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1 Introduction

Life has been evolving on this planet for some 3.5 billion years. For a good
portion of that time (depending, for example, on atmospheric conditions), life
has been exposed to the regular and alternating pattern of light and dark caused
by the Earth’s 24-hour rotation on its axis as it orbits the sun. It is perhaps
unsurprising then that light is one of the most powerful drivers of behaviour —
light in uences the way that we think, feel, and act.

The study of these effects of light has a long and rich history that is rooted in
medicine. The ancient Greek physician Hippocrates built a solarium and pre-
scribed sunbaths to manage a variety of disorders. The Roman scholar Aulus
Cornelius Celsus recommended that sufferers of sickness or melancholy
(depression) live in light- lled houses, especially in winter. More recently,
Florence Nightingale argued that “Where there is sun, there is thought’, and
that hospital wards should be brightly lit, ideally by sunlight. Contemporary
medicine now recommends light exposure as a rst-line treatment against both
seasonal and non-seasonal depressions.

Our understanding of the detection of light is often discussed in relation to an
aspect of perception known as ‘image-forming’ vision mediated via the rods
and three cone photoreceptor classes and their classical post-receptoral path-
ways. Image-forming vision includes the sensory and perceptual aspects of
visual experience such as colour, form, or motion, usually discussed in the
context of the neurotypical individual. However, lighting also drives diverse
aspects of the human experience through setting physiology, arousal, cognition,
and mood; responses that are classi ed as ‘non-image-forming’. While these
non-image-forming pathways can drive conscious awareness, many of these
responses occur over timescales that are much longer than the momentary
changes to which our visual perceptual awareness is tuned. This requires
a mechanism with a fundamentally distinct temporal tuning to that of the
classical visual pathways.

The modern study of non-image-forming vision is grounded in the scienti ¢
method and draws strongly from the elds of neuroscience, sleep and circadian
sciences, and experimental and applied psychology. Its study has undergone
a recent renaissance, where modern psychophysical and neuroscience methods
have converged to identify the specialized visual circuits that serve non-image-
forming vision and that originate in the retina of the eye. This fth human
photoreceptor class is located in the inner retina and termed the intrinsically
photosensitive retinal ganglion cells (ipRGCs). Phototransduction initiated by
the intrinsic melanopsin photopigment expressed by ipRGCs was initially
shown to have a unique, characteristic temporal response: a slow onset followed
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by a sustained depolarization that is maintained even after the stimulating light
is switched off. In addition to their unique intrinsic photoresponse, ipRGCs
extrinsically mediate signals originating in outer retinal rod and cone photo-
receptors. The ipRGCs therefore possess temporal characteristics suited to
sensing both transient changes in light but also day-length changes.

These non-image-forming pathways project to over a dozen diverse efferent
brain targets, and in this Element we evaluate the current state of knowledge for
these functional melanopsin pathways that set pupil size, perceptual vision,
circadian rhythms and sleep/wake transitions, and arousal, mood, and cogni-
tion. We focus on delineating ndings in primates (including humans) from
those of other model organisms. Indeed, these non-image-forming signals
appear fundamentally entwined with the human condition and we discuss
lightscapes that not only serve image-forming vision, but that target non-
image-forming physiology to positively modify health and behaviour.
Physiologically targeted electric light sources have future applications as
‘photoceuticals’, with therapeutic effects analogous to those of pharmaceuticals
and designed with similar considerations concerning disease speci city, dosage,
and timing. Given the new developments in the understanding of ipRGCs and
their image-forming and non-image-forming projections, we provide
a contemporary account of the importance of light and melanopsin function
for brain, mind, and behaviour.

2 Evidence for the Non-image-Forming Pathways and Novel
Retinal Photoreceptors

The non-image-forming pathways are a relatively new discovery, and were
initially a contentious one at that, because the visual pathways have long been
studied. For some 150 years, vision scientists had modelled human visual percep-
tion by the rod and cone photoreceptor classes (Maxwell 1855, Kénig and
Dieterici 1893, von Helmholtz 1896, Schrédinger 1925). As early as the start of
the twentieth century, however, evidence was mounting for a non-image-forming
visual pathway that was at least partially independent from rod and cone photo-
reception. In the 1920s, a graduate student named Clyde Keeler was working with
mice that were severely degenerate in their outer retina, lacking rod and cone
photoreceptors, making these mice functionally blind (Keeler et al. 1928). Despite
this, the mice still demonstrated robust and repeatable pupillary light constrictions
(Keeler 1927). Potentially, another class of photoreceptors could be present in the
retina, one that was necessarily able to survive outer retinal degeneration and that
projected to the pupil control pathway. On the other hand, it was possible that the
outer retinal degeneration was simply incomplete, leaving a small but functionally
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signi cant population of rod or cone photoreceptors that could still drive pupillary
responses to light. This was the most parsimonious explanation at the time, and it
was not until many decades later that concerted and compelling evidence was
presented for the non-image-forming pathways.

In mammals, light detected by the eye is the primary time cue that synchron-
izes the circadian rhythms of activity and rest — a process termed photoentrain-
ment. The twilight transitions of light that occur at dawn and dusk play a key
role, adjusting the phase of the master circadian clock in the hypothalamic
suprachiasmatic nuclei (SCN) (Roenneberg and Foster 1997, Hughes et al.
2015, Walmsley et al. 2015). Evening light exposure results in a phase delay
in the circadian clock, whereas light exposure in the morning produces phase
advances. In this way, light adjusts the phase of the internal circadian clock to
the external light/dark (LD) environment.

Research during the 1990s on the non-image-forming effects of light pro-
vided important clues that the mammalian eye may contain an additional
photoreceptor. The evidence came from studies on retinally degenerate mice,
in which rods and most of the cones were lost. Even though these animals were
visually blind, their circadian phase-shifting responses to light persisted
(Provencio and Foster 1995, Yoshimura and Ebihara 1996), commensurate
with Keeler’s observations many years earlier permissive of an additional
photoreceptive mechanism. When exposed to a brief light pulse (~15 mins) in
the early night, mice delay their activity onset the following day. This response
is intensity dependent, enabling an irradiance-response curve (IRC) to be
constructed (Figure 1), in a similar manner to a drug dose-response curve.
Such curves have a characteristic sigmoid shape, which moves to the left
when sensitivity increases and to the right when sensitivity declines, so that
a different dose of light is required to evoke an equivalent biological response
(see the caption of Figure 1) (Peirson et al. 2005). When studied in this manner,
the blind mice showed circadian responses, but with a spectral sensitivity
shifted to shorter wavelengths and a reduced sensitivity to irradiance
(Yoshimura and Ebihara 1996). The photoreceptors mediating circadian
entrainment were certainly ocular, as loss of the eye abolished all responses to
light (Nelson and Zucker 1981, Foster et al. 1991). However, as with Keeler,
a potential explanation for these ndings was that these circadian responses
could be driven by the few remaining cones that survived.

