohydrolase (Xue et al. 2004). In humans,
the mutation in the RGR encoding gene have been associated with
retinitis pigmentosa (Morimura et al. 1999) and age-related macular
degeneration (AMD; Fong et al. 2006). Recent report of Radu et al.
2008 suggest that retinal pigment epithelium (RPE; Travis et al. 2010)
in humans would be intrinsically photosensitive due to the RGR, and
the RGR being involved in the visual cycle.

6.1.5 Intermediate photoproducts

The intermediate photoproduct cycle and their putative role in sig-
naling light information in invertebrate and vertebrate phototrans-
duction was reviewed earlier in 4.5.1, with the simplified quantitative
model presented in Section 5.5.3 and Section 5.5. Considering that ver-
tebrate rhodopsin intermediate photoproduct cycle is not completely
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understood in respect to the biochemical steps (Bartl and Vogel 2007)
and behavioral implications (Lamb and Pugh 2004; Reuter 2011), it is
not surprising that even less is known about melanopsin intermedi-
ates. Similarly to melanopsin, the role of cone intermediates in ver-
tebrate phototransduction is not well understood (Vissers et al. 1998;
Kuwayama et al. 2005; Golobokova and Govardovskii 2006).

One of the first evidence of intermediate photoproduct involve-
ment in human rhodopsin was obtained by Hubbard and Kropf 1958

whose results suggested that normal photobleaching could be pre-
vented if additional light was absorbed by bleaching intermediates
(reviewed in more detail in Section 4.5, and see Figure 45). This find-
ing was later replicated (Williams 1970; 1974; 1966; 1964; Williams and
Webbers 1995), and termed as photoreversal of bleaching most likely
mediated via photoreversible metarhodopsin-II [Grimm et al. 2000;
λmax~380 nm (Kolesnikov et al. 2003)]. Additionally, it was shown
that photosensitivity for early receptor potential (ERP) can be re-
stored after a bleaching stimulus with a short-wavelength light pulse
in albino rats (Cone 1967, see Figure 45B). The photoreversal was
further suggested to aggravate blue light hazard (van Norren and
Gorgels 2011, see 1.2.5), as higher number of photons per unit of time
would be absorbed by rhodopsin (Grimm et al. 2001). Thus, conceptu-
ally human rhodopsin function as previously described bistable pho-
topigments, however with a crucial difference in regard to its relative
strength compared to dark regeneration not allowing full light-driven
regeneration (see for example Wenzel et al. 2005).

In humans, further support for the intermediate photoproduct sig-
naling have been obtained from dark adaptation studies (reviewed
in Lamb and Pugh 2004; Reuter 2011) where an “equivalent back-
ground” phenomenon have been noticed (Stiles and Crawford 1932).
The recovery of visual sensitivity after moderately bleaching light
stimulus have been noticed to be slower than the regeneration of the
visual pigment, suggesting that there could be a buildup of inter-
mediate photoproducts still activating transducin (e.g. Govardovskii
and Firsov 2011), the intermediate photoproducts functioning as “vir-
tual light sources”. Over the years, suggestions for the threshold-
elevating species have been one (or more) of the following (Lamb
and Pugh 2004): a metarhodopsin photoproduct , “free opsin” (apo-
opsin), or all-trans retinal, the latter two of which are formed when
metarhodopsin is hydrolyzed. For example, one “free opsin” molecule
has been estimated to be able to produce ~ 10-5 Rh·s-1(Melia et al.
1997) to 10-6 Rh·s-1(Cornwall and Fain 1994) equivalent to a steady-
state illumination, in other being able to activate transducin and pho-
totransduction 10-6- 10-5 less effectively than light (for photoisomer-
ization calculations see Lyubarsky et al. 2004).

With melanopsin, there is scarce evidence for the intermediate pho-
toproduct signaling. The findings of Zhu et al. 2007 (reviewed in 4.7.1)
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who demonstrated an increased pupil constriction after intense light
with a λmax blue-shifted from 480 nm while still being dependent
on melanopsin as the phenomenon was abolished in mice without
melanopsin. The “paradoxical potentiation”, being spectrally shifted
towards shorter wavelengths compared to longer wavelength shift ex-
pected from “bistable photopotentiation” (Mure et al. 2009), could
be interpreted as arising from yet unknown intermediate photoprod-
uct that builds up at high light intensities. “Paradoxical potentiation”
was also found in the study by Hansen et al. 2011, where both red
(660 nm) and blue (470 nm) light were shown to potentiate the PLR
in humans (Hansen et al. 2011), with no mechanism for the observed
phenomena suggested by the authors.

In Drosophila, a buildup of M’ photoproduct was seen at high light
intensities (Franceschini et al. 1981) which was shown to give a larger
fluorescence signal than the M state (Stark et al. 1977; Stavenga 1983).
Additionally, Razmjoo and Hamdorf 1980 had included a “buildup
product” for their “photopigment model” to provide a quantitative
explanation for the prolonged depolarization afterpotential (PDA, see
4.4.4) phenomenon in Drosophila. Putative intermediate photoproduct
scheme for melanopsin is shown in Figure 87 modified from fly in-
termediate schemes (Kruizinga et al. 1983; Vought et al. 2000), the
buildup of photosensitive M’ state explaining the potentiation seen
in Zhu et al. 2007.

Additionally, the deactivation of melanopsin photoresponse is not
well understood, namely whether there is a functional arrestin de-
activating melanopsin. There is preliminary evidence for arrestin in
melanopsin phototransduction (Hatori and Panda 2009), neither rod
nor cone arrestin found in mRGC with an evidence for both arrestin-
2 and arrestin-3 at both mRNA and protein levels in mice mRGCs
(Frederick et al. 2009). Recently, the role of β-arrestin (Lohse et al.
1990) in non-bleaching parapinopsin of lamprey pineal was eluci-
dated by Kawano-Yamashita et al. 2011. The authors demonstrated
that β-arrestin is responsible for eliminating the stable photoprod-
uct and restoring cell conditions to the original dark state. The β-
arrestin mediated internalization was shown to be necessary for the
selective and complete removal of the stable photoproduct from the
outer segments (the signal transduction locus) resulting in a decrease
of parapinopsin function. This downregulation was hypothesized to
partially contribute to the light adaptation and desensitization of pho-
toreceptor cells (Terakita et al. 2012), similar to the downregulation of
ligand-binding GPCRs through internalization (Krupnick and Ben-
ovic 1998).
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Figure 87: Putative intermediate cycle of melanopsin. The pigment states
Ra, Ma, Mi, Ri are the same as modeled in Section 5.5,
and the very short-lived intermediates bathorhodopsin and lu-
mirhodopsin are those shown with fly intermediate scheme pre-
viously in Figure 43. The component M’ is now added based on
findings of Franceschini et al. 1981 demonstrating another form
of metarhodopsin, building up especially with high light intensi-
ties (reviewed in 4.5.1). The M’ could be photosensitive maximally
for light υ3 blue-shifted from melanopsin peak sensitivity υ1, ex-
plaining the paradoxal spectral sensitivity found by Zhu et al.
2007 for pupil constriction in mice. The state X is added between
Mi, Ri based on the observations of a possible short-lived inter-
mediate in flies (Kruizinga et al. 1983). Scheme modified from
Kruizinga et al. 1983 and Vought et al. 2000.

6.1.6 Absolute versus relative pigment concentration

In melanopsin phototransduction, the relation between responsive (R
state) melanopsin pigment concentration and sensitivity has not been
addressed well. In “bistable photopotentiation”, the short-term po-
tentiation and depression effects of photoresponses can be seen to
arise from changes in relative concentration ratio between the R and
M state ( fM), whereas in natural conditions the adaptive state of the
retina might contribute more to the elicited light response.

In Drosophila, Razmjoo and Hamdorf 1976 the increased pigment
concentration was found to produce a small desensitization of pho-
toreceptor response due to the light excited M state, yet estimated
to have very little significance in natural conditions. Similarly in a
study by Smakman and Stavenga 1986, the photoreceptor response
was found to be independent of pigment concentration with only dif-
ferences seen in the broadening of the spectral absorption profile with
high pigment concentration (due to self-screening, see 2.3.3) and in-
creased contribution from sensitizing pigment at low concentrations
(4.1.4).

In albino Wistar rats, a significant modulation for the melanopsin
expression was found (Hannibal et al. 2005, see also 2.4.9), constant
light (LL) decreasing melanopsin protein concentration in the eye 7.5-
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fold, and constant darkness (DD) increasing the protein concentra-
tion 10-fold, however without addressing the effect of this modula-
tion on NIF response. The changes in protein amount were accom-
panied with morphological changes, melanopsin immunosensitivity
spreading from soma and proximal dendrites more extensively in DD
condition compared to the LL condition. In previous studies there
had been evidence for additional circadian (Hannibal et al. 2002) and
synaptic modulation from rods and cones to melanopsin protein ex-
pression (Sakamoto et al. 2004; Mathes et al. 2007). These highlight
the adaptivity of melanopsin system to the environmental lighting
conditions, and thus partly contributing to the age-related plasticity
as seen in classical photoreceptors (Freund et al. 2011; Owsley 2011).
The age-related plasticity in the visual system have been for example
demonstrated with increased bipolar sprouting in aged mice (Liets
et al. 2006) and in aged humans (Eliasieh et al. 2007).

In contrast to the initial idea of mRGCs not adapting their sensitiv-
ity to light stimulus (Berson 2003) has been suggested not to be true,
mRGCs clearly showing light adaptation for prolonged light expo-
sure (Wong et al. 2007; 2011; 2005, see also 2.4.8). The suggested adap-
tation of mRGC photoresponses could be either reflected in down-
stream NIF responses with a linear or nonlinear dependency on pho-
toresponse, or it could be compensated via post-receptoral process-
ing as suggested for PLR (Zhu et al. 2007) and SCN firing (Meijer
et al. 1998). This unknown dependency between the changes between
photopigments and photoreceptors, and the resulting downstream re-
sponse further adds to uncertainty to the already mentioned aspects
in using the sustained component of PLR for quantifying bistability
in melanopsin.

In Drosophila, the light adaptation process is even more sensitive,
initialized significantly already from the absorption of a single pho-
ton (French 1979; French et al. 1993; Juusola and Hardie 2001a). In
contrast to the duplex retina (rod and cones) of humans, the same
photoreceptors are used in flies for the whole dynamic range of ambi-
ent light intensity (see Section 4.1). To avoid the dealing with highly
nonlinear responses, the bistability studies in Drosophila have been
done using ERG responses with fairly linear dependence on pig-
ment concentrations focusing on pigment level changes [e.g. early
receptor potential (ERP) and late receptor potential (LRP) see 4.4]. Al-
ternatively, the pigment dynamics are quantified using photometric
method measuring either the transmittance (lower transmittance with
higher fM; Stark and Thomas 2004) or the fluorescence (higher fluores-
cence with higher fM; Franceschini et al. 1981; Stavenga 1983). The
correspondence between the sensitivity measurements with ERG and
the photometric measurements have been noticed to be fairly linear
(Tsukahara and Horridge 1977). Furthermore, the visual sensitivity
is affected significantly less in Limulus compared for example to rat
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retina. In Limulus increasing fM to 0.5 lowers the maximum sensitivity
no more than 0.7 log units (Tsukahara and Horridge 1977), whereas
the same rhodopsin bleaching in rat lowers the maximum sensitivity
by 3 log units (Weinstein et al. 1967).

