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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 influences 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-filled 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 first-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 classified 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 scientific
method and draws strongly from the fields 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 fifth 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 findings 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 specificity, 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, Konig and
Dieterici 1893, von Helmholtz 1896, Schrodinger 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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significant 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 findings 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 (Ayax) of 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 identified 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
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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 identified 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 (pRGCs) or melanopsin
retinal ganglion cells (mRGCs).

Following the identification 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 “"*FRT2) 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 deficits 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. 2018¢, 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 DB cone bipolar cells. Synaptic contact
also occurs between ipRGCs and dopaminergic amacrine (Ay), 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, AIl amacrine
cells, and ON (B,,,) and OFF (B,gf) cone bipolars is yet to be determined in
primates, although synaptic contact has been shown between rod bipolars and
ipRGC; in rats. Abbreviations: nerve fibre 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 et al. 2003, Tu et al. 2005). Mouse ipRGCs show a range of anatomical
diversity, leading to an initial classification of three subtypes (M1, M2, and M3).
Improved transgenic reporter models revealed additional subtypes, so that
today, M1-MS5 subtypes of mouse ipRGC are recognized (Ecker et al. 2010,
Hu et al. 2013), with an M6 subtype recently identified (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 fishes, where five separate melanopsin genes have been
identified, 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
leaflet (IGL), and the ventral lateral geniculate (vLGN). Detailed anatomical
mapping of ipRGC pathways identified a remarkable diversity of projections
(Figure 5), suggesting a much wider role in non-image-forming responses than
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Figure 5 Central projections of ipRGCs. To date, most projections have been
identified in rodents (black), with relatively few projections confirmed in
primates (red), and fewer still confirmed 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 (ALGN) (Hattar et al. 2006). With the
identification of mouse M4 and M5 ipRGCs, more extensive projections to the
SC and dLGN were also identified (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 classified as legally (but not completely) blind when
evaluated against human visual performance standards (Griinert and Martin
2021).

3.2 Intrinsically Photosensitive Retinal Ganglion Cell in Primates

Alongside its discovery in frog and rodents, melanopsin was identified 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 identified 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 photopigment has A, 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 significantly 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 five 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 A, 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 efficiency function, V(A),
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 efficiency function was
determined using psychophysical procedures such as heterochromatic flicker
photometry (HFP), and satisfies 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 efficiency function is the basis of
many lighting measures including luminous intensity (candela), luminous flux
(lumens), and illuminance (lux). Because V(1) is based on a physiologic circuit
that is largely distinct from that of ipRGCs, it does not reflect 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-
influenced 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 five human photoreceptors as per CIE S 026:2018. Overlayed are the
spectral outputs of five 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 1’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 A,.x (~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 influence
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. 2019b).

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 specified as / = L/(L+M) = 0.6667, m =
M/(L+M)=0.3333,s=S/(L+M)=1,r=R/(L+M)=1,and i=l/(L+M) =1 for 1
photopic Troland light metameric to the EEW spectrum. (b) Required
percentage output changes of the five 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
sufficiently 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 five, independently controlled
narrowband primary lights (e.g., using LED and interference filter 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 specified
LMSRIi 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; Ai) 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 fields, 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
artificial 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 filters (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-
field photoreceptors that are unobstructed, whereas the retinal vasculature
differentially absorbs light and casts shadows across nearby photoreceptors,
known as the Purkinje tree (Purkyné 1823). The resultant difference in quantal
catch between open-field, 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 flicker pupil response is excitatory and antag-
onistic to the inhibitory, S-cone-directed flicker 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


https://doi.org/10.1017/9781009029865

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

Melanopsin Vision 17

i il " | i L " 1

(a) 0.24 Melanopsin /',_

’g 4 : b

E 014 L

c b
o

5 0.0¢0\ { -

5 L

3 —0.14 -
S

a b

—0.24 S-cone ~

T T T T
0 1 2 3 4 5
Time (s)
(b) L 1

102 4 o
@
£

g 100+ . o

8 L+M cones

2 98 o

S 934 L
9]

S Combined Melanopsin

8 94+ Pupil Light Response L
©

S 924 L

o Photoreceptor-directed pulse WW,

0 5 10

Time (s)

Figure 7 Melanopsin-mediated PLR under dark- and light-adapted viewing
conditions. (a) Light-adapted (2000 photopic Troland) melanopsin-directed
pupil flicker 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. Modified 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%
confidence 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. Modified 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 pupillac 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 reflex 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 quantifies 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, specifically 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. Modified after Kelbsch et al. (2019).

Stimulus lights with peaks nearer to the A, of the melanopsin photopigment
(e.g., Amax = ~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 A 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
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(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, Miinch et al. 2012). Spontaneous pupil move-
ments (pupillary unrest) can be used to index sleepiness (Liidtke 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 field
(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
GlJs, 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 influence 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-deficient 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 first
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 fine 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 reflex (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, Reifler
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 flash 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 fidelity (Dacey et al. 2005) than the
midget (critical flicker frequency, CFF ~100 Hz), parasol (CFF ~100 Hz)
(Smith et al. 2008), and small bistratified 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 flicker 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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cone inputs to ipRGCs. These extrinsic inputs linearly summate with the
intrinsic melanopsin signals (Barrionuevo et al. 2014). The dominant extrinsic
contributions to pupil constriction (McDougal and Gamlin 2010) have a similar
critical duration (75-100 ms) to that for image-forming visual processes
(Webster 1969), although melanopsin signalling delays the time to peak con-
striction (Joyce et al. 2015). Outer retinal temporal summation is important for
rapidly controlling pupil diameter in response to short timescale fluctuations in
illumination and may occur at two potential sites, one that is presynaptic to the
extrinsic photoreceptor input to ipRGCs (Barrionuevo et al. 2018), and another
within the pupil control pathway if ipRGCs have differential temporal tuning to
the extrinsic and intrinsic signals (Joyce et al. 2015). As for the PIPR following
offset of an incremental stimulus pulse, the intrinsic melanopsin photoresponse
manifests within the fPLR as a suppression of its peak-to-trough amplitude at
high irradiances (Feigl and Zele 2014, Joyce et al. 2015), consistent with an
increase in the relative melanopsin:rthodopsin weighting in ipRGCs with transi-
tions between scotopic and photopic lighting (Adhikari et al. 2019a).