Subsequent studies in retinally degenerate mice in which cones were also
genetically lesioned demonstrated that both circadian phase shifting and mela-
tonin suppression were retained in the absence of rods and cones (Freedman
et al. 1999). Moreover, an action spectrum on the pupillary light response in
these mice demonstrated that this was driven by a photopigment with a peak
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Figure 1 Example IRC. A log-linear relationship typically exists between light
stimuli and non-image-forming responses, such as the suppression by light of
the circadian hormone melatonin in humans (Zeitzer et al. 2000) (solid curve).
In practice, a complex interplay between stimulus parameters, intra-individual
and inter-individual factors result in non-image-forming IRCs that are not
static: the physical parameters of the light (intensity, duration, spectral power
distribution (SPD)), the individual’s light exposure history, and the timing of the
light exposure relative to circadian phase can all impact the IRC. When the
sensitivity of the system increases, the sigmoid curve shifts to the left wherein
the same light stimulus becomes more effective (or more biologically potent) in
eliciting a non-image-forming response. When the sensitivity of the system
decreases, the sigmoid shifts to the right and the biological potency of the
stimulus is reduced. Response threshold (below which no response occurs),
saturation (above which the response does not increase in magnitude), and slope
of the relationship (determining the magnitude of response change to a unit
change in stimulus) may also vary (not shown).

sensitivity ( max) 0f 479 nm, which corresponded to none of the known mouse
visual pigments (Lucas et al. 2001). Together, these studies provided the key
evidence for a novel retinal photoreceptor in mammals.

3 Intrinsically Photosensitive Retinal Ganglion Cells

There are some 30 types of ganglion cells identi ed in mammals (Sanes and
Masland 2015). They relay signals that originate in the photoreceptors in the
retina to higher brain centres via their axons that form the optic nerve that



https://doi.org/10.1017/9781009029865 Published online by Cambridge University Press

Melanopsin Vision 5

attaches the eye to the brain. Ganglion cells were not known to be photosensi-
tive and so it was remarkable that the novel photoreceptor system identi ed in
mice consisted of a subset of ganglion cells that uniquely express the photopig-
ment melanopsin (OPN4), now known as intrinsically photosensitive retinal
ganglion cells (Figures 2 and 3) (Provencio et al. 2000, 2002, Hattar et al. 2002).
Melanopsin is named because it was initially isolated from melanophores in
amphibian skin, and is an opsin-vitamin A type photopigment that shares many
characteristics with invertebrate visual pigments (Provencio et al. 1998b). In the
mammalian retina, ipRGCs form a syncytium or photoreceptive net across the
retina (Provencio et al. 2000, 2002). These ipRGCs project directly to the rodent
SCN and other brain regions associated with non-image-forming responses and
have a peak response to light at ~480 nm that appears blueish-cyanish (Berson
et al. 2002, Hattar et al. 2003). In the literature, these cells have also been
referred to as photosensitive retinal ganglion cells (pPRGCs) or melanopsin
retinal ganglion cells (MRGCs).

Following the identi cation of ipRGCs, it was initially thought that the image-
forming effects of light were independently mediated by rods/cones while the

Figure 2 Intrinsically photosensitive retinal ganglion cells. Intrinsically
photosensitive retinal ganglion cells form a syncytium or photoreceptive net
within the mammalian retina. Flatmount image of mouse retina immunostained
for melanopsin. Image courtesy of Steven Hughes.
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Figure 3 Stitched micrograph labelling melanopsin-expressing cells of the
mouse retina, focussed at the OFF layer of the inner plexiform layer (IPL).
Mice were a cross between the Opn4-driven tamoxifen-inducible Cre mouse
line (Opn4 ©"™ERT2) and the Z/AP reporter line, allowing controlled
expression of AP on the plasma membrane of melanopsin-expressing cells
(Joo et al. 2013). Image courtesy of Shih-Kuo Alen Chen.

non-image-forming effects of light were mediated by melanopsin. However,
studies of transgenic mice that lacked melanopsin found that the mice could
still entrain their circadian rhythms, had only mild de cits in circadian phase
shifting, and still retained pupillary responses to bright light (Panda et al. 2002,
Ruby et al. 2002, Lucas et al. 2003). Therefore, extrinsic rod and cone inputs to
ipRGCs were able to drive these responses even in the absence of melanopsin.
When the melanopsin ipRGCs are lesioned, non-visual responses no longer
occur, demonstrating that ipRGCs provide the primary conduit for this pathway
in mice (Guler et al. 2008) and in non-human primates (Ostrin et al. 2018).
Moreover, ipRGCs have been shown to mediate visual responses independent of
the rod and cone pathways in mice (Ecker et al. 2010, Schmidt et al. 2014) and in
humans (Zele et al. 2018c, Allen et al. 2019b). As a result of these and a range of
electrophysiological studies on the responses of melanopsin ipRGCs both with
and without rod or cone input (Dacey et al. 2005), it is now clear that the response
of ipRGCs depends upon both their intrinsic melanopsin-driven photoresponses
and extrinsic rod/cone input (Figure 4) (Markwell et al. 2010, Lucas et al. 2014).
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Figure 4 Intrinsically photosensitive retinal ganglion cell retinal circuits. Inner
stratifying photosensitive ganglion cell bodies (ipRGC;s) are located in the
ganglion cell layer (GCL) with their dendrites stratifying along the extreme

inner strata of the inner plexiform layer (IPL). Outer stratifying photosensitive

ganglion cell bodies (ipRGC,s) are co-located in the GCL and the inner nuclear
layer (INL) with their dendrites in the extreme outer strata of the IPL. Cone
signals are transmitted to ipRGCs via DBg cone bipolar cells. Synaptic contact
also occurs between ipRGCs and dopaminergic amacrine (Ag), bipolar (B), and
amacrine cells (A), including within an S-cone circuit in primate retina. Rod
input to ipRGCs may be transmitted via rod—cone gap junctions (GJs) and the
DBg bipolar cells; extrinsic rod inputs via the ON rod bipolar, All amacrine
cells, and ON (B,,,) and OFF (Bqff) cone bipolars is yet to be determined in
primates, although synaptic contact has been shown between rod bipolars and
ipRGC; in rats. Abbreviations: nerve bre layer (NFL); outer nuclear layer

(ONL); outer plexiform layer (OPL); outer segment (OS). Figure from
Markwell et al. (2010), copyright © 2022 Optometry Australia, reprinted by
permission of Taylor & Francis Ltd, www.tandfonline.com on behalf of 2022
Optometry Australia.