For melanopsin, Do et al. 2009 found the single-photon response of
mRGCs to be larger than those of rods and cones, while the macro-
scopic response was found to be smaller due to sparsity of mRGCs
and low melanopsin pigment concentration. Additionally, the sub-
type M1 is shown to express roughly at least one order of magni-
tude more melanopsin compared to the other mRGC subtypes (M2,
M3, M4, M5, see review by Schmidt et al. 2011). M1 subtypes have
higher sensitivity for light, the non-M1 subtypes most likely function
more as “relay cells” for rod and cone signals. The quantification of
melanopsin bistability from downstream response such as PLR is fur-
ther complicated by the noticed similarity between photoresponses
of L-cone and rod photopigment (Kefalov et al. 2003), and S-cone
and rod pigment (Shi et al. 2007). The differences in gain and ki-
netic mainly being modulated by the downstream phototransduction
proteins (Makino et al. 2003; Krispel et al. 2006), and furthermore the
post-receptoral retinal cells (e.g. Fain et al. 2001; Burns and Arshavsky
2005).

In conclusion, optimally one would have a method of directly mea-
suring the changes at each step of the NIF phototransduction cascade
from photopigment concentration changes via photoreceptor output
to the downstream nuclei (olivary pretectal nuclei, in the case of PLR)
and the resulting pupillary light response (for future methodology
predictions, see Section 6.5). Based on the information reviewed, the
results obtained in the study Mure et al. 2009 and in Section 5.2 could
in theory be interpreted in multiple ways, and the approach of using
sustained pupil response very likely do not reflect the pigment-level
changes being unsuitable for quantifying melanopsin bistability.

6.2 paradigms to test the melanopsin bistability

General frameworks are presented in the following subsections in
regard to practical experimental design are briefly outlined.

6.2.1 Bistable response modulation

Probably the simplest scheme to test the bistability of a given pig-
ment system is to employ the design used for example in Lisman
and Sheline 1976, and then further adapted for human PLR by Mure
et al. 2009. The effect of an “Adaptation” light (Figure 88) to “Test”
light is studied using the “Reference” as the control for the observed
response. In the example case (Figure 88) the “Test” and “Reference”
are chosen to be 460 nm corresponding to the maximum pigment shift
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Figure 88: Response modulation test paradigm. The effect of the Adapta-
tion stimulus is determined by comparing the difference between
the Reference and Test stimulus as done for example by Lisman
and Sheline 1976 and Mure et al. 2009. The optimal response to
be studied depend then on the available resources and the model
organism.

in a melanopsin system assuming the R state peak of ~480 nm and
M state peak of ~590. The “Adaptation” light wavelength can span
from maximum R → M activation (highest fMe, i.e. 460 nm) to mini-
mal R → M activation occurring when the equilibrium spectrum has
the lowest values (i.e. with melanopsin system � 620 nm). The two
extremes combined with a “neutral” dark allow the possible extreme
values to be measured, the addition of intermediate wavelengths (be-
tween 460 nm and 620 nm) increasing the spectral resolution. Note
that the maximum and minimum responses of the bistable pigment
system do not match the peaks of the R and M states as shown in
4.3.3 and in Section 5.5.

Lisman and Sheline 1976 studied the early receptor potential (ERP,
4.4.1) of Limulus, the ERP known to have a linear dependence on pig-
ment shifts, whereas Mure et al. 2009 used the sustained response
of PLR (3.2.2) assuming that it reflects melanopsin-only response to
the measured PLR. In the former case, the obtained equilibrium spec-
trum (4.3.3) expresses the amount of relative pigment concentrations
(R and M states), whereas in the latter case the measured equilibrium
spectrum is more indirect measure of the photopigment dynamics in
response to the “Adaptation” light complicating the interpretation of
the results (see 5.2.4 and Section 6.1).

6.2.2 PDA Suppression

For mammalian melanopsin studies, an improved method in study-
ing the bistability would be to quantify the PDA suppression as a
function of wavelength and intensity as done in an unpublished study
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by Qiu and Berson 2007 (and see discussion in Do and Yau 2010). The
basic idea of the paradigm is to induce a strong PDA (4.4.4) charac-
terized by a persistent pupil constriction long after the light offset
(see Figure 20, Newsome 1971), and study the light-dependent “shut-
off” of the persistence with many different wavelengths for spectral
sensitivity derivation (Figure 89). In invertebrate bistable systems it
is possible to suppress the induced PDA in a wavelength-dependent
manner (see 4.4.4). The spectral sensitivity of the PDA induction have
shown to correspond the R state sensitivity, and the PDA suppression
spectral sensitivity of the M state sensitivity.

In vertebrate photoreception, no significant “PDA suppression”-
like phenomenon have been shown, thus the demonstration of light-
dependent fast return of depolarization to baseline level would offer
strong evidence for the melanopsin bistability. It is possible that hu-
man PLR is “too many” synapses away from the pigment-dependent
PDA suppression complicating the quantification of melanopsin bista-
bility for example due to chromatic interactions for PLR (3.3.3). Mea-
surement directly on a mRGC level (in vitro multielectrode array for
example in Zhu et al. 2007) or the measurement in the olivary pre-
tectal nucleus (OPN, see Allen et al. 2011 in mice and Clarke et al.
2003b in monkeys) wouldoffer a more direct estimate of the “bistable
modulation” of the melanopsin photopigment.

Furthermore, it could be hypothesized that the bistability or the
lack of it in melanopsin phototransduction could be shown with sig-
nificantly shorter experiments compared to the long dark periods and
long light pulses needed in the study of Mure et al. 2009. In the
study of Newsome 1971, “PDA-like” pupil constriction persistence
was found in light pulse durations longer than 1 second as long as
the light intensity was high. Additionally if one assumes that mela-
nopsin could be regenerated with long wavelength light, there would
be no need for the long dark adaptation [45 minutes used in Mure
et al. 2009 ensuring maximum dark adaptation of the rod photorecep-
tors (Reuter 2011)]. Intense long wavelength light (� 620 nm) would
in theory shift all the melanopsin pigment to the R state, the exact
kinetics of the process requiring further research. One could further
assume that the contribution of the rod and cone photoreceptors at
high light intensities would be non-significant (McDougal and Gam-
lin 2010) independent of the initial pigment concentrations (Mahroo
and Lamb 2004).

The length of “Control period” in Figure 89 would require some
experimental optimization as there is evidence for initial pupil dila-
tion at light offset followed by recontraction (“pupil persistence”) as
shown in Figure 20. The “Suppression period” with M → R could
be timed to occur after the pupil recontraction when a rough equilib-
rium in pupil persistence is reached. The short period of experimental
condition would also allow the averaging of PLR waveforms improv-
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ing the quality of pupil recordings given the possible intra-individual
variability in human PLR (Tryon 1975; Semmlow et al. 1975; see 5.1.2).

6.2.3 Anti-PDA

There is an “invisible phenomenon” in bistable pigment system termed
as anti-PDA (see 4.4.4). The anti-PDA is characterized by a refractory
period between two PDA-inductive stimulus (460 nm Reference and
Test in Figure 90) during which the PDA has a lower amplitude in
response to the second R → M stimulus (Test in Figure 90). The de-
pendence of anti-PDA on stimulus amount and decay period was
shown previously in Figure 41, with currently no information avail-
able of anti-PDA behavior for the melanopsin system to the author’s
knowledge. The exact mechanism of the anti-PDA is not known either
in invertebrates, and it was suggested to be caused by photoreceptors
loaded with arrestin (Stavenga and Hardie 2010), and the arrestin
translocation in microvilli () which is not the case with melanopsin-
containing RGCs that does not have similar structure.

In practice, anti-PDA would have implications for rapidly pulsed
light stimuli such as in the protocol used by Fontaine and Hébert 2011

(the effect of 3 ms of blue light, 11 ms of red light for heart rate) in
which one could hypothesize that the decay of mRGC responses (see
Figure 13) is shortened if the anti-PDA behavior is significant in me-
lanopsin photoreception. However, one could assume that the cone
drive for transient stimuli would increase (Lall et al. 2010; Zeitzer
et al. 2011) complicating the analysis of melanopsin contribution of
the given NIF response. Furthermore, if the transition from inactive
R state (Ri) to active R state (Ra) represents the anti-PDA in the mod-
eling framework illustrated in Figure 47, one could assume that the
light would have no effect on the anti-PDA decay time (Figure 90B),
it being rate-limited by Ri → Ra. In other words, the long wavelength
stimulation (M → R) could not potentiate this step while short wave-
length stimulus (R → M) would amplify the anti-PDA.

6.2.4 PDA Facilitation

The last PDA-related phenomenon is the least understood phenomenon
termed the “PDA facilitation” (discussed in 4.4.4). PDA facilitation is
characterized by the opposite behavior to the anti-PDA so that the
subsequent stimulus (“Test” in Figure 91) identical to the first stim-
ulus (“Reference” in Figure 91) induces a larger PDA than the first
one (Hillman et al. 1976). The facilitatory effect is however only seen
with experimental lights that do not shift the pigment “too much”
[R → M stimulus transferring 14% ( fMe = 0.14) of the pigment to
the M state used in Hillman et al. 1976]. The “Refractory period” in
Figure 91 refers to the protocol used in Hillman et al. 1976 (see also
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Figure 89: PDA suppression test paradigm. Maximum PDA is induced by
the peak wavelength of the equilibrium spectrum (max{R → M},
with melanopsin λmax~ 460 nm derived by Mure et al. 2009), fol-
lowed by the PDA suppressing light. The PDA suppression in
invertebrate system is modulated by the M → R pigment shift,
thus the observed spectral sensitivity should be slightly long
wavelength-shifted from the M state spectral sensitivity as there
is some “canceling” of the M → R pigment shift by the overlap
of R and M sensitivities at peak spectral sensitivity of the M state.
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Figure 90: Anti-PDA test paradigm. (A) Dark protocol for quantifying
the anti-PDA decay time. (B) Protocol for testing the light-
dependence of anti-PDA decay. With melanopsin there is no ev-
idence for anti-PDA, thus one should derive the time course of
the anti-PDA as a function of light intensity, light duration and
“light amount” (I × d).
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Figure 91: PDA facilitation test paradigm. Identical light pairs are chosen,
inducing varying fMe values. Based on invertebrate model (Hill-
man et al. 1976), “PDA facilitation” should be seen with “not-too-
high” fMe values [ fMe~0.14 in Hillman et al. 1976]. The refractory
period should be long enough to ensure that the first PDA has
completely decay.