The topology of photoreceptors and ganglion cells varies across the retina,
with implications for spatial vision. In human and macaque retina, the spatial
resolution of the melanopsin pathway is constrained by its giant dendritic field
sizes, with ipRGC diameters ranging from 350 pm in the parafovea to 1200 pm
in peripheral retina (Dacey et al. 2005, Liao et al. 2016, Nasir-Ahmad et al.
2017). Compared to the cone pathways, ipRGC dendritic field diameters are
~6.7-87.5% larger than midget ganglion cells projections to the parvocellular
layers of LGN, ~3.0—11.6% larger than parasol cells in the magnocellular path-
way, and ~3.0—17.5% larger than small bi-stratified cells in the koniocellular
pathway. Hence, the melanopsin pathway in humans can provide a coarse spatial
representation of images up to a resolution limit at about 0.8 cycles per degree
(c/°) in the superotemporal visual space (Allen et al. 2019b). Similarly, rudimen-
tary spatial vision is retained in mice that have defective rod—cone transduction
but intact melanopsin transduction (Ecker et al. 2010, Brown et al. 2012). Further
mapping across the visual field is required to determine how human spatial
vision is dependent on variations in ipRGC topography, melanopsin photopig-
ment density and the large photoreceptive net ipRGCs form across the retina.
With their smaller receptive fields, cone-mediated vision subserves a higher
spatial resolution limit of ~60 ¢/° (Campbell and Green 1965). For middle and
longer wavelength interference patterns detected by the L- and M-cones, spatial
resolution is limited by the cone diameter whereas spatial detection limits are set
by the ganglion cell spacing (Thibos et al. 1987, Anderson et al. 2002, Zhu et al.
2016). For short wavelength interference patterns, detection is better than reso-
lution, possibly limited by S-cone spacing, and lower than for L- and M-cones
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(Metha and Lennie 2001, Zhu et al. 2016). The spatial resolution limits of rod-
mediated vision are a further 1-log unit lower, with integration areas 16 times
greater than for cone vision to increase sensitivity in low photon conditions (Zele
and Cao 2015). As an irradiance detector, the non-image-forming pupil control
pathway does not require high spatial resolution (Crawford 1936, Stanley and
Davies 1995) and the melanopsin-driven PIPR amplitudes are determined by the
corneal flux density of a stimulus that is the product of the stimulus energy and
its area (Park and McAnany 2015, Joyce et al. 2016b). The melanopsin-driven
PIPRs in the peripheral retina are lower in amplitude than in the central retina, in
opposition to the outer retina driven constriction amplitude that does not exhibit
a retinal eccentricity dependent change in amplitude (Joyce et al. 2016b). This
points to a difference in the spatial tuning characteristics of the extrinsic (rod/
cone) and intrinsic (melanopsin) mediated pathways across the retina, as well as
in their temporal tuning (Joyce et al. 2015). In mice, melanopsin activation can
alter the spatial and temporal feature selectivity of visual circuits (Allen et al.
2014) and enhance the encoding of spatial patterns (Allen et al. 2017). On the
other hand, contrast sensitivity is reduced in melanopsin null mice, with no
change in their acuity (Schmidt et al. 2014). Distinctions in spike amplitude,
frequency, and decay of different ipRGC subtypes, as evident in mouse models
(Schmidt and Kofuji 2009, Ecker et al. 2010, Zhao et al. 2014), are the encryp-
tion required for various brain regions (e.g., OPN, SCN, LGN, V1) to distinguish
the temporal and spatial differences in the extrinsic and intrinsic signals encoded
in the same ipRGC axons (Joyce et al. 2015, 2016b). Understanding the func-
tional consequences of the unique anatomical and physiological bounds of the
ipRGC pathway will help define how human spatial, temporal, and colour vision
is controlled and supported during illumination changes through the morpho-
logical properties of the retinal networks driven by melanopsin.