3.1 Intrinsically Photosensitive Retinal Ganglion Cell Diversity and
Projections in Rodents

Rather than just a single class of circadian photoreceptor, the ipRGC system has
remarkable complexity. Electrophysiological responses of mouse ipRGCs to
light reveal transient, sustained, and repeatable responses to the same stimulus
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(Sekaran etal. 2003, Tu et al. 2005). Mouse ipRGCs show a range of anatomical
diversity, leading to an initial classi cation of three subtypes (M1, M2, and M3).
Improved transgenic reporter models revealed additional subtypes, so that
today, M1-M5 subtypes of mouse ipRGC are recognized (Ecker et al. 2010,
Hu et al. 2013), with an M6 subtype recently identi ed (Quattrochi et al. 2019).
These subtypes have different levels of melanopsin expression, varying degrees
of intrinsic photosensitivity, distinct anatomical morphology, and even different
brain projections that appear to underlie the range of different non-image-
forming light responses (Schmidt et al. 2011, Sand et al. 2012, Hughes et al.
2016). For example, there are differences between the ipRGC subtype projec-
tions to the SCN (mediating circadian responses) and the olivary pretectal
nuclei (OPN; mediating pupillary responses). Tracer studies have shown that
M1 cells account for around 80% of SCN-projecting ipRGCs, with the remain-
ing 20% presumed to be M2. By contrast, M1 cells account for 45% of ipRGCs
projecting to the OPN, with M2 cells accounting for 55% (Baver et al. 2008).
And even within these ipRGC subtypes, differences appear to exist. For
example, M1 cells can be further subdivided into those expressing the Brn3b
transcription factor and those that do not, and these cells underlie different
contributions to circadian and pupillary responses to light (Chen et al. 2011).
Furthermore, a recent detailed study of the cellular diversity of M1 ipRGCs in
mice has shown that these cells individually show quite different and narrow
ranges of light sensitivity, but together provide a population representation of
light over a wide dynamic range from moonlight to bright sunlight (Milner and
Do 2017). It is unclear whether a similar mechanism occurs in humans.

The melanopsin gene (Opn4) has also been shown to exhibit diversity, with
two independent genes found in most non-mammalian vertebrates (termed
Opn4x and Opn4m) (Bellingham et al. 2006). An even more extreme example
is found in teleost shes, where ve separate melanopsin genes have been
identi ed, resulting in a form of melanopsin being expressed in every major
cell type of the teleost retina (Davies et al. 2011, 2015). Even in mammals where
a single melanopsin gene is present, alternative splicing results in long and short
isoforms with differential expression patterns within melanopsin subtypes
(Pires et al. 2009). These expression patterns result in different contributions
to behavioural responses to light (Jagannath et al. 2015).

The use of retrograde labelling and transgenic reporter mouse lines showed
that the melanopsin ipRGCs project to the SCN, but also other areas associated
with non-image-forming responses to light, including the OPN, intergeniculate
lea et (IGL), and the ventral lateral geniculate (vLGN). Detailed anatomical
mapping of ipRGC pathways identi ed a remarkable diversity of projections
(Figure 5), suggesting a much wider role in non-image-forming responses than
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LGN PGN/IGL

Figure 5 Central projections of ipRGCs. To date, most projections have been
identi ed in rodents (black), with relatively few projections con rmed in
primates (red), and fewer still con rmed in humans (blue). Abbreviations:

anterior hypothalamic nucleus (AH); bed nucleus of the stria terminalis (BST);

lateral geniculate nucleus (LGN); lateral hypothalamus (LH); peri-supraoptic
nucleus (pSON); periaqueductal grey (PAG); perihabenular nucleus (PHb);
pregeniculate nucleus (primates)/IGL (rodents) (PGN/IGL); ventrolateral
preoptic area (VLPO). Figure created with BioRender.com.

initially envisaged (Hattar et al. 2006). This includes the lateral nucleus,
peri-supraoptic nucleus, subparaventricular zone (SPZ) of the hypothalamus,
the medial amygdala (MA), the lateral habenula (LHb; now known to be the
perihabenula region) (Fernandez et al. 2018), posterior limitans nucleus,
the superior colliculus (SC), the periaqueductal grey, and even weak projections
to the dorsal lateral geniculate nucleus (dALGN) (Hattar et al. 2006). With the
identi cation of mouse M4 and M5 ipRGCs, more extensive projections to the
SC and dLGN were also identi ed (Ecker et al. 2010). Recent studies have
shown that M5 ipRGCs project to the dLGN and may provide colour opponent
signals (ultraviolet excitatory, green inhibitory) to visual pathways (Stabio et al.
2018), illustrating the overlap between classical visual pathways and the mel-
anopsin ipRGC system. Studying these contributions of ipRGCs to visual
function is complicated by differences in visual function between rodents and
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primates, and requires different methodological approaches when studying
melanopsin-mediated function in humans. For example, mouse visual acuity
is poor and mice would be classi ed as legally (but not completely) blind when
evaluated against human visual performance standards (Grinert and Martin
2021).

3.2 Intrinsically Photosensitive Retinal Ganglion Cell in Primates

Alongside its discovery in frog and rodents, melanopsin was identi ed in the
macaque and human inner retina (Provencio et al. 2000). These ipRGCs that
express melanopsin correspond to the sparse giant class of ganglion cells and, in
humans, three ipRGC subtypes have been identi ed that are homologues to the
mouse M1, M2, and M3 and M4 subtypes (Liao et al. 2016, Esquiva et al. 2017,
Hannibal et al. 2017, Nasir-Ahmad et al. 2017, Ortufio-Lizaran et al. 2018,
Mure et al. 2019). Anatomical studies of the marmoset retina show a similar
pattern of melanopsin expression (Jusuf et al. 2007, Masri et al. 2019). Detailed
anatomical characterization of human ipRGCs indicates that at least some
degree of cellular diversity also occurs in the human retina (Dacey et al. 2005,
Liao et al. 2016, Hannibal et al. 2017), supported by a diversity of cellular
responses (Mure et al. 2019). Old World monkeys, such as macaques, have
trichromatic vision that is similar to that of humans (Jacobs et al. 1996); the
macaque melanopsin photopigmenthas ax at ~482 nm when measured in vitro
(Dacey et al. 2005) and through contributions to pupillary responses (Gamlin
et al. 2007). The central projections of macaque ipRGCs include the SCN, the
lateral geniculate, the olivary pretectal nucleus, the nucleus of the optic tract,
and the SC (Hannibal et al. 2014). The projections to the lateral geniculate are of
particular interest and suggest that signals from ipRGCs may converge with the
classical visual pathways that underpin image-forming vision (Dacey et al.
2005).