Figure 42) so that the PDA was let decay completely before deliver-
ing the second light stimulus. As the mechanism of PDA facilitation
is unknown even in invertebrates, it is hard to predict the behavior
with melanopsin, and the fMe threshold could be very different or the
phenomenon could be simply non-existent with melanopsin. PDA Fa-
cilitation was modeled in Öğmen and Gagné 1987 to arise from the
antagonistic component to the “light drive” that decays at a different
rate than the actual pigment states explaining this underlying latent
nonlocal process.
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6.3 ecology and atmospheric modeling

One could hypothesize that the two-peak bistable melanopsin pig-
ment system could be exploited in tracking environmental spectral
changes occurring during the day, and even during the year (for re-
views on visual ecology and evolution of opsins, see e.g. Lythgoe
1984; Arendt 2003; Peirson et al. 2009; Davies et al. 2010). Conceptu-
ally similar two-opsin (both opsins co-expressed in the same photore-
ceptor with λmax ~ 495 and 430 nm) system is employed in the parietal
eyes of lizards (Solessio and Engbretson 1993; Solessio and Engbret-
son 1999; Su et al. 2006) which unlike the post-receptoral color op-
ponent system of humans (2.3.4) have the opponency directly at the
photoreceptor level. Although the exact behavioral function of this
opponent mechanism in lizards is not known, it has been proposed
to work as a “twilight detector”, detecting the spectral changes of
environmental light upon dawn and dusk (Solessio and Engbretson
1993).

The spectral power distribution (SPD) of the environmental light
can be roughly composed into direct sunlight, blue skylight and the
diffused light from clouds. The surface temperature of the sun is
roughly a constant ~6’500 K throughout the day and year, and changes
its spectral appearance are due to the atmospheric filtration (Okuno
2008; Pavlov and Pavlova 2010). The sun light scatters in the atmo-
sphere due the presence of aerosols, small particles or droplets [e.g
smog (Jacovides et al. 2000)] suspended in the air. The scattering from
air-suspended molecules is stronger for blue light than for red light
(Rayleigh scatter, see for example 5.3.2.4 ocular media), thus making
the sky look blue and the sunset red (Petty 2006; Kerola 2006). The
cloud cover reduces the overall light intensity reaching the earth and
increases correlated color temperature (CCT) attenuating the long
wavelength light more (Hernández-Andrés et al. 1999; Rozanov and
Kokhanovsky 2004).

The spectral power distribution during the day is more or less con-
stant being influenced by moving cloud cover and fluctuating parti-
cle concentrations in the atmosphere, while the largest changes in
environmental light spectrum occurs during dawn and dusk (Fig-
ure 92). As the solar elevation decreases from +20° to –20° (sunset),
the downwelling irradiance is first relatively spectrally neutral, then
long-wavelength dominated, followed with short-wavelength domi-
nation, and then either spectrally neutral or long wavelength domi-
nated depending on the presence or absence of the moon (i.e. white
to red to blue and then back to white or red, as perceived by hu-
mans). The intense blue of skylight during nautical twilight is not
due to the wavelength-dependent Rayleigh light scattering, but to
the absorption by ozone (Hulburt 1953; Rozenberg 1966). In addition
to its strong absorption at ultraviolet wavelengths, ozone also has a
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broad absorption band in the visible, known as the Chappuis Band
(see discussion in relation to visual ecology in Lythgoe 1984).

The same pattern in opposite order occurs at sunrise (Johnsen et al.
2006; Pavlov and Pavlova 2010), and upon moonrise and moonset,
given that the moonlight is reflected sunlight (Johnsen et al. 2006;
Sweeney et al. 2011). At temperate and tropical latitudes, the rate of
solar and lunar elevation change near the horizon is approximately
1° every 4–6·min (determined using US Naval Observatory tables Of-
fice). Thus, these intensity and spectral changes occur over a period
of 2.5–4·h, with the central 20° range that exhibits the largest changes
occurring in 80–120 min.

Recently, Johnsen et al. 2006 extended the previous studies (Mc-
Farland et al. 1999; Rickel and Genin 2005) for twilight and noctur-
nal light perception in animals with environmental twilight spectral
measurements. Previously, in terrestrial invertebrate and vertebrate
species twilight shifts in irradiance spectrum have been shown to be
physiologically relevant to visual activities such as foraging (Kelber
et al. 2002; Roth and Kelber 2004). In the study, star and moon-free
night spectra was found to be composed primarily of airglow (emis-
sion spectra of the various molecular components of the upper atmo-
sphere) and zodiacal light (sunlight scattered from the dust in the
plane of the solar system; Leinert et al. 2004; Benn and Ellison 1998).
The stars were found to contribute approximately 23-33% of the to-
tal irradiance, the average star emission spectrum taken from Mattila
1980.

This study was followed by the study by Sweeney et al. 2011 on
the twilight spectral dynamics on coral reef invertebrate spawning re-
sponse. The twilight light spectrum was measured and used for mod-
eling the optimal dichromatic visual system discriminating twilight
spectrum, the resulting optimal photosensitivity peaks being found
to be at 434 nm and 546 nm (compare the peak spectral sensitivities
of bistable pigment systems reviewed in Hillman et al. 1983).

Furthermore, the late twilight color was found to be relatively un-
altered by intermittent cloud cover, the twilight mainly originating
from sub-horizon sunlight scattering at the altitude of ~40km (Bohren
and Clothiaux 2006), the cloud cover being significantly lower. The
measured underwater (on a coral reef) twilight spectrum was found
to be similar to terrestrial spectrum, demonstrating similar twilight
blue-shift in the absence of long-wavelength-shifted moonlight (in
comparison to direct sunlight).

Somewhat counterintuitive finding was that the best design pro-
posed by the authors (Sweeney et al. 2011) for optimal light detec-
tor design was an “a broad, unobstructed sheet of photoreceptive
tissue” like that present in corals, sea urchins (Millott 1976), and
in mammalian eyes with melanopsin forming a photoreceptive non-
directionally sensitive net (Provencio et al. 2002). The angular reso-
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lution (acuity) impeding the organism to distinguish colors as there
is a trade-off between packing the photoreceptive organ with only
one photoreceptor class (high angular resolution) and photoreceptors
with varying spectral classes for color perception (Land and Nilsson
2002). Furthermore it was pointed out by Sweeney et al. 2011 that
any organisms that may be using these phenomena as cues must per-
ceive the color of ambient light rather than the colors of objects in a
scene, in other words the organism must lack a color constancy mech-
anism such as the one found in humans (Foster 2011a; Ratnasingam
et al. 2011). That is, the visual system used for this task must lack an
“auto white-balance” (Rastislav 2008) function to account for changes
in background illumination when perceiving colors. A visual system
like this has already been postulated for organisms that maintain po-
sition in an isolume in the pelagic ocean, and would require many
of the same characteristics were hypothesized for observing twilight
color (Nilsson 2009).

In addition to the “natural” spectral changes in environmental light,
the artificial lighting red-shifts the airglow (e.g. 589.0 and 589.6 nm
narrow spectral lines from low-pressure lamps), the exact magnitude
shift depending on the light sources used, see for example Elvidge
et al. 2010. This opposite spectral shift is possibly affecting twilight-
sensitive species, along with possible changes in light polarization
“invisible” to humans (Horváth et al. 2009; Kyba et al. 2011b). Most
of the light pollution studies have concentrated on cloudless skies as
it is the most relevant in astronomic contents (Smith 2009), but there
is recent evidence for the amplification effect of cloud coverage to
ecological disturbances caused by artificial light pollution (Kyba et al.
2011a).

6.3.1 SMARTS2 Simulation

The effects of diurnal changes in environmental light spectrum on
bistable melanopsin responses was modeled here using the SMARTS2

model (Gueymard 2001). SMARTS2 is intended for a variety of ap-
plications requiring higher resolution and more flexible estimates of
spectral irradiance than the standard ASTM/ISO terrestrial spectra
(ASTM 1987), these application include for example in daylighting
(Henderson and Hodgkiss 1963; Chain et al. 2001; Pechacek et al.
2008; Andersen et al. 2008; Stokes et al. 2008; Iversen et al. 2012), and
in solar energy applications (Gueymard 2004). The algorithms used
by SMARTS were developed to match the output from the MOD-
TRAN (Berk et al. 1987) complex band models within 2%. The algo-
rithms were implemented in compiled FORTRAN code (source avail-
able from: NREL’s website) with a graphical user interface provided
for Microsoft Excel. The model comes with ten different reference
atmospheres, consisting of different vertical profiles of temperature,
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Figure 92: SMARTS2 (Gueymard 2001) simulation with six different refer-
ence atmospheres used (Anderson et al. 1986). The first row
shows the light spectrum as a function of zenith angle (sunset
0 to midday 90, the 90 to 180 being the same with an inverse
pattern), thus normalizing the differences in daylength. The used
irradiance type was Diffuse Horizontal irradiance (W·m-2)
with circumsolar set ON to simulate a radiometer (see full in-
put file in B.5.1). The second row shows the color temperature
(CCT) variation. The third row shows the “meta-melanopsin” fMe

fraction (see 4.2.1). The irradiance was converted for photon flux
for fMe calculation. It can be seen that the light spectrum on av-
erage is constant during the day with very rapid changes upon
dawn (similar in dusk but not shown).

pressure, and of the concentrations of the main atmospheric gases
(Anderson et al. 1986).

The results of a simple simulation are shown in Figure 92 (see B.5.1
for parameters used) with six different reference atmospheres. It can
be seen that the time windows for spectral changes upon dawn and
dusk, the largest changes occurring with the “Arctic Winter” atmo-
sphere. The higher the correlated color temperature (CCT), the higher
the R state activation thus higher the amount of melanopsin in M state
( fMe, see 4.2.1). The blue-shifted twilight (higher CCT, see 6.3 above)
should therefore prime the melanopsin system to have a lower respon-
siveness (higher fMe) for subsequent light stimulus, and red-shifted
twilight to potentiate (or ensure maximum responsiveness if all the
melanopsin is already regenerated to R state during the night) the
melanopsin system for subsequent light stimulus.

6.3.2 Personal NIF dosimetry

Instead of measuring the physical environmental light changes, it is
often more valuable to obtain naturalistic estimates on light exposure
received by people which is referred in this subsection as “personal
NIF dosimetry” in the absence of a standardized term (Teikari 2006b;
Rea 2011a). Typically the naturalistic light exposure has been mea-
sured using a wrist-worn actimeter (Savides et al. 1986; Campbell
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et al. 1986; Koller et al. 1993; Tamura and Iwata 2001; Heil and Mathis
2002) which have been argued not to correlate that well with the ac-
tual light exposure received by the eyes of the individual (Cole et al.
1990). For a comparison of commercial actimeter-based light dosime-
try devices see the review by Price et al. 2012. For comparison, similar
approach has been taken to quantify naturalistic light exposure expe-
rienced by flies (van Hateren 1997, see insect visual system in Section
4.1).

The new generation of personal light dosimeter have increased the
number of spectral bands instead of the photopic V(λ)-based single
channel light intensity (defined in lux) sensors including RGB sen-
sor actimeters (Thorne et al. 2009; Santhi et al. 2011), a RGB dosime-
ter (with additional ultraviolet and near-infrared channels) placed on
spectacles (EUCLOCK, LightWatcher, Kolodyazhniy et al. 2011); and
two-channel approaches including one photopic and another “circa-
dian” channel as implemented in LichtBlick/LuxBlick system (Hubalek
et al. 2006; 2010), and in Daysimeter (van Derlofske et al. 2002; Bier-
man et al. 2005; Rea et al. 2008; Rea 2011a).