8 Melanopsin-Expressing ipRGCs Drive an Independent
Dimension of Conscious Visual Perception in Humans

In primates, ipRGCs project to central brain regions involved in the processing
of visual information, such as the dLGN and SC (Figure 5) (Dacey et al. 2005,
Hannibal et al. 2014). Following the development of new optical instrumenta-
tion and psychophysical methodologies, an accumulation of evidence now
points to a role for melanopsin as the fifth photoreceptor class capable of
delivering information for human visual perception. Both the inner and outer
stratifying melanopsin cells in macaque retina project to the dLGN to relay
inputs to the primary visual cortex (Liao et al. 2016) for conscious image-
forming vision. Brightness magnitude estimates with increasing light level
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follow a power function that is approximately linear (versus log luminance) at
high photopic levels (Stevens and Stevens 1963, Barlow and Verrillo 1976,
Mansfield 1976). It is the intrinsic melanopsin photon counting response prop-
erty that delivers the time-average signal of the ambient lighting required to
support the perceptual quality of brightness (Dacey et al. 2005). By comparison,
canonical retinal ganglion cells with their centre-surround configuration are
optimized for signalling contrast (Kuffler 1953), and by nature, remove infor-
mation about the external light level. Consequently, psychophysical discrimin-
ation experiments in trichromats in photopic lighting show that cone metamers
with a higher melanopsin excitation appear brighter than comparison metamers
with lower melanopsin excitation (Brown et al. 2012, Besenecker and Bullough
2016, Zele et al. 2018a, Yamakawa et al. 2019, DeLawyer et al. 2020). In the
spectral region where melanopsin has highest sensitivity, a blind person with
outer retinal rod and cone degeneration reportedly experienced a brightness
percept with preserved circadian entrainment and pupillary light responses
(Zaidi et al. 2007). It is, however, the combined response of melanopsin and
the conventional retinogeniculate visual pathways that are required to support
brightness perception in trichromats (Zele et al. 2018a, 2020b) with some
models proposing a role for S-cones (Bullough (2018) but see Zele et al.
(2018b)). In scotopic lighting, brightness information is entirely signalled by
rhodopsin activation, likely through the magnocellular pathway and extrinsic
inputs to ipRGCs (Zele et al. 2020b), the former includes a dominant rod
weighting (Lee et al. 1997). An independent melanopsin contribution to bright-
ness estimation is first evident in mesopic illumination, with the less sensitive
rod signals overshadowed by cone inputs to the magnocellular pathway (Zele
et al. 2020b) that forms the substrate for cone photometric luminance (Lennie
etal. 1993). When the illumination reaches levels sufficiently high to cause light
aversion, this photophobic spectral response matches the action spectrums of
the melanopsin and cone-luminance pathways, with light-sensitive migraineurs
experiencing melanopsin hypersensitivity (Zele et al. 2020a).

The intrinsic melanopsin visual response to a spatially uniform, photorecep-
tor-directed incremental pulse requires more than 10x higher contrast than for
detection of stimuli mediated via the putative red-green pathway (inferred
+L-M cone opponent), and with lower sensitivity than to stimulus transitions
along the blue-yellow (inferred S-cone opponent pathway) or achromatic
dimension (inferred non-opponent pathway) (Zele et al. 2018c). The conscious
melanopsin-mediated visual percept to very high stimulus levels (e.g., 400%)
evokes a measurable fMRI activation change in the primary visual cortex
(Spitschan et al. 2017). Psychophysically measured melanopsin photoreception
thresholds require lower stimulus contrasts (Horiguchi et al. 2013, Cao et al.
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2015, Zele et al. 2018c, 2019b, Allen et al. 2019b) than is necessary to elicit
aresponse in single-cell recordings of the mouse dLGN to melanopsin-directed
stimuli (Allen et al. 2017). On the other hand, melanopsin-expressing ipRGCs
in mice are capable of single photon responses of a larger scale than rods (Do
et al. 2009), yet at the absolute threshold of human vision (Hecht et al. 1942),
detection is driven entirely by the scotopic rod pathway with an action spectrum
matching the rhodopsin photopigment (Dey et al. 2021). The single-cell and
systems level roles of melanopsin can therefore be functionally different.
Melanopsin contributions to human contrast processing first become manifest
in intermediate mesopic illumination levels (~200 Td) when all five photorecep-
tors provide functional input to human visual perception (Zele et al. 2019b).
Both the sparseness of ipRGCs (Dacey et al. 2005) and the low membrane
density of melanopsin (Do et al. 2009) are factors driving its low contrast
sensitivity. Rod- and cone-mediated vision is exquisitely sensitive to changes
in the spatio-temporal properties of the light across the visual field and with
variation illumination level (Hess et al. 1990, Buck 2003, Makous 2003, Reeves
2003), with many of these factors still untested for the melanopsin pathway.
Beyond the fundamental knowledge gained through study of melanopsin con-
tributions to human vision, and its interaction with the rod and cone pathways to
drive visual function, there will be new developments in understanding of the
role of melanopsin dysfunction in the pathomechanisms of ophthalmic and
neurological disease.

The visual percepts associated with melanopsin-directed stimulation include
a change in colour and brightness, the latter sometimes with no apparent change
in chromaticity. Earlier reports for rod-mediated colour perception acknow-
ledged that in the dark-adapted eye with a central scotoma, there is a certain
range of fluctuations as to its perceptual quality (Nagel 1924), with a rod hue
sensation appearing bluish-green of little saturation (Nagel 1924, Buck 2003,
Pokorny et al. 2006, Stabell and Stabell 2009). If the melanopsin colour percept
was fully determined by its colour opponent L+M-ON and S-OFF response
property in the retina, it is expected to include a component greenish/blueish-
yellowish colouration (Cao et al. 2018). Colour appearance and naming is,
however, complexly dependent on the viewing context and its neural represen-
tation is contingent on post-receptoral transformations at multiple sites within
retina and cortex (Shevell and Kingdom 2007). By restricting verbal reports to
the basic hues, melanopsin-directed lights reportedly appear more greenish and
yellowish (Cao et al. 2018). With unrestricted subjective colour naming, sub-
jects self-report that melanopsin excitation gives rise to a diffuse visual percepts
that range from yellow-orange or greenish (Spitschan et al. 2017) to a bluish-
cyanish or orangish appearance (Zele et al. 2019b). Objective colour matching
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of melanopsin-directed stimuli measured under conditions designed to elimin-
ate penumbral cone intrusions returns a colour match that mirrors the L+M-ON
and S-OFF response property (Zele et al. 2018c). Together this highlights that
the commonality of between-observer objective colour matches can co-exist
with different subjective colour appearances.