The gene that is encoding human melanopsin has also been shown to exhibit
a range of polymorphisms, leading to functionally relevant changes in protein
structure. A missense mutation (P10L) of human melanopsin is associated with
seasonal affective disorder (Roecklein et al. 2009). Subsequent studies have
suggested that other human melanopsin variants may contribute to differences
in sleep onset and chronotype (Roecklein et al. 2012), and may also contribute to
differences in pupillary responses to light (Lee et al. 2013, 2014, Roecklein et al.
2013). In addition to these associations, in vitro studies have shown that several
human melanopsin variants have signi cantly altered signal transduction
(Rodgers et al. 2018b) and in vivo expression of these human variants in mouse
ipRGCs can lead to altered ipRGC responses to light (Rodgers et al. 2018a).
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3.3 Spectral Sensitivity of Melanopsin-Expressing ipRGCs

The human eye has ve spectrally distinct photoreceptor classes with broad,
overlapped spectral responses (Figure 6a). It is their relative activation levels
that ultimately determine human image forming and non-image-forming sensi-
tivity to light across a large range of lighting conditions spanning some 12 log
units of illumination. Rods have the highest sensitivity to dim lighting and are
the most abundant human photoreceptor class (~91 million rods), the L-, M-,
and S-cones signal at moderate to bright lighting conditions and underpin colour
perception (~4.5 million cones), while the ipRGCs are the scarcest photorecep-
tor class (~3,000 ipRGCs). The peak spectral response of the human melanopsin
pathway is ~480 nm as estimated via heterologous gene expression of the
photopigment (Bailes and Lucas 2013), measures of non-image-forming circa-
dian function (al Enezi et al. 2011), and pupil responses of both sighted and
blind individuals (Gamlin et al. 2007, Gooley et al. 2012, Adhikari et al. 2015b).
This sensitivity positions melanopsin between the short wavelength sensitive
cone opsin (expressed in S-cones) and rhodopsin (expressed in rods) and
relatively far from the ., Of human vision (under photopic conditions) that
occurs at longer wavelengths in the greenish-appearing region of the visible
spectrum at ~555 nm. This is known as the luminous ef ciency function, V( ),
corresponding to the weighted sum of medium- and long-wavelength-sensitive
cone inputs to the magnocellular pathway in the LGN under photopic conditions
(Lennie et al. 1993, Lucas et al. 2014). The luminous ef ciency function was
determined using psychophysical procedures such as heterochromatic icker
photometry (HFP), and satis es Abney’s law of additivity where the luminance
of a light of a mixture of wavelengths is the sum of the luminances of its
monochromatic constituents. The luminous ef ciency function is the basis of
many lighting measures including luminous intensity (candela), luminous ux
(lumens), and illuminance (lux). Because V( ) is based on a physiologic circuit
that is largely distinct from that of ipRGCs, it does not re ect the response of
melanopsin ipRGCs or their contributions to image-forming or non-image-
forming function. As such, a melanopsin-weighted lux measurement was pro-
posed to account for non-image-forming responses to light (al Enezi et al. 2011,
Lucas et al. 2014), with the CIE (Commission Internationale de I’Eclairage; an
international standards body concerned with quantifying the physical and
psychophysical attributes of light including the measurement, sensation, and
perception of colour) formally adopting a system of photometry for ipRGC-
in uenced responses to light (Commission Internationale de I’Eclairage 2018).
The difference between the spectral sensitivity of the image-forming and non-
image-forming systems has attracted a great deal of attention from the lighting
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Figure 6 Spectral response of the human eye, exemplar primary light output
spectrums, and their application in photoreceptor-directed stimulation during
silent substitution. (a) Shaded areas show the normalized spectral sensitivities
of the ve human photoreceptors as per CIE S 026:2018. Overlayed are the
spectral outputs of ve independently controllable narrowband primary lights
that therefore have strongly saturated hues (B, Blue; C, Cyan; G, Green; A,
Amber; R, Red), as per Cao et al. (2015), scaled to produce a light metameric to
an equal energy white (EEW) spectrum for the CIE 1964 10 degree standard
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industry, in order to develop integrative lighting solutions that address both
image-forming and non-image-forming responses and produce positive physio-
logical, psychological, and behavioural outcomes for humans (Commission
Internationale de I’Eclairage 2019, Houser et al. 2020, Houser and Esposito
2021).

Due to the cellular diversity of the ipRGC system and the range of biological
responses it is known to mediate, it is still to be determined if a single spectral
sensitivity function is suitable to describe all melanopsin-mediated responses to
light. For example, studies in mice have shown that due to the extrinsic rod/cone
input to melanopsin ipRGCs, circadian responses to light only correspond to
melanopsin .« (~480 nm) in the absence of rods and cones (Hattar et al. 2003).
In contrast, responses are more sensitive to light around 500 nm in the intact murine
retina where rod/cone inputs are retained (Provencio & Foster 1995, Yoshimura and
Ebihara 1996, van Oosterhout et al. 2012). These data indicate a role for rods, which
have also been shown to play an important role in circadian entrainment (Altimus
et al. 2010, Lall et al. 2010). The light intensity used, adaptation level based upon
prior light history, and the temporal characteristics of the stimulus can all in uence
the relative contributions of melanopsin, rods, and cones to both non-image-forming
(Lucas et al. 2014) and image-forming responses to light (Zele et al. 2019hb).