Additionally, the inclusion of multiple spectral bands allows in the-
ory the reconstruction of full light spectrum from sensor data (López-
Álvarez et al. 2007; Ratnasingam and Hernández-Andrés 2011). In fu-
ture, full spectrum estimates could be obtained using smart phones
containing cameras simply by placing a light-dispersing grating on
top of the lens as done by Chu et al. 2011. The use of smart phones in
scientific contexts is emerging trend (Want 2009; Evanko 2010; Pavlou
and Diamandis 2011) as employed also in ophthalmic applications
quantifying refraction errors (Pamplona et al. 2010), cataract severity
(Pamplona et al. 2011).

6.4 practical lighting implications

With the recent emergence of solid state lighting use in general light-
ing such as light emitting diodes (LEDs; Rea 2010; Tsao et al. 2010

Haitz and Tsao 2011) and organic LEDs (OLEDs; So et al. 2008; Reineke
et al. 2009; Leo 2011), the flexibility and controllability of general
lighting have improved significantly. The control of spectral power
distribution (SPD), spatial distribution, color temperature, temporal
modulation, and polarization properties is a lot easier than with con-
ventional light sources (Schubert and Kim 2005). It is possible to dy-
namically control the color temperature of the LED (Su and Lu 2009;
Lo et al. 2011; Oh et al. 2011; ) allowing dynamic stimulation of the R
and M states (thus a dynamic fMe) in a similar fashion as employed
in “non-NIF” lighting (Izsó 2009; Izso et al. 2009; Moeller et al. 2011)
and in horticultural lighting (Pinho et al. 2011).

The recent advances in LED technologies have improved the LED
color rendering capabilities (Ohno 2005; Smet et al. 2011) suiting bet-
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ter for general lighting purposes with little adverse health effect in
practice (Behar-Cohen et al. 2011; Wilkins et al. 2010). Given the small
size of the LEDs, it is also possible to provide the light stimulus in a
novel way (Kim et al. 2010), for example placing a LED directly on a
contact lens (Lingley et al. 2011). For more energy-efficient lighting,
more advanced lighting control schemes have been proposed (Clau-
dio 2009; Bhardwaj et al. 2010; Hutchison et al. 2010; Lohr 2012), in-
cluding an internet address for every light bulb (Butgereit et al. 2011),
that could be integrated into one “smart lighting” scheme including
the spectral and intensity modulation for the “NIF system”.

6.4.1 Implications of aging ocular media

The implications of ocular media filtration in general (2.2.3) and for
the non-image forming system were already discussed previously
(Section 5.3). Some practical conclusion can be further derived for
architectural lighting practice in relation to recent trend in using high
color temperature lighting to improve “human health” (Rea et al.
2002; Boyce 2006; van Bommel 2006; Veitch 2008; Rea et al. 2010; Bellia
et al. 2011a; Andersen et al. 2012). The special consideration for aged
individuals has been a part of “standard” lighting design practice
(Schierz 2011) with a general tendency to be increase lighting levels
for elderly to ensure optimal visual performance (Boyce 1973; Boyce
2003; Cheng et al. 2012).

Figure 93 shows an simulation of the effect of ocular media filtra-
tion on typical fluorescent light spectrum. The fluorescent lamp with
correlated color temperature (CCT) of ~4 000 K [color rendering in-
dex (CRI) ~80 thus model number of 840) was chosen to represent
the generic office lighting, to be compared to high color temperature
“blue-enriched circadian lights” from Osram (Skywhite CCT = 8 000

K) and Philips (ActiViva, CCT = 17 000K). The ocular media was sim-
ulated using the model defined by van de Kraats and van Norren
2007a using ages 25 and 65 in Eq. (62). The color temperatures for
the measured in situ light spectrum and simulated ocular media fil-
trated light spectra were calculated using the analytical definition by
Hernández-Andrés et al. 1999 instead of the older geometrical model
of McCamy 1992.

The “meta-melanopsin” fraction fMe was calculated first transform-
ing the irradiance defined in energy to photon density so that all
the fluorescent spectra had the total photon density. Then the rela-
tive rate constants kR and kM were calculated from the light spectrum
(Eq. (16)) which were used to derive the fMe using the Eq. (19). The
NIF-response was calculated by weighing the nomogram of Govar-
dovskii et al. 2000 with a λmax= 482 nm (β-band included) as the
action spectrum. The definition of Enezi et al. 2011 was not used as
all the light spectra were in normalized units, and the highest “nomo-
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gram response” (unfiltered in situ 17 000 K light) was then normalized
to unity and then all the other relative NIF responses were in relation
to this. It should be noted that the obtained NIF-responses in linear
units might be hard to link to specific responses, and they should be
interpreted more as rough estimates of “melanopsin stimulation”.

The simulation shown in Figure 93 demonstrates a significant at-
tenuation of the short wavelength peaks of the fluorescent spectra
especially with the high color temperature fluorescent lamps. This
reduction of short wavelength peak has a clear effect on the “retinal
color temperature” normalizing the differences between difference
light spectra especially for the 65 yr. old observer. Similarly melanop-
sin responses were reduced, more melanopsin pigment remaining in
the photoresponsive R state (lower fMe) in the equilibrium state ac-
companied with lower NIF values.

The effects of “blue-enriched light” have been addressed in nu-
merous recent studies in an attempt to provide the companies sell-
ing arguments for their lamps [e.g. Philips ActiViva, 17,000 K (Mills
et al. 2007; Viola et al. 2008; Francis et al. 2008; Revell et al. 2010;
Rautkylä et al. 2010; Mottram et al. 2011; Gordijn et al. 2012); and
Osram Skywhite 8000 K (Gall and Bieske 2004; Figueiro et al. 2006;
Vetter et al. 2011)]. The studies have yielded mixed with yet no estab-
lished supremacy for the blue-enriched lighting for the NIF system.
With similar hopes, the blue-enriched lighting have been used in aged
population (e.g. van Hoof et al. 2009; Lederle 2010 ; Morgan 2011).

Confusingly, the national German standardization organization DIN
(Deutsches Institut für Normung) adopted a “circadian sensitivity
function” C(λ) (Lang 2011) with a λmax based on the retinal action
spectra for melatonin suppression derived by Brainard et al. 2001;
2008b. The C(λ) was designed to be used similarly as V(λ) (Stockman
et al. 2008; Sharpe et al. 2010) to quantify the visual efficacy of light
sources. The inclusion of ocular media especially the observed reti-
nal sensitivity of the 460 nm would shift considerably towards longer
wavelengths, accompanied with the mathematical “trick” of fitting
the nomogram for logarithmic suppression values (Foster 2011b) and
obtaining roughly a ~20 nm shift towards longer wavelengths around
the proposed 480 nm peak sensitivity of melanopsin (2.4.2). Further-
more, the measured action spectrum of melatonin suppression seems
to be fitted poorly by a nomogram implying an involvement of mul-
tiple photoreceptors for the melatonin suppression (e.g. Gooley et al.
2010) violating the principle of univariance (Naka and Rushton 1966;
Stockman et al. 2008).

van Hoof et al. 2009 compared the effects of 2,700 K and 17,000 K
fluorescent luminaires in institutionalized older people with demen-
tia. They measured the variation of color temperate at the eye level in
real-life settings as a combination of the luminaires and daylight dur-
ing the day. For the 2,700 K condition, the color temperature varied
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Figure 93: Light source simulation with aging ocular media. The properties
of three different fluorescent lamp spectra [4,000K at top (generic
840), 8,000K in middle (Osram Skywhite 880) and 17,000 K at the
bottom (Philips Activiva)] were compared with three different
levels of ocular media filtration [in situ light spectrum, 25 yr old
lens media filtered, 65 yr. old lens media] using the ocular media
model of van de Kraats and van Norren 2007a for 25 yr. and 65 yr.
standard observers. Observing the simulations, it is clear that the
phosphor used around ~435 nm to increase the color temperature
(CCT) of the lamp is significantly attenuated in the ocular me-
dia. This attenuation has a significant effect on the “retinal color
temperature”. Similarly, the increased filtration with age reduces
the melanopsin response defined both as “meta-melanopsin” fMe

and arbitrary “NIF-response” using the Govardovskii et al. 2000
with a λmax= 482 nm and β-band included as the action spectrum.
The spectra were normalized for display to have a peak at unity
while the calculations were done for normalized photon density.
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between 2,800 and 3,460 K with peaks up to well over 8,000 K. The
17,000 K condition had a mean range from 7,400 to 8,400 K with maxi-
mum values of 11,500 and 12,500 K. Furthermore changes in ambient
temperature was estimated to be able to cause deviation of 0.005 in
CIE XY coordinates corresponding to color temperature shifts up to
2,000 K (see for example for fluorescent technology Thorington 1950;
Franz et al. 1989; and Kang 2006 for CIE colorimetry).

The higher color temperature was actually found to worsen the ob-
served behavioral problems in the institutionalized elderly. This was
not in contrast with previous finding of “reseting” of high color tem-
perature preference in the demented elderly, compared to normal el-
derly who preferred high color temperature lighting over lower color
temperature (Ishi and Kakitsuba 2003).

There are additional problems using the CCT to predict the NIF re-
sponses of light. Correlated color temperature is defined using the
corresponding color perception on a Planckian locus (Kelly 1963)
based on the electromagnetic blackbody radiation spectrum (Boyer
1969), thus the equivalent correlated color temperature is obtained
with various CIE XY coordinates (metamery, e.g. Díaz et al. 1998).
The phenomenon is illustrated in 94 using the Philips ActiViva flu-
orescent lamp with a CCT of 17,000 K and a synthetic light source
with a smooth quasi-Gaussian spectral power distribution (SPD). The
smooth synthetic light source behaves is less affected by the ocular
media filtering in regard to CCT and the melanopsin responses due
to the pronounced filtering of the short-wavelength peak of ActiViva.
This highlights the importance of ocular media filtering even in the
practical lighting design. The observed ambiguity in using a scalar
CCT is similar to the problem of using photometric lux to predict hu-
man (Anderson et al. 2009) and animal NIF responses (Bullough et al.
2006), complicating the interpretation of studies comparing different
color temperature lighting and physiological responses (e.g. Deguchi
and Sato 1992; Morita and Tokura 1996; Noguchi and Sakaguchi 1999

Yasukouchi et al. 2000; Kozaki et al. 2005; Yasukouchi and Ishibashi
2005)

Combining the findings on daylight, the environmental reflectance
variation (color of walls, furniture, etc), the ambient temperature in
the study of van Hoof et al. 2009, and the ocular media simulations
one could argue that the differences in theoretical NIF-simulations
would be canceled out in real-life settings. Furthermore, the large
“real-life” variations even of engineered lighting systems and aging
ocular media filtering (see Figure 95 for simulation of R and M state
sensitivities and the bistable action spectra applying the same lens
media corrections as above for Figure 93, for calculation see 4.2.1)
could also be argued to have also an impact on lighting design op-
timizing putative “bistable responses” by manipulating the spectral
content of the light sources. The theoretical optimization of R and M
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Figure 94: The effect of ocular media filtering on two different light spectra
with roughly the same correlated color temperature (CCT) de-
spite the large differences in spectral shape. The synthetic light
source (below) is affected by less the ocular media in regard to
CCT and the melanopsin metrics. Derivation of the graph identi-
cal to Figure 93.
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Figure 95: Effect of ocular media for bistable action spectra. (Above) Spec-
tral sensitivities of the R and M state (retinal λmax,R = 482 nm
and λmax,M = 587 nm) filtered with the model lens media of 25 yr
old (solid line) and 65 yr old (dashed line) “standard observer”
(van de Kraats and van Norren 2007a). (Below) The correspond-
ing bistable action spectra with ocular media filtration. See Sec-
tion 4.3 for explanation of the bistable spectra, and Figure 37 for
the plot of retinal sensitivities of the same spectra.

state stimulation would most likely be eliminated in practice, exclud-
ing settings such as NASA space programs (Mallis and DeRoshia
2005), where strict control of lighting geometry and gaze control is
possible.