9 Circadian Rhythms and ipRGCs

Circadian rhythms are a fundamental process that occurs in nearly all living
organisms. These rhythms are endogenous, near-24-hour oscillations that are
self-sustaining and temperature-compensated (Mistlberger and Rusak 2005).
Circadian rhythms are critical to establish daily cycles of physiology and
behaviour that are predictive of changes in the environment driven by the 24-
hour geophysical day. The external 24-hour day in most organisms is experi-
enced through a daily cycle of light and dark driven by the rising and setting of
the sun. In humans, as with all mammals, most circadian rhythms derive from
a single neural locus, the SCN (Figure 5) (Moore and Lenn 1972, Stephan and
Zucker 1972). The SCN are a dense pair of nuclei, each consisting of about
10,000 highly interconnected neurons, located at the base of the third ventricle
and directly above the optic chiasm (Welsh et al. 2010). The SCN have
a singular output as a pacemaker and help to synchronize many parts of the
brain and body to both each other and the outside world. Without adequate light
input to the SCN, the clock would ‘free run’ at its intrinsic non-24-hour pace (n.
b., in humans, the average period length of the clock is 24.2 hours (Czeisler et al.
1999)). Under such conditions, the internal clock would slowly become mis-
aligned (desynchronized) with the outside world and cycle through periods of
synchronization and desynchronization based on the length of this internal
period and the external day cycle. As an example, an individual with
a circadian period length of 24.5 hours who had no light input to the clock
would have their internal clock move one time zone every two days relative to
the outside world, a permanent state of going into and out of jet lag.
Mammalian SCN are not directly photosensitive. Some circadian clocks in
the other vertebrate classes such as birds, reptiles, fish, or amphibians have
direct co-localization between light-sensing proteins and the clock (e.g.,
chicken pinealocytes (Deguchi 1981)). Other circadian clocks in non-
mammalian vertebrates are not directly photosensitive, but receive light input
from non-retinal (deep brain) photoreceptors (e.g., lizard SCN (Underwood
1973, Tosini et al. 2001)). Mammals do not have evidence of deep brain
photoreceptors (Underwood and Groos 1982); direct exposure of the brain
to light in enucleated rodents does not evoke circadian responses to light
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(Groos and van der Kooy 1981). As the mammalian SCN is neither directly light
sensitive nor are there deep brain photoreceptors to send it photic information,
retinal input is necessary to synchronize the internal clock with the outside
world.

The retinohypothalamic tract (RHT) is a monosynaptic neural pathway from
the retina to the SCN in mammals (Moore 1995). It is made of a small fraction of
the total number of retinal ganglion cells, likely about 1% (Moore et al. 1995).
Evidence for the RHT as a bundle independent of the optic tract comes from
both lesion (Johnson et al. 1998) and tract-tracing studies (Moore and Lenn
1972, Pickard 1980, Sadun et al. 1984, Dai et al. 1998). The RHT arises from
a subset of ganglion cells with large dendritic and receptive fields originally
identified as being type-W or type-III ganglion cells (Moore et al. 1995,
Provencio et al. 1998a). It was later determined that the RHT arises from
a molecularly distinguishable subset of retinal ganglion cells that express
melanopsin (Provencio et al. 1998b, 2000). More specifically, the SCN are
primarily innervated by a portion of the RHT that arises from the M1 subtype
of ipRGC that lack expression of Brn3b SCN (Chen et al. 2011, Fernandez et al.
2016).

The ipRGCs that make up the RHT are both directly photosensitive, due to
the ability of melanopsin to convert an electromagnetic signal into an electro-
chemical signal, and receive input from rods and cones (Mure 2021). The exact
manner in which the melanopsin, rod, and cone signals are integrated by the
ipRGCs that convey photic information to the SCN is not well understood.
Evidence from rodents indicates that all three likely play a role in providing
light information to the circadian clock (Berson et al. 2002, Ruby et al. 2002,
Altimus et al. 2010, Lall et al. 2010, Walmsley et al. 2015), and human SCN
responses are suppressed by narrowband light stimuli that range the visible
spectrum (blue, green, and orange lights), though not for violet light, which
entails relatively greater S-cone excitation (Schoonderwoerd et al. 2022).
Human studies attempting to parse out photoreceptor contributions to circadian
function are now emerging: Blind individuals lacking an outer retina (and so
rods and cones) are still able to entrain to the solar day and demonstrate visual
perceptions that correspond to the action spectrum of melanopsin (Zaidi et al.
2007). Studies of S-cone circuit connectomics (Patterson et al. 2020), electro-
physiology (Dacey et al. 2005), and pupillary responses (Spitschan et al. 2014,
Cao et al. 2015) indicate that S-cone signals may be opponent to melanopsin
signal output. Results are mixed when explored in a circadian context, however;
one study demonstrated no effect of S-cones in suppressing the circadian
hormone melatonin over 2 hours of stimulation in participants with undilated
(natural) pupils (Spitschan et al. 2019), while another demonstrated a large
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effect (half as strong as that of the melanopsin signal itself) in suppressing
melatonin for brief 30 min durations in participants with dilated pupils (Brown
et al. 2021).

The SCN use information about the external light-dark cycle to set the time
(phase) and pace (period) of the circadian clock. The impact of light on the
circadian clock is dependent on the circadian time at which the light is applied.
This relationship between the timing of light exposure and subsequent
responses to light is known as a ‘phase response curve’ (Johnson 1990,
Khalsa et al. 2003). In individuals who are normally entrained (synchronized)
to the 24-hour day, light in the evening and early night will cause delays in
circadian timing. In other words, light will temporarily slow down the clock and
events the next day will be shifted to a later time. For example, if the peak of
cortisol, which is under circadian control, were to occur at 6 a.m. today,
following an evening light exposure, it might occur at 7 a.m. the next day.
Light at the end of the night and early morning will cause advances in circadian
timing. In other words, light will temporarily speed up the clock and events the
next day will be shifted to an earlier time. Light during the daytime has
a comparatively less effect on the timing of the clock (St Hilaire et al. 2012),
but is important because it can mitigate the impact of evening light exposure
(Chang et al. 2011). Thus, greater amounts of light exposure during the daytime
can reduce the circadian response to evening light, while circadian responses to
morning light are left relatively unaffected when preceded by a night of sleep in
darkness (Zeitzer et al. 2011a).