A photoreceptor’s spectral response determines its probability of quantal
catch as a function of wavelength (Figure 6). Following the principle of

Caption for Figure 6 (cont.)

observer. Lights are said to be metameric when they have different SPDs but
entail the same photoreceptor quantal catch (and so photoreceptor responses to
each light) across all of the photoreceptor classes. This EEW spectrum is an
example of a reference background adapting chromaticity. The photoreceptor-
directed silent substitutions are referenced to this background as either
increments or decrements. The photoreceptor excitations relative to photopic
luminance with a 2:1 L:M cone ratio are speci ed as | = L/(L+M) =0.6667, m =
M/(L+M) =0.3333,s=S/(L+M)=1,r=R/(L+M)=1,andi=I/(L+M)=1for 1
photopic Troland light metameric to the EEW spectrum. (b) Required
percentage output changes of the ve primary lights relative to the background
EEW spectrum to generate a 15% \Weber contrast increment in six different
photoreceptor-directed stimuli during the test phase, without changing the
excitations of the unmodulated photoreceptors (e.g., the top left panel
demonstrates a melanopsin (i) modulation that is silent for (does not change) the
excitations of the rhodopsin, L-, M- and S-cone opsins relative to the
background EEW spectrum).
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univariance (Rushton 1972), a photoreceptor cannot necessarily differentiate
between a change in stimulus wavelength and a change in stimulus intensity
because various combinations of stimulus wavelength and intensity can result in
the same quantal catch. As a result, decreasing the blue light emission of a light
source will reduce the level of melanopsin activation, but even blue-depleted
light sources will still be capable of driving melanopsin ipRGC responses if of
suf ciently high irradiance. A blunt approach such as reducing the correlated
colour temperature (CCT) of a light source may lessen melatonin suppression
by driving the maximum emission of the light to longer wavelengths, though
intentional spectral engineering enables CCT to be decoupled from melanopsin
activation (Feigl et al. 2022). More sophisticated psychophysical methods to
decouple photoreceptor inter-relations are discussed in Section 4.

4 Methodological Considerations for the Experimental Control
of Photoreception in Humans

Combining lighting and computer technology with our increasing knowledge of
the ipRGC pathways mean that it is possible to selectively modulate ipRGC
photoreceptors using specialized light-adapted psychophysical methods.
Stimulus generators can separate the melanopsin inputs to human vision from
those of the rhodopsin and cone-opsin contributions to perception, pupillary
processes, or other non-image-forming functions using a method known as
silent substitution (Estevez and Spekreijse 1982, Shapiro et al. 1996). With
silent substitution, the number of primary lights must be no fewer than the
number of active photoreceptors (Zele and Cao 2015) and so sophisticated
optical apparatus have been developed using ve, independently controlled
narrowband primary lights (e.g., using LED and interference Iter combin-
ations) of different peak wavelengths (Cao et al. 2015). In this method, the
radiance of each primary light is suitably adjusted to generate a reference
background adapting chromaticity (e.g., one often metameric to an equal energy
white spectrum, EEW; Figure 6a), and a test state that actively changes the
excitation of one (or more) photoreceptors while keeping the other excitations
constant (Figure 6b). The adapting background chromaticity with its speci ed
LMSRI photoreceptor excitation (L = L-cone opsin; M = M-cone opsin; S =
S-cone opsin; R = Rhodopsin; i = Melanopsin) then transitions over time to the
test state that alters the quantal catch of one photoreceptor class (e.g., delta
melanopsin; i) while retaining a metameric match to the reference background
across the other four photoreceptor classes (e.g., S, M, L, and R). Because the
quantal catch of the other photoreceptor classes does not change between the
reference and test elds, this is a ‘silent substitution’ for those classes that do not
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detect any change between stimuli. The primary light outputs can be adjusted to
make the silent substitution visible to one or more photoreceptor combinations
to facilitate the study of photoreceptor interactions, with applications in psy-
chophysics, pupillometry, electrophysiology, and functional imaging.

The 5-primary silent-substitution method has an advantage in that the trichro-
matic visual system is measured intact in vivo in order to provide an ecologic-
ally valid model for probing melanopsin function that can be independent of the
effects of the rod and cone pathways, or in concert with them (Cao et al. 2015).
Importantly, silent-substitution studies do not require assumptions about the
impacts of ophthalmic or neurological disease on retinal (and cortical) net-
works, the effects of pharmacological intervention, or transgenic or chemogenic
manipulation of melanopsin function and its dependence and interaction with
rod and cone function. For research purposes, pupil dilation of the test eye
(mydriasis) using pharmacological agents, or the use of an optical instrument
set in Maxwellian view to converge the stimuli down to the plane of a small
arti cial pupil (Westheimer 1966), is preferred. One reason is because non-
converging Newtonian view systems using undilated pupils allow the retinal
illumination to vary with pupil diameter due to changes in accommodation and
convergence and due to lighting conditions with different melanopsin excita-
tions. Such effects can be problematic because they inadvertently introduce
subtle, illumination-dependent changes in visual contrast sensitivity that con-
found the outcome measures. Some 4- and 5-primary systems merge the outputs
of two 3-primary displays but co-opt one primary (e.g., red or green) for two
states using optical lters (Yang et al. 2018, Allen et al. 2019a, Hexley et al.
2020), but this can result in limited rhodopsin and melanopsin gamuts.
Although four primary stimulus generators are effective for providing full
photoreceptor control to study mesopic rod—cone interactions in trichromats
(Pokorny et al. 2004), or of all four photoreceptor classes in dichromats (people
with melanopsin, rods, and two of the three cone opsins), the 4-primary system
cannot control melanopsin—rod interactions in the trichromat, nor rod—cone
interactions that are known to alter visual sensitivity (Zele and Cao 2015).

Practically, implementing silent substitution is not a trivial task, and a key
issue when separating the melanopsin photoresponse from the more sensitive
cone pathways is to ensure that stimulus artefacts (intrusion) arising from errors
in the silent substitution are minimized. This requires extremely careful phys-
ical light and individual observer calibrations (Uprety et al. 2021). The observer
corrections can minimize the individual differences in the inert optical pigments
(e.g., lens, macular pigment) and photoreceptor spectral sensitivities between
the individual and the CIE standard observer sensitivity functions (Baraas and
Zele 2016, Mollon et al. 2017, Spitschan et al. 2017). In practice, these
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individual differences can be effectively determined using HFP (Lennie et al.
1993, Uprety et al. 2021).

One such intrusion is caused by penumbral cones in the shadow of retinal

blood vessels (Horiguchi et al. 2013). Silent substitution is designed for open-

eld photoreceptors that are unobstructed, whereas the retinal vasculature
differentially absorbs light and casts shadows across nearby photoreceptors,
known as the Purkinje tree (Purkyn 1823). The resultant difference in quantal
catch between open- eld, umbral and penumbral cones can change the preci-
sion of silent substitution in those retinal locations. The penumbral cones may
be more sensitive to melanopsin-directed stimuli at higher temporal frequencies
and photopic illuminations (without macular blocking) than is the intrinsic
melanopsin photoresponse (Horiguchi et al. 2013, Cao et al. 2015, Spitschan
et al. 2015). This intrusion can be minimized by restricting stimuli to lower
temporal frequencies (Spitschan et al. 2015), using steady-light adaptation
(Yamakawa et al. 2019) or through the application of temporal white noise to
desensitise unwanted photoreceptor intrusions (Hathibelagal et al. 2016, Zele
et al. 2018c).