6.4.2 Implications on architectural lighting design

In the field studies of the “non-visual lighting” and its effect on well-
being (e.g. Bellia et al. 2011b), very rarely are the psychological (Heer-
wagen and Heerwagen 1986; Veitch 2001) and aesthetic (McVay et al.
1995; Schell et al. 2011) aspects addressed that might be counteract-
ing the physiological effects of the hypothesized “non-visual” effects.
An example of psychological “rule-of-thumb” theory in lighting de-
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sign is the Kruithof’s rule (Kruithof 1941) stating that people tend
to prefer psychologically warmer color temperatures with lower il-
luminances, the preference being reversed for higher color tempera-
tures as illuminance is increased. Additionally, there is some evidence
of seasonal (Ishi and Kakitsuba 2003), gender (Knez 1995; Knez and
Kers 2000; Knez 2001) and age variation (Ishi and Kakitsuba 2003) in
Kruithof’s rule. Recently Kruithof’s rule was revisited with LED light-
ing in regard to mRGCs as well and their contribution to luminance
perception (Viénot et al. 2009; see also 2.4.10). The psychological pref-
erence for certain color temperatures might artifact the results from
field studies when in moderate light intensities the ambient light is
switched from warm to cool, possibly being experienced unpleasant
by the subjects (for such changes, see for example the studies of Viola
et al. 2008; Rautkylä et al. 2010; Mottram et al. 2011; Gordijn et al.
2012).

In respect to color psychology, some evidence suggest that red light
can be more stimulating than blue light (Stone 2003; Hill and Barton
2005), opposed to what one would expect from more “physiological”
studies such as Lockley et al. 2006; Vandewalle et al. 2007a; Figueiro
et al. 2009. Additionally, the perception of red color prior a cognitive
task have shown to impair the performance (Elliot et al. 2007; Mehta
and Zhu 2009) roughly in accordance of the blue-preference of NIF
literature (Vandewalle et al. 2009).

There is evidence also for color preference in laboratory animals,
one report demonstrating the preference for white cage in mice with
the least preference for red cage (Sherwin and Glen 2003). Another
study done in gorillas and chimpanzees (Wells et al. 2008), demon-
strated that the apes showed significant color preferences, paying sig-
nificantly less attention to the red, than to the blue or green colored
stimuli. With animal studies, there is an added complexity of inter-
preting the results due to differences between humans and animals
in emotional processing (Nagel 1974; Paul et al. 2005; Burn 2008),
but results from the animal studies suggest that there might be some
hard-wired color preference.

Finally, in regard to daylight and daylit offices (Galasiu and Veitch
2006; Reinhart and Wienold 2011), there is evidence for daylight pref-
erence even with visual discomfort from glare (Heerwagen and Za-
greus 2005) highlighting the psychophysical experience of our en-
vironments rather than the experience being deducible to an easily
measured terms (Hawkes 2011). According to the “biophilia hypothe-
sis” introduced by Wilson 1984, humans have an intrinsic tendency to
affiliate with life and life-like processes, partly explaining the strong
emotional responses to aesthetic environments as a whole (Zajonc
1995; Hildebrand 1999; Botton 2008; Kellert et al. 2011), rather than to
one optimized parameters such as “circadian efficacy” of lighting for
example (Rea et al. 2010; Lang 2011).
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6.5 future methodology

6.5.1 Adaptive Optics

In recent years, the use of adaptive optics (AO) based systems in
vision science and clinical opthalmologic have increased rapidly (Car-
roll et al. 2011; in biological imaging Pastrana 2011), AO driving a
paradigm shift in how to do ophthalmoscopy and vision science (Ro-
orda 2011). The basic idea of adaptive optics is to correct dynamically
the aberrations of dynamic media to improve the image quality for
example for the correcting the refractive index fluctuations caused by
atmospheric turbulence in ground-based astronomy (Babcock 1953;
Hardy et al. 1977).

The first implementation of adaptive optics system for the human
eye was realized in 1997 by the group of David R. Williams at the Uni-
versity of Rochester (Liang and Williams 1997). In practice the use of
adaptive optics approach allows sharper images to be captured of the
retina (Rossi and Roorda 2010; Yang et al. 2010; Doble et al. 2011), and
spatially precise light stimulus to be delivered even on a accuracy of
a single photoreceptor (Hofer et al. 2005; Vohnsen and Rativa 2011b).
Additionally adaptive optics have been used for example with in vivo

imaging of the retinal pigment epithelium (Morgan et al. 2009), the
outer segment renewal (Jonnal et al. 2010), and three-dimensional vol-
umetric cone imaging (Kocaoglu et al. 2011).

The principle of adaptive optics use in vision research is shown in
96. The wavefront sensor [typically a Shack-Hartman sensor (Liang
et al. 1994), or a novel methods of pyramid sensing (Chamot et al.
2006) and curvature sensing (Gruppetta et al. 2005)] measures the oc-
ular wave aberrations (i.e. the optical distortion caused by the eye).
The waveform corrector (deformable mirrors or liquid crystal spatial
light modulator, see Hampson 2008) corrects the wavefront accord-
ing to the algorithm defined by the AO controller (review of control
methods, see for example Hofer et al. 2001 and Diaz-Santana et al.
2003). Alternatively, the optomechanical setup could be simplified by
replacing the spatial light modulator and lenslet array with numeri-
cal processing based on the principles of digital holography (Liu and
Kim 2011). The correction sampling rate depends on the technology
used, typical values being in the order of typical video sampling rates
(25-60 Hz) with AO scanning laser ophthalmoscope (AOSLO) reach-
ing cone-level eye tracking at frequencies over 1 kHz (Yang et al. 2010;
Lu et al. 2012). For methodological reviews of retinal adaptive optics
systems, one is referred to the reviews by Porter et al. 2006; Hampson
2008; Miller and Roorda 2009; and Vera-Díaz and Doble 2012.

Figure 97 shows a more detailed setup schematic used in the in vivo

study of cone photoreceptor mosaic (Jonnal et al. 2007). The different
light sources allow differential stimulation of different photoreceptor
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Figure 96: Basic layout of an adaptive optics (AO) system for imaging and
vision testing. (Roorda 2011)

classes while the photoreceptor mosaic is recorded with the science
CCD. The pupil camera is included for fixation monitoring purposes,
but in practice could be used also for characterizing pupillary light re-
flex (PLR, see 3) allowing more information to be extracted from the
same experimental session. As in previous studies, the reflectance of
cone pigments (or oscillation of the cone reflectance) to near-infrared
(NIR) was seen to correlate with the amount of bleached cone pig-
ment (Rha et al. 2006; Jonnal et al. 2007; Hunter et al. 2011). One
could suggest that it could be possible at some point to quantify the
conformational states of melanopsin photopigment in the R and in
the M state (see 4). These AO-based findings can be seen as upgrades
of the classical light-evoked IR studying in vitro phototransduction
process (see for example Harary et al. 1978; Hofmann et al. 1976; Pep-
perberg et al. 1988; see also 4.5.3), the measurement now being able
in vivo conditions.

The cone signal scintillation (reflectance originating from the inner
and outer segment refractive index transition, see Gao et al. 2008) in
the study by Jonnal et al. 2007 was shown to occur quickly after the
stimulus onset (5 to 10 ms) with high stimuli strength, the scintilla-
tion lasting roughly 300 to 400 ms. This observed time course was
in accordance with human cone ERG data (Hood and Birch 1995),
supporting the claim that the observed scintillation was linked to the
cone phototransduction. The noticed duration of 300 to 400 ms was
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Figure 97: Layout of the AO retina camera. The camera consists of four sub-
systems, described in the text. Custom dielectric beamsplitters
were designed to reflect and transmit the various light sources,
allowing simultaneous retinal imaging, wavefront correction, and
stimulation without loss or mixing of light. LD = laser diode, SLD
= superluminescent diode, BS = beamsplitter. (Jonnal et al. 2007)
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similar with the previous reported interval (Srinivasan et al. 2006),
while significantly shorter than the previous reports of a duration of
1 - 3 s obtained with optical coherence tomography (Yao et al. 2005;
Bizheva et al. 2006), but the different imaging modality could have
made the comparison not possible.

Furthermore, the change in scintillation was shown to be nonlin-
ear suggesting that the scintillation is not directly due to changes in
concentration of activated opsin, activated G-protein, or phosphodi-
esterase, since these are known to change linearly in response to stim-
ulation (Pugh and Lamb 1993), regardless of whether the scintillation
effect is mediated by scattering or refractive index. Most likely can-
diate for the scintillation source was suggested to be situated within
the cone photoreceptor itself following changes in the the properties
of the outer segment (OS) membrane, or changes in the physical size
of OS due to cell swelling. Photopigment activation was rejected as
an explanation due to the long observed 300-400 ms scintillation pe-
riod, as the photoactivation of rhodopsin molecule is completed in
well under one millisecond (Menon et al. 2001).

In case with studying melanopsin-dependent photoresponses in

vivo in humans, the problem is the low number of mRGCs in hu-
man retina (~1% of all retinal ganglion cells, ~1000 cells, see Section
2.4) and the very low photopigment density being ~4 log units lower
than for rod and cone photopigments (B.3.3). The imaging of gan-
glion cell layer is further complicated by the fact that their reflectance
is roughly 60 times less than that of cones and have a similar refrac-
tive index as the Müller and the amacrine cells (Gray et al. 2006).
Gray et al. 2006 were able to image ganglion cells using retrograde
labeling in monkeys with observed in vivo labeling up to five months.
This long labeling duration is useful in quantifying retinal disease
progression (for example in glaucoma). Additionally functional gan-
glion cells could be distinguished from pathological ones by selective
dye injections into different regions of the lateral geniculate nucleus
(LGN). In the future, adaptive optics could be married with an emerg-
ing “genetic tag” (Siegert et al. 2009; Gollisch and Meister 2010) ap-
proach, in theory allowing different retinal cell types to be studied
and their responses isolated with cell-specific markers reviewed in
next section.

6.5.2 Genetic fluorescent tagging

As reviewed briefly in Gollisch and Meister 2010, it has become pos-
sible recently to genetically tag specific neuronal cell types, including
retinal cell types during development allowing them to be labeled
fluorescently (Siegert et al. 2009). This approach brings various ad-
vantages (Gollisch and Meister 2010), first the specific cell types are
easily found for electrode placement due to fluorescence allowing



238 discussion

even rare cell types to be studied in dedicated fashion (Huberman
et al. 2008), being especially needed for mRGC subtype experiments
(Schmidt and Kofuji 2011a; see 2.4.1). Second, the marking can re-
veal both the shape of the cell, synaptic outputs (Lo and Anderson
2011), and its connectivity with other surrounding cells and brain
projections as done by Fox and Guido 2011 for mRGCs. Third, the ge-
netic tag can be also engineered to be activated and deactivated with
light when wanted (Lagali et al. 2008). Gollisch and Meister 2010 pre-
dicted a future where every retinal cell type would come with a ge-
netic handle but which it could be easily marked and its function to
be manipulated, dissolving also ambiguities in morphological defini-
tions between different laboratories as the cell types would be easily
labeled.