Individuals with erratic schedules or working night shifts are likely to have
a different relationship between the timing of sleep and circadian time. As such,
while there is a phase response curve in these individuals as well, the position of
this phase response curve relative to the timing of sleep, such as described
earlier, is less predictable (Stone et al. 2019). The timing of sleep is controlled at
a biological level by two processes, the circadian clock and a homeostatic
process (Borbély 1982, Dijk and Czeisler 1994). The homeostatic control of
sleep is through an unknown neural locus and represents an appetitive process —
the more you sleep, the less sleep you need, and the longer you stay awake, the
more sleep you need. In humans, the circadian clock provides a maximal drive
for wake in what is typically the late evening hours and a maximal drive for
sleep near the end of the normal sleep period. The circadian clock counterbal-
ances the increased homeostatic drive for sleep at the end of the day and the
increased homeostatic drive for wake at the end of the sleep period, thereby
consolidating both the wake and sleep periods. The timing of these circadian
drives is mostly independent of actual sleep behaviour as they are set by the
circadian clock and, therefore, the timing of light exposure. Individuals with
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erratic sleep schedules (erratic light exposure), shift workers (displaced and
inconsistent light exposure), and travellers (displaced light exposure) will each
have a disruption in the relative position between the circadian clock, homeo-
static sleep pressure, and desired sleep timing, resulting in an inability to fall
asleep, stay asleep, or stay awake. This type of erratic exposure to light can also
cause a decrease in the amplitude of the circadian clock (Jewett et al. 1994),
leading to downstream reduction in the influence of the SCN on behaviours such
as sleep timing.

In addition to the timing of the light, the intensity of the light can have
a significant impact on the magnitude of the circadian response to light. This
relationship is known as a ‘dose response curve’ or ‘irradiance response curve’
(Figure 1) (Zeitzer et al. 2000). In humans, the dose response relationship
between light intensity and subsequent circadian responses to light follows
a sigmoidal relationship such that low intensities of light generate relatively
little change in phase (lower asymptote), very high intensities of light generate
maximal change in phase (upper asymptote), and increasing light intensities
between these two extremes logarithmically results in a linear increase in phase
change (Zeitzer et al. 2000, 2005). Under laboratory conditions in which the
system is sensitized by multi-day exposure to dim light, this logarithmic rise
occurs in the range of normal room light. It is likely that under real-world
conditions, this logarithmic rise is shifted to higher intensities for evening
exposure to light but would remain in the room light range for morning expos-
ure to light when preceded by a night of sleep in darkness. Individual differ-
ences appear to be an important factor in circadian study of light sensitivity;
under laboratory-controlled conditions, melatonin suppression by light can vary
50-fold between individuals (Phillips et al. 2019). Whether these differences in
light sensitivity originate in ipRGCs or elsewhere in the circadian pathway
remains unknown (Chellappa 2020).

The length of exposure to light is another factor that can modulate the impact
of light on circadian timing. In general, there are diminishing returns for
extended exposure to light, with exposure times in the minutes being much
more potent in terms of the amount of shift generated per photon of light
exposure (Rimmer et al. 2000, Chang et al. 2012, Rahman et al. 2017a).
Duration of exposure, however, can be manipulated to induce illusions in the
circadian system, in which the circadian system responds to light that is not
present. The ipRGC projections to the SCN remain depolarized for several
minutes following light offset (Berson et al. 2002). In essence, these cells
continue to respond to a light stimulation that is no longer present, but with
a post-stimulus spike-frequency related to the number of stimulus photons
(Dacey et al. 2005). This electrophysiologic phenomenon is functionally
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relevant as when a train of millisecond-length light pulses are strung together
with 60 seconds of darkness interspersed between the pulses, the circadian
system responds as if it had been exposed to an equiluminant continuous light
pulse (Zeitzer et al. 2011b). When the light pulses are separated by 8 seconds of
interspersed darkness, the response of the circadian system is two to three fold
greater than with an equiluminant continuous light pulse (Najjar and Zeitzer
2016). The enhanced response of the circadian system is likely due to these
pulses of light acting extrinsically through cones (Wong and Fernandez 2021).

10 The Non-image-Forming Pathways Set Arousal and Cognition

It has been widely assumed that due to increased responses to blue (~460 nm)
compared with green/yellow stimuli (~555 nm), the melanopsin ipRGC system
may be critically involved in alerting responses to light. Such stimulus lights are
not, however, optimally designed to separate the relative contributions of the
inner and outer retinal inputs to these responses. However, these supposed
mechanisms are largely based upon analogy to other non-visual effects of
light such as circadian entrainment. The relative strengths of photoreceptor
inputs and the neural circuits mediating the effects of light on alertness are yet
to be fully elucidated.

Given our mastery over electric lighting technology and its ubiquity in
society, there has been immense interest in how broadband (white or whitish)
lighting such as we use indoors can drive subjective alertness as well as
objective performance and brain physiology. Mechanistically, ipRGCs project
to areas involved in alerting, including the anterior hypothalamus, LHb, MA,
and SPZ (Hattar et al. 2006, LeGates et al. 2014), and light modulates the
sympathetic nervous system though projections from the SCN to the paraven-
tricular nuclei of the hypothalamus. People often have an intuitive idea of what
it means to feel alert (or not), yet alertness remains hard to define (Oken et al.
2006). In psychological approaches, alertness often refers to vigilance and the
ability to maintain sustained attention and cognitive performance (Shapiro et al.
20006), while sleep-wake studies often simply define alertness as the opposite of
sleep or a reduced sleep need (Aston-Jones 2005, Cajochen 2007). Studies of
the alerting effect of light can thus use a variety of measures to probe alertness.