The intrusion levels of the uncontrolled photoreceptor contrasts should be
reported, and their effects evaluated experimentally in control conditions, to
establish their contribution to the hypothesized visual or non-visual melanopsin
effects (Adhikari et al. 2019b, Zele et al. 2019b). To the advantage of the
experimenter, the photoreceptor isolation can be evaluated using the pupil
light response (PLR) because different stimulus combinations produce charac-
teristic amplitudes and timings, consistent with their initiation by different
photoreceptor classes (Tsujimura and Tokuda 2011, Spitschan et al. 2014, Cao
et al. 2015, Barrionuevo and Cao 2016, Zele et al. 2018c, 2019a). An L-cone,
M-cone, or melanopsin-directed icker pupil response is excitatory and antag-
onistic to the inhibitory, S-cone-directed icker pupil response (Figure 7a)
(Spitschan et al. 2014, Cao et al. 2015, Zele et al. 2018c) in accordance with
the (L+M)-ON and S-OFF response property of primate ipRGCs (Dacey et al.
2005). A melanopsin-directed incremental pulse will drive a slow and sustained
constriction with a long latency (~290 ms longer than the cone-directed PLR)
and characteristic post-illumination pupil response (PIPR) that persists follow-
ing stimulus offset (Figure 7b) (Zele et al. 2019a). This melanopsin signal sets
the steady-state pupil diameter during prolonged light exposure (Tsujimura
et al. 2010). In comparison, cone-directed pulses cause transient pupil constric-
tions that rapidly redilate to baseline (Figure 7b, L+M cones) (Barbur et al.
1992, Gamlin et al. 1998, Tsujimura et al. 2001, Young and Kimura 2008, Zele
et al. 2019a). These extrinsic rod and cone inputs to ipRGCs and their inter-
actions with the intrinsic melanopsin photoresponse involve both linear and
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Figure 7 Melanopsin-mediated PLR under dark- and light-adapted viewing
conditions. (a) Light-adapted (2000 photopic Troland) melanopsin-directed
pupil icker response (green line) to a 1 Hz stimulus with penumbral cone
silencing temporal white noise (grey line) are counterphrase (opponent in
action) to the S-cone-directed pupil response (blue line) that paradoxially
dilates the pupil with increasing irradiance. Modi ed after Zele et al. (2018c).
(b) Melanopsin-directed pupil responses, +L+M cone luminance-directed
responses, and the combined +L+M cone and melanopsin-directed response
measured during light adaptation. Each pupil trace shows the average +95%
con dence limits of four observers (100 trials per observer). Temporal white
noise is presented during the pre- and post-stimulus periods (bottom line) to
limit the penumbral cone intrusion. Modi ed after Zele et al. (2019a).

non-linear processes (Howarth et al. 1991, Barrionuevo et al. 2014, 2018,
Barrionuevo and Cao 2016, Zele et al. 2019a) and the antagonism between
opponent cone signals together determines the PLR amplitude and timing
(Barbur et al. 1992, Murray et al. 2018, Woelders et al. 2018). The inner and
outer retinal signals combine to generate the light-adapted pupil response
(Figure 7b, combined pupil response). That pupil responses are attenuated in
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people without functional geniculostriate projections to the primary visual
cortex also points to an additional cortical site for processing chromatic signals
(Barbur et al. 1992, 1998).

5 The Pupil as a Measure of Non-image-Forming Vision

The eye’s pupil is an aperture bordered by the iris that can provide about 1 log
unit of attenuation of the retinal illuminance (Lowenstein and Loewenfeld
1969). Pupil size is set dynamically by two sets of smooth muscle that act in
opposition to one another; the circular sphincter pupillae muscle contracts to
constrict the pupil and is under control of the parasympathetic nervous system,
whereas the radial dilator pupillae muscle contracts to widen the pupil and is
controlled by the sympathetic nervous system (Lowenstein and Loewenfeld
1969, Gamlin 2003). While pupil responses have been studied for centuries,
advances in computing have enabled real-time quantitative analyses of pupil
size at high spatial and temporal resolution, and are now deployed clinically
(Kawasaki and Kardon 2007, Feigl and Zele 2014, Kelbsch et al. 2019).
Pupillometry has many advantages as a measure of the ipRGC pathway because
it can be inexpensive, rapid, does not require individual observer calibration,
and is immune to malingering as it measures a re ex arc not under volitional
control — although there are rare counterexamples (Eberhardt et al. 2021),
including as an adaptation to extreme environments (Gislén et al. 2003).
Pupillometry is especially versatile, it can probe bottom-up (afferent pathways)
and top-down (e.g., cognitive) control of the pupil as well as index autonomic
state (Lowenstein and Loewenfeld 1969). A rapidly increasing body of work
isolates and quanti es non-image-forming melanopsin control of the human
pupil.

Intrinsically photosensitive retinal ganglion cells form the afferent pupil
control pathway in non-human primates (Gamlin et al. 2007, Ostrin et al.
2018) via subcortical projections through the pretectum, speci cally the olivary
pretectal nucleus (Hannibal et al. 2014) to the Edinger—Westphal nucleus
(Pierson and Carpenter 1974, Gamlin and Reiner 1991). In humans, the most
readily accessible biomarker of melanopsin function is the sustained constric-
tion following light offset known as the post-illumination pupil response
(Figure 8) (Adhikari et al. 2015b). It is typically measured in the dark because
light adaptation drives the pupil to a relatively miotic state that reduces its
available dynamic range of movement (Joyce et al. 2016a, Kelbsch et al. 2019).
The melanopsin-mediated PIPR can be reliably separated from rod and
cone inputs using a stimulus sequence including a combination of narrowband
stimulus lights, which have a narrow SPD and appears as a strongly saturated hue.
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Figure 8 Melanopsin-mediated PLR under dark-adapted viewing conditions.
Consensual pupillary light responses to 1 s pulses in Maxwellian view (35.6°
diameter stimulus; 15.1 log quanta.cm s ). The melanopsin excitation of the
stimulus was high (blue pupil trace; 465 nm) or low (red pupil trace; 637 nm).
The PIPR constriction amplitude is larger and more sustained following offset
of lights with higher melanopsin excitation (blue trace). The thick, bottom
horizontal line represents the pre- and post-stimulus periods in the dark; the
mark at time O represents the stimulus pulse.Data are for a representative
healthy observer. Modi ed after Kelbsch et al. (2019).