Recently, in a study by Lin et al. 2008 visual sensitivity was restored
as quantified using PLR among other techniques by expressing mela-
nopsin ectopically in the eye, as done earlier also with channelrhodop-
sin-2 (Tomita et al. 2010). Channelrhodopsin (Thyagarajan et al. 2010;
Schoenenberger et al. 2011) have been used with halorhodopsin (Li
et al. 2011) in optogenetic studies (Deisseroth 2011) for creating light-
sensitive neuronal population that would not otherwise show any
light sensitivity, allowing specific switching of neuronal population
as done studying sleep for example (Adamantidis et al. 2010). Ye et al.
2011 utilized melanopsin to create an optogenetic system capable of
secreting glucagon-like peptide 1 in response to light in synthetic
implants for the treatment of diabetes, highlighting the suitability of
melanopsin for optogenetic systems also.

In conclusion for the future, one could want a method able to
measure the melanopsin pigment concentration in vivo in human
eye analogously to existing methods of reflection densitometry with
(Roorda and Williams 1999) and without adaptive optics (Kremers
et al. 2000), ERP (Sieving 1981) and adaptive optics near-infrared scat-
ter (Jonnal et al. 2007) for classical humans photoreceptors, and in

vivo fluorescence measurement of visual pigment concentrations in
fly eye (Franceschini et al. 1981; Stavenga 1983). The photopigment
level could then be combined with electrophysiological techniques in
animals in vivo electrodes placed for example to suprachiasmatic nu-
cleus (SCN) for circadian studies (Meijer et al. 1996; Mure et al. 2007;
Brown and Piggins 2007; Brown et al. 2011b), and for olivary pretec-
tal nucleus (OPN) for pupillary light reflex studies (Pong and Fuchs
2000a; Clarke et al. 2003b; Allen et al. 2011). Methodological advances
both in “ophthalmic optics” and genetic fluorescent tagging hold a
great promise for the future also for melanopsin-related studies.
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TA B L E S A N D C A L C U L AT I O N S

b.1 light

b.1.1 Gaussian spectral power distribution

As briefly reviewed in Section 2.1, spectral power distributions (SPD)
from LEDs, lasers and interference filters among others can be ap-
proximated with good accuracy with the knowledge of peak wave-
length and half-bandwidth [HBW, same as full-width half maximum
(FWHM)], see Eq. (2). The Matlab implementation is given in B.1.

Algorithm B.1 Light SPD as Gaussian-

% sigma / deviation of the gaussian is defined as a function of FWHM

sigma = (FWHM* 2 ) / 2 . 3 5 5 ; % e.g., http://cp.literature.agilent.com/litweb/pdf/5980-0746E.pdf

% create a wavelength vector

lambda = ( xLimits ( 1 ) : xRes : xLimits ( 2 ) ) ’ ;

%% create a GAUSSIAN Spectral Power Distribution (SPD) with the above

%% parameters and lambda

f = g a u s s _ d i s t r i b u t i o n ( lambda , peak , sigma ) ;
SPD = f / max( f ) ; % normalize

%% subfunction for Gaussian distribution

funct ion f = g a u s s _ d i s t r i b u t i o n ( x , mu, s )

% x x vector (i.e. wavelength)

% mu mean / peak nm

% sigma standard deviation

p1 = −.5 * ( ( x − mu) /s ) .^ 2 ;
p2 = ( s * s q r t ( 2 * pi ) ) ;
f = exp ( p1 ) ./ p2 ;

✆

b.2 ocular media corrections

b.2.1 Ocular media (crystalline lens)

The state-of-the-art age-dependent ocular media model has been de-
fined by van de Kraats and van Norren 2007a and reviewed in detail
in 5.3.2.4. The model defines the spectral filtration of the environmen-
tal light in the ocular media due to absorption of crystalline lens and
the Rayleigh scattering occurring on all components of the ocular me-
dia. The Matlab implementation is given in B.2.

The lens density index was calculated by fitting the ocular media
model of van de Kraats and van Norren 2007a to the measured two
data points (410 nm and 560 nm), with only the age as free parameter
(Matlab function fmincon, from Optimization Toolbox) in the model
(Eq. (62)) resulting a “virtual age” estimate of each subject. See main
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Algorithm B.2 Ocular media model of van de Kraats and van Norren
2007a

A = 2 5 ; % age

lambda = (380 : 1 : 780 ) ’ ; % wavelength vector [nm]

o f f s e t = 0 . 1 1 1 ; % spectrally neutral offset (’ND filter ’)

% TRYPTOPHAN

ones273 = 273 * ones ( length ( lambda ) , 1 ) ;
lensMedia . TP = 14 .19 * 10 . 68 . . .

* exp(−1 . * ( ( 0 . 0 5 7 * ( lambda − ones273 ) ) ) .^ 2 ) ;

% YOUNG LENS

ones370 = 370 * ones ( length ( lambda ) , 1 ) ;
lensMedia . LY = ( 0 . 9 9 8 − ( 0 . 0 0 0 0 6 3 * (A .^ 2 ) ) ) * 2 . 1 3 . . .

* exp(−1 . * ( ( 0 . 0 2 9 * ( lambda − ones370 ) ) ) .^ 2 ) ;

% OLD LENS UV

ones325 = 325 * ones ( length ( lambda ) , 1 ) ;
lensMedia .LOUV = ( 0 . 0 5 9 + ( 0 . 0 0 0 1 8 6 * (A .^ 2 ) ) ) * 11 .95 . . .

* exp(−1 . * ( ( 0 . 0 2 1 * ( lambda − ones325 ) ) ) .^ 2 ) ;

% OLD LENS

lensMedia .LO = ( 0 . 0 1 6 + ( 0 . 0 0 0 1 3 2 * (A .^ 2 ) ) ) * 1 . 4 3 . . .
* exp(−1 . * ( ( 0 . 0 0 8 * ( lambda − ones325 ) ) ) .^ 2 ) ;

% SCATTER (for large fields)

o f f s = 0 . 2 2 5 ;
lensMedia . r a y l e i g h S c a t t e r = ( o f f s + ( 0 . 0 0 0 0 3 1 * (A .^ 2 ) ) ) * ( ( 4 0 0 ./ lambda ) .^ 4 ) ;

% TOTAL MEDIA

lensMedia . totalMedia = lensMedia . r a y l e i g h S c a t t e r . . .
+ lensMedia . TP . . .
+ lensMedia . LY . . .
+ lensMedia .LOUV . . .
+ lensMedia .LO . . .
+ o f f s e t ;

✆

text of lens density measurement in 5.3.2.4 for details and Matlab
implementation in B.3.

b.2.2 Macular Pigment

The macular pigment (2.2.3) is situated mainly between the outer
and the inner segment of the classical photoreceptors, thus having
little significance for melanopsin-dependent photoreception as the
light does not pass the macular pigment before being absorbed by
the melanopsin. Spectral profile of nacular pigment absorption is de-
fined analytically by Walraven (2003) (cited by Zagers 2004 and Van
de Kraats 2008) as following (for Matlab implementation see B.4):

MP(λ) = 0.32exp
[

−0.0012 × (436 − λ)2
]

0.32exp
[

−0.0012 × (480 − λ)2
]

0.123exp
[

−0.0012 × (458 − λ)2
]

0.12042exp
[

−0.006 × (457 − λ)2
]

(74)
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Algorithm B.3 Main parts of the Matlab implementation of fitting the
van de Kraats and van Norren 2007a to the lens measurements.

% PSEUDOCODE OF THE MAIN COMPONENTS

funct ion [ templates , v i r tualAges ] = lensTemplate_fromDescriptor ( ages , descr , descrS t r , model ,
lambda , o f f s e t , f i e l d , SPD1 , SPD2 , handles )

% average(i) now is the mean of the "Lens Density Index (NEW)" and the stdev(i) the SD of

that estimate , scaleFactor is the difference of attenuation between used lights (SPD1

and SPD2) for standard observer , this being the rationale of replacing old

definitions of "lens index" which depend on the experimental situations

% Call the subfunction for the fit (i refers to the number of subjects)

templates ( : , i ) , virtualAgesMean ( i , 1 ) , virtualAgesSD ( i , : ) ] = f i t_vanDeKraats_ forDescr ip tor (
average ( i ) , stdev ( i ) , lambda , o f f s e t , SPD1 , SPD2 , compPath , ages ( i ) , s c a l e F a c t o r ) ;

% SUBFUNCTION FOR THE FIT

funct ion [ template , virtualAge , virtualAge_SD ] = f i t_vanDeK raa ts_ for Des cr ip to r ( average , stdev
, lambda , neutrOffse t , SPD1 , SPD2 , compPath , age , s c a l e F a c t o r S t d )

% correct the input average with the scale factor

average = average + s c a l e F a c t o r S t d ;

% define the function for the fitting procedure

f i t F u n c = @( ageOptim ) minimScaleFactor ( ageOptim , average , stdev , lambda , SPD1 , SPD2 ,
neutrOffse t , currDir , compPath ) ;

% define the input age as the initial guess

A0 = age ;

% define optimization parameters

optimOpt = optimset ( ’ fmincon ’ ) ;
optimOpt = optimset ( optimOpt , ’ Algorithm ’ , ’ i n t e r i o r −point ’ , ’ Display ’ , ’ n o t i f y ’ ) ;

% constrain the age

lb = 0 ; % lowest possible age

ub = 8 0 ; % highest possible age

% empty variables for fmincon

A = [ ] ; b = [ ] ; Aeq = [ ] ; beq = [ ] ; nonlcon = [ ] ;

% use the function "fmincon" from "Optimization Toolbox"

ageOptim_mean = fmincon ( f i tFunc , A0 , A, b , Aeq , beq , lb , ub , nonlcon , optimOpt ) ;
✆

Algorithm B.4 Macular pigment absorption

% create the scalar vector needed for vectorized version of the

ones436 = 436 * ones ( length ( lambda ( : , 1 ) ) , 1 ) ;
ones480 = 480 * ones ( length ( lambda ( : , 1 ) ) , 1 ) ;
ones458 = 458 * ones ( length ( lambda ( : , 1 ) ) , 1 ) ;
ones457 = 457 * ones ( length ( lambda ( : , 1 ) ) , 1 ) ;

% create the template

o p t i c a l D e n s i t y = ( 0 . 3 2 . * exp (−0 .0012 . * ( ( ones436 − lambda ) .^ 2 ) ) ) . . .
+ ( 0 . 3 2 . * exp (−0 .0012 . * ( ( ones480 − lambda ) .^ 2 ) ) ) . . .
− ( 0 . 1 2 3 . * exp (−0 .0012 . * ( ( ones458 − lambda ) .^ 2 ) ) ) . . .
+ ( 0 . 1 2 0 4 2 . * exp (−0 .006 . * ( ( ones457 − lambda ) .^ 2 ) ) ) ;

% normalize to unity at 460 nm

mp_density_norm = o p t i c a l D e n s i t y / max( o p t i c a l D e n s i t y ) ;
✆



246 tables and calculations

b.2.3 Humors

used for the humor absorbance the equivalent absorbance of 24 mm
of water as the defined with the tabulated water absorption (Smith
and Baker 1981):

αwater = lpathLength × Ksw
w (75)

where Ksw
w is diffuse attenuation coefficient for irradiance [m-1] for

clear sea water and lpathLength is the distance [m] that the light travels.

b.3 phototransduction

b.3.1 Nomogram

The nomogram defines the shape of the spectral absorption of a pho-
topigment as a function of wavelength λ (see 2.3.2). The state-of-the
art nomogram template is defined analytically by Govardovskii et al.
2000 modifying the previosu template Lamb 1995. The α-band is de-
fined as following for vitamin A1 pigments (mammalian photorecep-
tion):

S(x) =
1

exp [A (a − x)] + exp [B (b − x)] + exp [C (c − x)] + D
(76)

where x = λmax/λ, and b, c, A, B, C andD are constants; A = 69.7,
B = 28.0, C = −14.9, b = 0.922, c = 1.104, d = 0.674. The parameter
a is modified from constant in Lamb 1995 to depend on the peak
spectral sensitivity λmax improving the fit of the template at long-
wave end of the spectrum (x → 0), as following:

a = 0.8795 + 0.0459exp [− (λmax − 300) ²/11940] (77)

The β-band is defined as following:

Sβ(λ) = Aβexp
{

−
[(

λ − λmβ

)

/b
]

²
}

(78)

where λmβ = 189 + 0.315 · λmax and b = −40.5 + 0.195 · λmax. Both
bands are implemented in Matlab in B.5.