The intensity of white light during the biological night has a dose-dependent
effect on alertness where participants transition between sleepy and alert
between ~70 and ~200 lux (Cajochen et al. 2000). This range is surprisingly
precise given its derivation from self-reported sleepiness, eye movements, and
electroencephalography (EEG) spectral manifestations of alertness.
A systematic review by Souman et al. (2017) identified 38 studies of white
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light intensity spanning some 47 separate experimental cohorts. These studies
evaluated the effect of ‘dim’ versus ‘bright’ light, which varied considerably by
study (dim minimum = ~0.01 lux, maximum = ~1,411 lux, median = ~170 lux;
bright minimum = ~100 lux, maximum = ~10,000 lux, median =~2,250 lux). Of
these, approximately two-thirds of studies reported increases in alertness with
bright light compared to dim light, while approximately a third reported no
effect or a decrease in alertness. These conflicting results may be because the
dim light control condition in some studies was ~100 lux or greater, and so may
actually be alerting. Of the studies reported in Souman et al. (2017), 6 of 15
studies that reported no effect involved dim light conditions >100 lux (Dollins
etal. 1993, Leproult et al. 1997, Iskra-Golec et al. 2000, O’Brien and O’Connor
2000, Crasson and Legros 2005, Borisuit et al. 2015). A further three studies
that did report dim light effects at one time of exposure reported no effect at
other times (Teixeira et al. 2013, Smolders and de Kort 2014, Huiberts et al.
2015), suggesting that light intensity was approximately at threshold for alert-
ness. It is less clear how these findings apply to performance because some
studies report positive effects on psychomotor vigilance or letter-digit substitu-
tion tests of cognition (Phipps-Nelson et al. 2003, Smolders et al. 2012), but
others report negative effects (Iskra-Golec et al. 2000). The relation between
subjective alertness and performance may not be direct and is further con-
founded, sleepiness may not always translate to worsened vigilance and atten-
tion, while the effects may be task-dependent.

Studies have also evaluated narrowband (monochromatic) lights because,
when carefully selected, they can bias activation towards the desired photo-
receptor class(es) (e.g., the melanopsin pathway) relative to other classes but
with the restriction that they differentially activate more than one photorecep-
tor class (except in scotopic lighting) and therefore multiple pathways.
Souman et al. (2017) also evaluated studies that used ~440 to ~555 nm
narrowband (blueish to greenish) lights to manipulate alertness and perform-
ance. Alertness was increased by these lights in four studies, decreased in
one, and had no effect in nine. Eight of these studies also evaluated perform-
ance but only five found positive effects. A common specification of com-
mercial white light is its CCT along the Planckian (black body) locus, where
lower values appear reddish and higher values bluish white; typical room
lighting values range from 2,600°K (warm lighting) to 6,500 °K (cool
lighting). With these manipulations to lights, findings are again mixed. Of
three studies of performance (Souman et al. 2017), only one found positive
effects (Chellappa et al. 2011). If blue light is filtered out of the spectrum
(expected to reduce melanopsin drive, but also altering the excitations of the
rod and cone photoreceptors), studies are again mixed: of four studies of
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performance, two found effects on performance when reducing short wave-
length content (Rahman et al. 2011, 2013). An important consideration is that
these lighting manipulations can translate into relatively small shifts along the
dose response curves that may be readily eclipsed by inter- or intra-individual
differences due to biological variability or lifestyle factors (Phillips et al.
2019). Thus, very large sample sizes would be needed to reliably detect such
small effect sizes.

While the subjective data are largely inconclusive, more objective measures
of alertness such as EEG provide a window into happenings at the neurophysio-
logical level. Studies consistently report effects of white light on EEG measures
including decreased theta (0, 5-8 Hz) and alpha (a, 9-13 Hz) frequencies
(Cajochen et al. 2000, Daurat et al. 2000, Lavoie et al. 2003), increased beta
(B, 14-30 Hz) power (Badia et al. 1991, Lavoie et al. 2003), and reduced slow
eye movements (Cajochen et al. 2000). Monochromatic light exposures also
decrease theta frequencies (Lockley et al. 2006, Phipps-Nelson et al. 2009,
Sahin and Figueiro 2013) and suppress the delta (5, 0.5-4 Hz) frequencies
associated with increasing sleep drive (Lockley et al. 2006, Miinch et al.
2006, Phipps-Nelson et al. 2009, Rahman et al. 2014). In contrast to white
light, the alpha frequencies increase in response to blue versus green light
(Lockley et al. 2006, Rahman et al. 2014) but reductions in alpha frequencies
have also been described in response to both blue and red stimuli, with no
wavelength-dependent effects (Figueiro et al. 2009, Sahin and Figueiro 2013,
Okamoto et al. 2014). White light with higher CCTs tend to decrease delta
(Cajochen et al. 2011, Chellappa et al. 2013) and theta frequencies (Cajochen
etal. 2011, Sahin et al. 2014). Consistent with these findings, reduced blue light
content results in increases in both delta and theta frequencies (Rahman et al.
2017b). Thus, objective EEG measures provide good evidence of light-
dependent effects on EEG-defined alertness, consistent with the greater effects
of blue versus green light on plasma melatonin suppression, subjective sleepi-
ness, and reaction time.