Stimulus lights with peaks nearer to the ,ax Of the melanopsin photopigment
(e.9., max = ~482 nm, cyanish/bluish appearing) produce higher melanopsin
excitation (Figure 6) (Kelbsch et al. 2019). This PLR to onset of the narrow-
band light includes an initial rapid pupil constriction dominated by the outer
retina, with the cone and rod photoreceptors most sensitive to the stimulus
wavelength driving the constriction (i.e., winner-takes-all) (McDougal and
Gamlin 2010). Melanopsin contributes a slower, sustained constriction during
presentation of stimulus light close to its peak spectral response, as evidenced
from a single-case study of a blind person due to rod—cone degeneration
(Gooley et al. 2012), but which is not evident in the PLR due to a greater
relative response of the outer retinal photoreceptors to the stimulus. Following
light offset, the PIPR amplitude increases with retinal irradiance, from
a threshold level near 11.5 log quanta.cm™.s™ to a half maximal response at
~13.5 log quanta.cm™.s™* (Gamlin et al. 2007, Park et al. 2011, Adhikari et al.
2015b) with the sustained PIPR constriction extending for longer than
a minute in daylight illumination (Adhikari et al. 2015b). Melanopsin as the
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primary driver of the PIPR was determined in macaque monkeys using
pharmacological blockage of outer retina activity (Gamlin et al. 2007), and
in trichromatic humans through estimation of the PIPR spectral response,
estimated at |, Of ~482 nm (Gamlin et al. 2007, Markwell et al. 2010,
Adhikari et al. 2015b). The initial PIPR recovery at the very earliest pupil
redilation times following light offset (<1.7 s post-stimulus) includes rhodop-
sin inputs (Adhikari et al. 2016a). While polymorphisms in the OPN4 alleles
have been associated with lower pupil constriction amplitudes (OPN4 SNP
1394 T (Higuchi et al. 2013)) and sleep disturbances (OPN4 SNP P10L
(Roecklein et al. 2012)), there is no available evidence that these polymorph-
isms alter the spectral tuning of melanopsin, unlike the polymorphisms that
can shift the peak sensitivities of the L- and M-cone opsins (Nathans et al.
1986, DeMarco et al. 1992). While a battery of psychophysical techniques
need be applied to assess all photoreceptor contributions to human vision, the
PLR can provide a direct, objective marker of rod, cone, and melanopsin
function in a single recording (Markwell et al. 2010, Zele and Gamlin 2020).

Protocols for measuring and reporting the PIPR in research and clinical
practice are described in the standards for pupillography (Kelbsch et al.
2019). The PIPR is typically measured in darkness to take advantage of
melanopsin ipRGCs unique post-stimulus response properties (Gamlin et al.
2007). The techniques are now applied widely in ophthalmology and visual
science in the detection and monitoring of eye diseases (for reviews, see Feigl
and Zele 2014, La Morgia et al. 2018, Rukmini et al. 2019b) including glaucoma
(Feigl et al. 2011a, Kankipati et al. 2011, Adhikari et al. 2016b), age-related
macular degeneration (Maynard et al. 2015, 2017), diabetes (Feigl et al. 2011b,
Park et al. 2017, Dumpala et al. 2019), and in neurological (Joyce et al. 2018,
Chougule et al. 2019) and mood disorders (Roecklein et al. 2013, Laurenzo
et al. 2016, Feigl et al. 2018) where melanopsin dysfunction may be evident
before detectable changes in standard clinical ophthalmic markers. This mela-
nopsin dysfunction can cause aberrant transmission of ambient light informa-
tion signalled via ipRGC for photoentrainment (Feigl et al. 2018). Intrinsically
photosensitive retinal ganglion cells are robust against aging until at least the
seventh decade, as evidenced in pupillary (Kankipati et al. 2011, Adhikari et al.
2015a) and histological studies of human retina (Esquiva et al. 2017). Together
with its reduced redundancy (Dacey et al. 2005), the melanopsin PIPR is
a sensitive marker of neural dysfunction that is not confounded with age-
related declines occurring in other retinogeniculate pathways (Feigl and Zele
2014). The melanopsin-mediated PIPR is retained in patients with outer retina
dysfunction such as retinitis pigmentosa (Kardon et al. 2009, Markwell et al.
2010) and in optic nerve diseases including Leber hereditary optic neuropathy



https://doi.org/10.1017/9781009029865 Published online by Cambridge University Press

Melanopsin Vision 21

(Kawasaki et al. 2010, Moura et al. 2013) and Leber congenital amaurosis
(Collison et al. 2015) and is independent of refractive error (Adhikari et al.
2016b, Ostrin 2018, Rukmini et al. 2019a). The PIPR amplitude is stable during
daylight hours (Zele et al. 2011, Minch et al. 2012). Spontaneous pupil move-
ments (pupillary unrest) can be used to index sleepiness (Lldtke et al. 1998)
after accounting for the dual interaction of homeostatic and circadian processes
(Daguet et al. 2019). It is also possible to create an objective map of retinal
function to pupillary responses measured in focal areas across the visual eld
(Carle, James et al. 2011, Kelbsch et al. 2020).

6 Melanopsin-Driven Light Adaptation Modulates Rod- and
Cone-Mediated Functions

While ipRGCs project to many brain centres, they also play an important role in
regulating the intra-retinal signals that underpin visual sensation and percep-
tion. The mechanisms by which melanopsin ipRGCs regulate retinal function
appear to be through chemical and electrical synapses within the retina.
Retrograde synaptic connections linking ipRGCs and dopaminergic amacrine
cells have been shown to play a key role in retinal light adaptation (Viney et al.
2007, Zhang et al. 2008, 2012, Prigge et al. 2016, Zhao et al. 2017, Munteanu
et al. 2018). Melanopsin ipRGCs are also coupled to other retinal cell types via
GJs, providing an additional mechanism by which they may modulate visual
signalling (Sekaran et al. 2003). Different melanopsin subtypes may play
different roles in visual processing. For example, mouse studies reveal that
M4 ipRGCs contribute to contrast sensitivity (Estevez et al. 2012, Schmidt et al.
2014), and recently, a subtype of M5 ipRGC has been shown to be coupled to
inhibitory amacrine cells that express corticotrophin-releasing hormone (CRH)
to modulate the function of other retinal ganglion cells (Pottackal et al. 2021).