The obtained nomogram S(λ) (quantal sensitivity in linear domain)
can be corrected for self-screening effect (2.3.3) as in Matlab (B.6).

where the pigmentDensity is the photopigment density (OD) in
logarithmic units, and the pigmentTransmittance defines how much
the photopigment filters the incoming light. The quantal sensitivity
Scorr(λ) can be transformed to energy sensitivity SE(λ) as following:
(Matlab in B.7)

SE(λ) =
Squantal(λ)

hc/λ
(79)
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Algorithm B.5 Govardovskii’s nomogram (2000)

peak_nm = 4 8 2 ; % desired peak wavelength

lambda = (380 : 1 : 780 ) ’ ; % wavelength vector

% Parameters (alpha -band)

a = 0 .8795 + ( 0 . 0 4 5 9 * exp(−1 * ( ( ( peak_nm − 300 ) ^2) / 11940 ) ) ) ;
b = 0 . 9 2 2 ; c = 1 . 1 0 4 ;
A = 6 9 . 7 ; B = 2 8 . 0 ; C = −14 .9 ; D = 0 . 6 7 4 ;

% Vectorize the variables to avoid using a for-loop

onesVector = ones ( 1 , length ( lambda ) ) ;
A = A * onesVector ; B = B * onesVector ; C = C * onesVector ; D = D * onesVector ;
a = a * onesVector ; b = b * onesVector ; c = c * onesVector ;

%% Calculating spectral sensitivities

% ALPHA

% Defining denominator terms as their own variables

denom_term1 = exp (A . * ( a − ( peak_nm ./ lambda ) ) ) ;
denom_term2 = exp ( B . * ( b − ( peak_nm ./ lambda ) ) ) ;
denom_term3 = exp (C . * ( c − ( peak_nm ./ lambda ) ) ) ;
denom_term4 = D;
S_alpha = (1 ./ ( denom_term1 + denom_term2 + denom_term3 + denom_term4 ) ) ’ ;

% BETA

peakBeta = 189 + ( 0 . 3 1 5 * peak_nm ) ; % nm

b = −40.5 + ( 0 . 1 9 5 * peak_nm ) ; % nm

A_beta = 0 . 2 6 ;
x = lambda − peakBeta ;

S_beta = ( A_beta * exp(−1* ( ( x/b ) . ^ 2 ) ) ) ’ ;

% SUM

S = S_alpha + S_beta ;
✆

Algorithm B.6 Self-screening correction

% corrected , in LINEAR units

pigmentTransmittance = (10 .^ (−1 * ( pigmentDensity * (10 .^ S ) ) ) ) ;
S_corr = onesVector − t ransmi t tance ;

✆

where h is Planck’s constant, c is the speed of light and λ is the
wavelength.

Algorithm B.7 Quantal→Energy sensitivity conversion

h = 6 .62606896 * 10^−34; % Planck ’s constant [J*s]

c = 299792458 ; % Speed of light [m/s]

photonEnergy_vector = ( h * c ) ./ ( lambda * 10^−9) ; % [J]

E = S_corr ./ photonEnergy_vector ;
✆

b.3.2 Irradiance response curve (IRC)

In order to fit an 4-parameter irradiance response curve (IRC, defined
analytically in Eq. (72)) in Matlab, the code in B.8 can be used.

b.3.3 Photopigment density

The photopigment densities for human photoreceptors are shown in
Table 5, these values can be used then for the self-screening effect
correction discussed in 2.3.3.
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Algorithm B.8 Irradiance response curve (IRC) fit

% INPUT

x = i r r a d i a n c e ; % in logarithmic units

y = response ; % in linear units

% DEFINE Hill Equation Sigmoid

sigmoid = @( beta , x ) beta ( 1 ) +( beta ( 2 )−beta ( 1 ) ) . / ( 1 + ( x/beta ( 3 ) ) .^ beta ( 4 ) ) ;

% Initial parameter guesses

min0 = min ( y ) ;
max0 = max( y ) ;
X50_0 = mean ( [ min0 max0 ] ) ;
c o e f f 0 = 1 ;

% Use the ’nlinfit ’ routine

[ c o e f f s , r , J ] = n l i n f i t ( x , y , sigmoid , [ min0 max0 X50_0 c o e f f 0 ] ) ;
✆

Table 5: Estimates of optical densities for human dark-adapted pigments
Pigment Peak Optical Density Reference

Rods 0.40 Lamb 1995

S-cones 0.30 Stockman et al. 1999

L/M-cones 0.38 Stockman et al. 1999

0.27 Lamb 1995

M-cones 0.4 - 0.5 prot Miller 1972

0.3 prot Smith and Pokorny 1973

0.27prot Burns and Elsner 1993

0.39 dichr Berendschot et al. 1996

0.66 Renner et al. 2004

L-cones 0.5 - 0.6 deut Miller 1972

0.4 deut Smith and Pokorny 1973

0.48deut Burns and Elsner 1993

0.42 dichr Berendschot et al. 1996

0.65 Renner et al. 2004

Melanopsin 0.50 Tsujimura et al. 2010

0.1 Viénot et al. 2009

~0.4 × 10-4 * Do et al. 2009

prot protanope dichromat
deut deuteranope dichromat
dichr dichromat (unspecified)
* “104 less than for cones/rods”
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b.4 melanopsin phototransduction calculations

b.4.1 Visual pigment-arrestin cycle - parameter estimates

b.5 daylight simulation

b.5.1 SMARTS2 Parameters

Put the parameters used here so that it could be reproduced if wanted.

Algorithm B.9 Input text file for SMARTS2 simulation (see ) to be
used for “Arctic Summer’ atmosphere model (5th line, ′AS′). See full
explanation for the used parameters in the SMARTS2 User Manual v.
2.9.5.

USSA_AOD=0 .084_ASTM_G173 ’
1
1013 .25 0 0
1
’AS’
1
1
1
370
0
’SRA_URBAN’
0
0 .084
38
1
38 3 7 . 1 8 0 .
380 780 1 . 0 1366 .1
2
380 780 1
3
8 9 10
1
0 2 . 9 0
0
0

0
1
0 0
2 0
4 0
6 0
8 0
10 0
12 0
14 0
16 0
18 0
20 0
22 0
24 0
26 0
28 0
30 0
32 0
34 0
36 0
38 0
40 0
42 0
44 0

46 0
48 0
50 0
52 0
54 0
56 0
58 0
60 0
62 0
64 0
66 0
68 0
70 0
72 0
74 0
76 0
78 0
80 0
82 0
84 0
86 0
88 0
90 0
90 0

✆
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Table 6: Parameter estimates for the visual pigment-arrestin cycle 1/2. Rel-
ative quantum efficiency (ϕ); the molecular absorbance coefficient
(αmax); concentration C of the photopigment; ρm pigment density;
rm radius of the photoreceptor, γR and γM the quantum efficiencies
of forward (R→M) and backward (M→R) isomerizations, respec-
tively; and ǫR and ǫM the molar extinction coefficient of forward
(R→M) and backward (M→R) isomerizations, respectively. Rh. is
rhodopsin, and OPN4 melanopsin.

Parameter Value Species Reference

ǫR : ǫM ~35,000 : 56,000

M-1cm-1
Drosophila Rh. Ostroy 1978

~40,000 : 60,000

M-1cm-1
squid Rh. Hubbard and St. George

1958

γR: γM 0.69 : 0.49 crayfish Rh. Cronin and Goldsmith
1982b

0.67 : ? bovine Rh. Dartnall 1972

ϕ 0.94 Calliphora Rh. Schwemer 1979

0.7 Drosophila Rh. Stark and Johnson 1980

0.69 crayfish Rh. Cronin and Goldsmith
1982b

1.0 human OPN4

(estimate)
Mure et al. 2009

αmax 2.0 × 10-8
μm² Drosophila Rh. Stavenga and Hardie 2010

1.56 × 10-8
μm² bovine Rh. Dartnall 1972

5.5 × 10-5
μm2 § human OPN4 estimated from PLR ofMure

et al. 2009

κmax 5.0 ×10-3
μm-1 Drosophila Rh. ?

2.8 ×10-2
μm-1 Human Rh. Alpern and Pugh 1974

3.5 ×10-2
μm-1 Macaque Cone Bowmaker et al. 1978

4×10-2
μm-1 Macaque Rh Bowmaker et al. 1978

3 ×10-6
μm-1 OPN4 Do et al. 2009

§ estimating τc from mean PLR of Mure et al. 2009 fitting a exponential curve, yielding τc ≈ 37 sec.
This estimate was then used as followed: αmax = [(1/τc) / (kR + kM)] with the kRand kM calculated
from 480 nm light (hbw = 10 nm) with a photon density of 10¹² ph/cm²/s-1. Note that now the estimate
of αmax is physically not valid and represents the measured equilibrium behavior of the PLR. Most likely
the absorbance coefficient of melanopsin is close to other opsins. For a review of κmax values, see Warrant
and Nilsson 1998
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Table 7: Parameter estimates for the visual pigment-arrestin cycle 2/2. Rel-
ative quantum efficiency (ϕ); the molecular absorbance coefficient
(αmax); concentration C of the photopigment; ρm pigment density;
rm radius of the photoreceptor, γR and γM the quantum efficiencies
of forward (R→M) and backward (M→R) isomerizations, respec-
tively; and ǫR and ǫM the molar extinction coefficient of forward
(R→M) and backward (M→R) isomerizations, respectively. Rh. is
rhodopsin, and OPN4 melanopsin.