There have been relatively fewer brain imaging studies on alertness. During
the night, bright light (8,000 lux) increases activation levels in the striate cortex,
extrastriate cortex, and intraparietal sulcus, areas involved visual and auditory
attention (Perrin et al. 2004). Blood flow was decreased at stimulus offset in
hypothalamic areas, although it is unclear if this reflects the SCN or related
hypothalamic nuclei due to the resolution constraints of imaging. During
the day, bright white light (>7,000 lux) combined with an oddball auditory
task revealed that increases in subjective alertness associate with increasing
activation of the posterior thalamus, and that dynamic changes in cortical
activity cease rapidly at stimulus offset. These studies also suggest that
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subcortical structures associated with alertness are activated prior to widespread
cortical activation (Vandewalle et al. 2006). Monochromatic light also has been
evaluated, comparing morning light exposure to 13.5 log quanta.cm™.s™ of
either blue (470 nm) or green (550 nm) light (18 minute exposure) during an
auditory working memory task. Wavelength-dependent effects on brain regions
were found in areas associated with executive function (frontal and parietal
cortex, insula and thalamus) were involved in these responses, but only during
the stimulus presentation. Blue light enhanced responses/prevented the decline
observed during green light stimuli (Vandewalle et al. 2007a). Follow-up
studies used violetish (430 nm), blueish (473 nm), and greenish (527 nm)
stimuli (13 log quanta.cm™.s™). Blueish light resulted in increased activation
of thalamus, hippocampus, and amygdala compared with greenish light and an
increase in activity in the middle frontal gyrus, thalamus and the brainstem
compared to violetish light (Vandewalle et al. 2007b). Consistent effects on
frontal cortex were observed when applying 30 minutes of exposure to bright
blueish (479 nm, 14.7-15.5 log quanta.cm™.s™") and amberish (578 nm, 14.0—
15.0 log quanta.cm™s™) lights. Blueish light increased performance on an
N-back task, and increased activation in executive function areas associated
with the dorsolateral and ventrolateral prefrontal cortices (Alkozei et al. 2016).
While not directly separating the melanopsin and cone contributions, these
findings are consistent with the known ipRGC projections such as links between
the SCN and wake-promoting nuclei of the brain and projections to the thalamus
and amygdala (Figure 5). There are also interindividual effects that temper these
responses to light. The effects of blue light on cortical activation are reduced in
ageing, even when controlling for reduced lens transmittance (brunescence) and
pupil size (senile miosis) with increasing age (Daneault et al. 2014). Prior light
exposure history affects working memory tasks under greenish light (515 nm)
where prior light exposure increased prefrontal and pulvinar responses follow-
ing amber (589 nm) rather than blue (462 nm) light. The authors suggest that
this may be due to prior light exposure resulting in greater photoconversion of
melanopsin to its active state (Chellappa et al. 2014), but there is minimal
evidence of this when studied in vivo (Lucas et al. 2014).

Because light can be efficacious in modulating arousal and cognition, more
targeted modulations of the photoreceptor pathways have been explored in
applied contexts using devices that could conveivably be integrated into real-
world environs. When viewing movies in the biological evening on a novel five-
primary visual display, both subjective sleepiness and melatonin expression
were reduced by high melanopsin/rod stimulation compared to low melanopsin/
rod stimulation (Allen et al. 2018). When deployed as room lighting, metameric
daytime lights but with varying levels of melanopsin stimulation modulated the
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pupil light reflex in a dose- and illuminance-dependent manner, but modulated
objective sleepiness at low (100 lux) illuminance only (de Zeeuw et al. 2019).
Indeed, while differences in cognitive functions were seen when participants
were exposed to different ~4,000 K 100 lux room lighting technologies during
the biological day, with different melanopsin excitations, such lighting was not
sufficient to differentially protect against the effects of a 200 lux evening
exposure of light on subjective or objective measures of alertness (Lok et al.
2022). These studies underscore the important interactions between the human
biological clock and light’s spectral properties, intensities, and timings, and that
different output pathways may have different sensitivities. Subtle or even non-
perceptible alterations to our lighting environment may have the ability to alter
mind and behaviour, but they require both careful formulation and deployment.

11 Harnessing Light in the Built Environment

Light’s role in the built environment is to support human outcomes — a simple
concept that is devilishly complicated in practice. Complexity arises because
people have such a wide range of visual, biological, and behavioural responses
to light (Vetter et al. 2021, Ricketts et al. 2022). Focusing on only one or a few
light-related outcomes always comes at the sacrifice of some other light-related
outcome. For example, increasing interior light levels during daytime hours to
support circadian health will increase the likelihood of visual discomfort and
require more energy use. As another example, light source spectrum can be
adjusted to support circadian health but doing so can perturb a light source’s
ability to render colours, distorting the appearance of skin and objects. Effective
design first requires an appreciation of the factors influenced by light,
and second an understanding of their interrelationships and trade-offs so that
desired outcomes can be identified, prioritized, and addressed through design
(Houser and Esposito 2021). Figure 9 illustrates the ways with which light as
a stimulus can affect broad categories of human responses. The coloured boxes
show schematic subdivisions in two broad categories, representing image and
non-image forming pathways.

Image-forming responses to light include visual performance, visual experi-
ence, and visual comfort. Visual performance refers to how well light enables an
observer to see and process visual information and might include measures of
objective visual function. Visual experience includes psychological responses
evoked by light, including perceptions of contrast, colour appearance and
quality plus the emotional response and impressions as varied as relaxation
(or tension), spaciousness (or enclosure), and brightness (or gloominess). Visual
comfort refers to the degree to which there is freedom from glare, a condition of
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Figure 9 Schematic of the stimulus (top) response (bottom) relationship
between light and human responses, emphasizing how environmental lighting
variables influence visual, circadian, neuroendocrine, and neurobehavioural
responses in humans. Reproduced from Houser and Esposito (2021).

vision that causes a reduction in the ability to see details caused by an unsuitable
distribution or range of luminances.