The melanopsin excitation of light can directly in uence rod- and cone-
mediated visual functions. A determination of the effects of melanopsin-rhod-
opsin interactions are being actively investigated. Unique white perception, the
equilibrium point of the opponent processes for colour vision, can be shifted
with changes in the melanopsin excitation (Cao et al. 2018). An implication is
that the CIE standard observer colour matching functions, the basis of modern
colorimetry, may depend on the melanopsin excitation of their initial measure-
ment conditions (Barrionuevo et al. 2022). Analysis of natural scene images
reveals that melanopsin contributes to the putative red-green (parvocellular)
and blue-yellow (koniocellular) colour opponent pathways, in addition to the
luminance (magnocellular) pathway (Barrionuevo and Cao 2014). When mel-
anopsin excitation is increased, and without altering the mean photopic
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luminance, contrast discrimination improves for lights modulated along each of
the cardinal cone directions (Zele et al. 2019b). This contrast enhancement in
humans has a parallel in mice wherein visual contrast sensitivity is higher in
wild-type than in melanopsin-de cient transgenic lines (Schmidt et al. 2014).
A higher melanopsin excitation also increases the spatial tuning of mouse
dLGN neurons from long pass to band pass (Allen et al. 2014).

It is through adaptation processes that visual contrast sensitivity and spatial
and temporal resolution are optimized across a 10-log unit range of illumination
when individual cells are restricted to a narrower dynamic range of 2-3 log
units (MacLeod 1978, Shapley and Enroth-Cugell 1984, Hood 1998). The rst
site of adaptation occurs at the photoreceptor. Transduction of light into sensory
neural signals leads to a conformational change in the photopigments that
initiates a recovery process that is 3.4x slower in humans for the melanopsin
photopigment than the cone-opsins, and 1.2x faster than rhodopsin (Pant et al.
2021). The partial resistance of melanopsin to pigment bleaching is likely due to
its unique chromophore (Sexton et al. 2012, Emanuel and Do 2015) and the
displacement of ipRGCs from the retinal pigment epithelium (Tu et al. 2006,
Zhao et al. 2016). Second-site adaptation processes at post-receptoral retinal
and cortical sites implement fast and slow gain controls to ne tune contrast
sensitivity. In humans, Weberian adaptation supports achromatic contrast
invariance (delta L/L = constant) (Aguilar and Stiles 1954) and low temporal
frequency behaviour (de Lange 1954, Kelly 1961), but such invariance is not
evident for visual responses mediated via the colour-opponent chromatic path-
ways (Swanson et al. 1987, Smith et al. 2008). The sub-Weber adaptation
response of the afferent pupil light re ex (Barrionuevo and Cao 2016) indicates
that melanopsin pathways can drive adaptive changes in neuronal circuits
separately from the Weber adaptation controlled by the magnocellular pathway
(Smith et al. 2008). Cone-mediated visual contrast response functions (Chen
et al. 2000) follow different patterns than with melanopsin-directed lights, such
that the melanopsin pathway can modulate the gain of the cone pathways (Zele
et al. 2019b). Higher melanopsin activations also modulate the gain of mice
retinal ganglion cells to improve information transfer rates (Milosavljevic et al.
2018). Melanopsin-driven adaptation processes can optimize the connectivity
and response properties of local retinal neuronal networks in reaction to incom-
ing light signals through feedforward and feedback networks connecting the
intraretinal melanopsin pathway with the rod and cone photoreceptors (Lee
et al. 2004, Zhang et al. 2008, Griinert et al. 2011, Newkirk et al. 2013, Rei er
et al. 2015). For example, the steady-state white noise electroretinogram
(WnERG) as a measure of melanopsin- or cone-initiated photoresponses in
humans has detected interference between these outer and inner retinal signal
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generators, leading to a reduction in the electroretinogram (ERG) amplitude
when simultaneously activated (Adhikari et al. 2019b). The ash ERG as
a measure of outer retinal function also shows a light-dependent adaption
response matching the spectral response properties of melanopsin (Hankins
and Lucas 2002). The diurnal variation of the cone ERG in mice show that these
changes are abolished in mice lacking melanopsin, suggesting that ipRGC
responses may play a role in optimizing visual function to the time of day
(Barnard et al. 2006). Along with its visual and non-visual responses to light,
there is much to be discovered about how the melanopsin pathway interacts with
and supports the activity and behaviour of the retina and downstream cortical
networks, to optimize performance of rod- and cone-mediated visual functions
with changes in light adaptation.

7 Spatio-Temporal Response Properties of Melanopsin
Photoreception

A hallmark of melanopsin photoreception is their sluggish temporal kinetics,
kinetics that can be orders of magnitude slower than that of the canonical image-
forming pathways. In non-human primates, melanopsin cells with their sus-
tained responses have lower temporal delity (Dacey et al. 2005) than the
midget (critical icker frequency, CFF ~100 Hz), parasol (CFF ~100 Hz)
(Smith et al. 2008), and small bistrati ed retinal ganglion cells (CFF ~80 Hz)
(Crook et al. 2009) that form the early physiologic pathway for image-forming
vision. Human visual temporal contrast sensitivity mediated via the melanopsin
pathway is low pass, with a resolution limit near ~5 Hz (Zele et al. 2018c).
Compared to the band-pass, achromatic response of the cone pathway wherein
the CFF increases linearly with logarithmic changes in luminance according to
the Ferry—Porter law, the melanopsin-mediated CFF is independent of illumin-
ation level (200-5000 Td) (Zele et al. 2018c) and lower than for achromatic
(CFF >60 Hz), red-green (~16 Hz) (Swanson et al. 1987), or blue-yellow
chromatic modulations (~20 Hz) (Zele et al. 2018c). Visual reaction times are
also longer to melanopsin- than cone-directed stimuli (Gnyawali et al. 2022)
while contrast sensitivities depend on the melanopic response to light; mela-
nopsin stimulation facilitates (improves) the temporal contrast sensitivity of the
cone pathway while rod pathway temporal contrast sensitivity can be facilitated
or inhibited depending on the stimulus temporal frequency (Uprety et al. 2022).

The icker PLR (fPLR) mediated via ipRGCs in macaques (Ostrin et al.
2018) and humans (Gooley et al. 2012) is low pass, but with a cut-off near ~8 Hz
(Stark and Sherman 1957, Clarke et al. 2003, Joyce et al. 2015, Adhikari et al.
2019a), higher than for melanopsin-mediated vision due to extrinsic rod and
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