Parameter Value Species Reference

C 2.5 × 105
μm-3 Drosophila Rh. Hardie and Postma 2008;

Stavenga and Hardie 2010

~3.5 mM vertebrate Hárosi 1975

1,560 μm-3¥ in situ mice
OPN4

Do et al. 2009

ρ 3 μm-2 mice OPN4 Do et al. 2009

25,000 μm-2 mouse rod Liebman et al. 1987

4,000 μm-2 Drosophila Rh. Hardie and Postma 2008

4,214 μm-2 Drosophila Rh. Harris et al. 1977

8,000 μm-2 Drosophila Rh. Lisman and Bering 1977

10,000 - 20,000

μm-2
crayfish Rh. Goldsmith and Wehner 1977

rmRGC 5 μm mice OPN4 Do et al. 2009

lmRGC ?

Adendr 9,600 ± 700 μm2 mice OPN4 Do et al. 2009

Asoma 1,000 ± 500 μm2 mice OPN4 Do et al. 2009

As+d 100,600 ± 860

μm2
mice OPN4 Do et al. 2009

CAμF 1 μF/cm2 Drosophila Rh. Cole 1968; Lisman and
Bering 1977

¥ 104 fold lower in mice than for rods/cones, (Cdrosophila,Rh. × (25, 000/4, 000)× 10−4), assuming that
the relation between density and concentration is linear (vertebrate rhodopsin higher than invertebrate,
thus scaling needed). For a review of κmax values, see Warrant and Nilsson 1998
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c.1 lens density measurement

Sensitivity for the described lens density method for the self-screening
effect (photopigment density, see 2.3.3) and peak spectral sensitivity
λmax of human rhodopsin are illustrated in Figure 98 and Figure 99.
For discussion of the parameters see the main text in 5.3.2.4.

c.2 bistable photoreception simulations

c.2.1 Equilibrium spectrum

c.2.2 Relaxation spectrum

c.2.3 Effect of quantum efficiency on bistable spectra

c.2.4 Effect of pigment density

c.3 pupil and aging

Supplementary info related to the study presented in Section 5.4.

Impact of an exposure on the next exposure

Our protocol included only 2 min. of darkness between light expo-
sures. Retinal photoreceptors could not fully recover and return to
baseline level between two exposures and a given exposure to light
could affect the subsequent one. However, pseudo-randomization pre-
vented this bias to significantly affect our results. A repeated measure
ANOVA across all participants (irrespective of age group) with the 6

pre-exposure pupil size as within subject factor did not reveal any sig-
nificant difference between pre-exposure pupil measures [F(5, 145) =
0.60, P =0.67], indicating that, on average, pre-exposure pupil size
remained stable across light conditions.

Normalization of pupil size according to pre-exposure to measure PLR

Repeated measure ANOVA of normalized pupil values according to
pre-exposure baseline pupil size with light condition (blue, green)
and light intensity (low, medium, high) as within subject factors and
age groups (young, older) as between subject factor revealed that PLR

253
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Figure 98: Sensitivity of the method for rhodopsin parameters. Sepa-
rate analysis for rhodopsin peak sensitivity λmax (left, above)
and rhodopsin axial pigment density drh (right, above). Values
used by us are λmax = 495 nm and drh = 0.40. The nomogram
(Govardovskii et al. 2000) includes the β-band, thus the short-
wavelength lobe is elevated. The lights are normalized to have
the same total photon density, thus the green 560 nm has a lower
peak value.

Figure 99: Sensitivity of the method for rhodopsin parameters (three-
dimensional color-coded plot). Combined analysis for rhodopsin
peak sensitivity λmax and rhodopsin axial pigment density drh

(above). Values used by us are λmax = 495 nm and drh = 0.40. The
nomogram (Govardovskii et al. 2000) includes the β-band, thus
the short-wavelength lobe is elevated. The lights are normalized
to have the same total photon density, thus the green 560 nm has
a lower peak value.
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Figure 100: Equilibrium spectrum shape Effect of different R and M spec-
tral sensitivities to the shape of the equilibrium spectrum.
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Figure 101: Relaxation spectrum shape Effect of different R and M spectral
sensitivities to the shape of the relaxation spectrum. Relaxation
spectrum will tell you the spectral sensitivity of the system be-
fore it reaces equilibrium.

was significantly greater under blue (64.44% ± 2.05) than green light
exposure (61.73% ± 2.17) [F(1, 28) = 6.72, P =0.015], and that PLR was
greater with increasing irradiances (low: 54.43% ± 2.74 - medium:
64.68% ± 1.95 - high: 70.14% ± 1.76) [F(2, 56) = 69.55, P < 0.001]. No
age effect was obtained [F(1, 28)= 0.09, P =0.77] and none of the inter-
actions, including the group by intensity interaction, were significant
(light intensity by age group: [F(2, 56) = 0.29, P = 0.68], light condi-
tion by age group: [F(2, 56) = 0.11, P = 0.74], light condition by light
intensity: [F(2, 56) = 0.39, P =0.63], light condition by light intensity
by age group: [F(2, 56) = 1.79, P =0.18]). These statistical results, ob-
tained when normalizing according to pre-exposure pupil size, are
therefore similar to those obtained when normalizing according to
baseline pupil size.

c.4 photic memory

See 5.2 on page 141 for full details of the study.

c.4.1 Individual PLR recordings

The individual traces of the “photic memory” PLR recordings are
shown in Figure 104. The “normalized difference” between the refer-
ence (first 480 nm light pulse) and the test pulse (second 480 nm light
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Figure 103: Effect of photopigment density (B.3.3) on bistable action spectra .
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Table 8: Detailed subjects characteristics [mean +/- SD]

GROUP Older Younger P-value

n 14 16

Age [Older ≥55 ;
Younger ≤18, ≥30 y.o]

61 ± 4.4 22.8 ± 4 <0.001

Sex [M/F] 10/4 10/6 0.605

Depression level (Steer
et al. 1997)

3± 4.3 3 ± 2 1.000

Anxiety level (Beck
et al. 1988)

1.9 ± 3 3.9 ± 3.7 0.132

Sleep disturbance, as
assessed by the PSQI
(Buysse et al. 1989)

3.2 ± 1.4 2.9 ± 1.3 0.485

Chronotype (Horne
and Östberg 1976)

55.9 ± 8.3 40558 0.606

Ethnicity [Afro-
American/Caucasian]

0/14 1/15 0.92

Date of the experiment
[dd/mm/yy]

27/10/09 ± 30d 26/10/09 ± 34d 0.978

Hour of the experiment 14:04 ± 2:57 13:58 ± 2:44 0.924

LOCS-III (Chylack et al.
1993)

2.4 ± 0.7 1.00 ± 0 0.000

ORDER: Blue before
green (BG) / Green
before blue (GB)

9 BG/5 GB 8BG/8 GB 0.431
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Table 9: The individual responses for the three time bins (Figure 59). The
“NaN-threshold” to reject outliers was set to 100%. For individual
PLR and “difference signal” waveforms see Section C.5. The sub-
jects with code starting with ori are from previous study by Mure
et al. 2009.

PHASIC SUSTAINED PERSISTENCE

subject value subject value subject value

agahu 6.13 agahu -2.93 agahu NaN

orica -22.44 orica -55.78 orica NaN

comma -3.42 comma 18.72 comma NaN

cordi -2.77 cordi -39.90 cordi -29.59

douni 10.86 douni 21.23 douni 1.59

oriel 0.24 oriel 83.21 oriel 26.31

jidfa 26.63 jidfa -14.25 jidfa NaN

fifka 14.62 fifka 6.23 fifka -9.51

garma -14.72 garma -13.20 garma 32.90

gauel -1.46 gauel 35.11 gauel -48.59

gilal -9.20 gilal 0.19 gilal 16.48

masju -8.87 masju -30.20 masju -58.73

orij 10.68 orij 72.20 orij 7.23

koskr 6.23 koskr 31.14 koskr NaN

spama -12.13 spama -31.76 spama -31.71

orimg 3.65 orimg 19.91 orimg NaN

orimr 8.58 orimr NaN orimr NaN

boune NaN boune -28.64 boune -36.55

ostpi -4.46 ostpi 9.98 ostpi 22.92

mispi -12.27 mispi -3.66 mispi 34.94

oripi 2.77 oripi -3.80 oripi -2.62

orirb 17.57 orirb 18.46 orirb NaN

byrso -6.82 byrso 96.47 byrso -91.86

vivta -1.01 vivta 43.48 vivta NaN

pulse) is shown in Figure 105, the difference calculated as di f f erence =

(re f erence − test) / re f erence.

c.5 bistability potentiation in human plr

See 5.2.3.1 on page 145 for discussion of the plots.

c.5.1 Individual PLR recordings

The individual traces PLR recordings of the “short 590 nm condition”
of the above “photic memory” experiment, with all tested subjects
and subjects from previous study, are shown in Figure 106. The “nor-
malized difference” between the reference (first 480 nm light pulse)
and the test pulse (second 480 nm light pulse) is shown in Figure 107,
the difference calculated as di f f erence = (re f erence− test) / re f erence.
The plots are identical by definition to the ones in C.4.1. The individ-
ual mean values for the three bins are shown in Table 9.
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Figure 104: Individual PLRs Individual plots of all recordings done. The black line corresponds to the reference light stimulus (480 nm), and the red
line is for the test light applied after the adapting light (460 nm, dark control and 590 nm). Full protocol was not completed for 2 subjects
for the 460 nm condition, thus the empty subplot boxes at the bottom-right corner. The responses are normalized so that the mean of the
first 5 minutes is unity (0 -18’000 data samples), the light was administered at 5 minutes (18’001th data sample) for 5 minutes (until 36’000
data sample), followed by a 5 minute post-light dark period (until 54’000 data points).
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Figure 105: Individual Difference Individual differences of the traces shown in . The difference (i.e. the potentiation or suppression) was calculated
as before in Mure et al. 2009 as di f f erence = (re f erence − test)/re f erence. These results are used for all subsequent analysis and this
plot serves as a visual tool for inspecting the “goodness” of the PLR responses. The plot demonstrates at which time the potentiation or
suppression has occurred, as only potentiation could be expected in more steady-state opposed to the phasic portion. Additionally we can
see that the subject “GAUEL” exhibit very oscillatory pupil behavior both here and in individual PLR recordings (Figure 104) indicating
that he/she was not that suitable as a subject. Full protocol was not completed for 2 subjects for the 460 nm condition, thus the empty
subplot boxes at the bottom-right corner.
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3Figure 106: Individual PLRs Individual plots of all recordings done. The black line corresponds to the reference light stimulus (480 nm), and the red

line is for the test light applied after the adapting light (590 nm). The responses are normalized so that the mean of the first 5 minutes is
unity, the light was administered at 5 minutes for 5 minutes, followed by a 5 minute post-light dark period. The subjects with code starting
with ori are from previous study by Mure et al. 2009, and they clearly have more noisy PLR waveforms for the reasons discussed in 5.1.1
on page 135.
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Figure 107: Individual Difference Individual differences of the traces shown in . The difference (i.e. the potentiation or suppression) was calculated
as before in Mure et al. 2009 as di f f erence = (re f erence − test)/re f erence. These results are used for all subsequent analysis and this
plot serves as a visual tool for inspecting the “goodness” of the PLR responses. The plot demonstrates at which time the potentiation or
suppression has occurred, as only potentiation could be expected in more steady-state opposed to the phasic portion. The subjects with
code starting with ori are from previous study by Mure et al. 2009, and they clearly have more noisy PLR waveforms for the reasons
discussed in 5.1.1 on page 135.
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