Non-image-forming responses to light in applied settings can be considered
by the time course of the response. Acute responses include pupil size, acute
melatonin suppression, luminance adaptation, and short-term chromatic adap-
tation. The primary circadian response is circadian phase shift, important
because it affects sleep and wake physiology and behaviours. Long-term
responses influenced by light exposure may include stress, seasonal affective
disorder, and depression. Because of the overlap in the spectral responses of the
photopigments, and because there is crosstalk between neural pathways, any
light source that is practical for architectural lighting will simultaneously elicit
some degree of both image-forming and non-image-forming responses.

In applied settings such as residential, learning, and commercial environ-
ments, the human outcomes most commonly relevant to daily living are
visual performance, visual experience, visual comfort, circadian phase-
shifting, and alertness. The image-forming aspects of lighting have been
subject to more than a century of research and are the basis for lighting
industry recommended practices and design guidelines (e.g., DiLaura et al.
2011, Chartered Institution of Building Services Engineers 2018). It is only
within the last few years that guidelines have begun to also promote non-
image-forming aspects of light in applied settings (Deutsches Institut fiir
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Normung 2013, Underwriters Laboratories Inc. 2019, International WELL
Building Institute 2021, Brown et al. 2022). Though current health-related
lighting guidelines vary in their specifics, they all consider the same set of
variables: the timing and duration of light exposure, quantity of light that is
a function of light level and spectrum, and the light exposure position. These
factors are represented in the top row of Figure 9.

The temporal pattern of light exposure is the most important factor
because the SCN, the master clock of the human body, keeps time by
observing the natural world’s diurnal pattern of light and dark. For people
with conventional day (wake)/night (sleep) cycles, bright days and dark
nights are an essential part of photobiological health. Health-oriented
lighting design requires different lighting conditions at different times
of day.

The next factor is light quantity, which is a function of both light level
(intensity) and spectrum. Brighter light with proportionally more radiation
near the peak of melanopsin spectral sensitivity will be more biologically potent
than dim light with proportionally less light near the peak of melanopsin
spectral sensitivity (Souman et al. 2018, Zele et al. 2018a, de Zeeuw et al.
2019, Brown 2020). The spectral composition of the light also affects colour
rendering. Though there are several proposals for how to quantify the biological
potency of light, the method with the most widespread international support is
melanopic equivalent daylight illuminance (melanopic EDI, or mel-EDI for
short), which was developed by the CIE (2018). Melanopic EDI is computed by
weighing an absolute SPD by the melanopic action spectrum and equating the
resulting quantity to a standardized model of daylight. It is expressed in units of
lux.

All recommendations consider a vertical plane at seated height, which is
intended to be a proxy for the position of an observer’s eyes. Although there are
statistical regularities that occur in lighting environments (Cohen 1964,
Maloney 1986, Webler et al. 2019), in practice, gaze direction can substantially
alter a person’s light exposure. Looking at a bright window during daytime
hours will produce a more biologically potent stimulus than looking towards
a dimly lit wall.

Architects, lighting professionals, lighting equipment manufacturers, med-
ical professionals, neuroscientists, building owners, and individuals all have
a stake in determining practical design guidance to create healthy buildings and
healthy lighting. The aforementioned guidelines are yet to undergo a full
consensus-based process as would be required for ANSI (American National
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Standards Institute), ISO (International Organization for Standardization), or
IEC (International Electrotechnical Commission), but they nevertheless attempt
to offer guidance that is consistent with known science. Understanding of the
non-image-forming pathways continues to evolve, and it is useful to keep
application advice simple even when the underlying science is complex.
Looking to nature as inspiration is a good starting point, with bright days and
dark nights (Wright et al. 2013) and with lighting linked to non-image-forming
physiology, through specifying the ratio of melanopic to photopic excitation.
Architecture driven by daylight design principles will support biological out-
comes, and designs that are truly focused on human outcomes will also balance
the needs for visibility, visual amenity, and visual comfort. Light in the visual
environment presents a delightfully complex matrix of trade-offs and opportun-
ities for supporting human outcomes.

12 Future Directions, Unknowns, and Conclusions

A comprehensive understanding of the non-image-forming pathways gives rise to
an exciting field of so called ‘photoceuticals’, where light stimuli or lighting
environments can be crafted in ways that specifically target non-image-forming
physiology (Feigl et al. 2022). Just as for pharmaceuticals, careful consideration
needs to be given to the dose (intensity), formulation (spectrum), and timing to
maximize therapeutic effects while minimizing discomfort or side effects (Lucas
et al. 2014). Image-forming and non-image-forming requirements of the light
environment may not always be compatible, nevertheless there may be opportun-
ities for overlap where lighting can maintain good image-forming properties
(such as colour rendering) while the non-image-forming modulations remain
imperceptible. Such lighting might dynamically promote alertness during
the day and relaxation during the evening, encouraging more regular and sleep-
wake rhythms that better align the biological clock with societal pressures such as
school or work start times, ultimately supporting health and well-being in the
process. Such lighting might also be leveraged to pre-empt disturbances to the
non-image-forming pathway, for example, overdriving the circadian system at
precisely the right times to help you more quickly recover from jetlag. Indeed,
there are already commercially available room and wearable lighting products
that make such claims. While they are sometimes theoretically grounded, more
empirical data are required before wide adoption.

The visual pathways that are mediated by melanopsin signalling are exquis-
itely complex, and this complexity is often overlooked when considering
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driving these pathways to support positive human behaviors. Fundamentally,
we are only now beginning to map the heterogeneity in the ipRGCs that are the
neural substrate for signals that set image-forming and non-image-forming
perceptual responses. In the retina, there is an array of ipRGC subtypes that
differ in morphology, interconnections, electrophysiological responses, and
cortical projections. These ipRGC responses are mediated by signals that
originate through melanopsin, rod, and cone pathways, but the interplay of
these signals is only beginning to be understood. Complexity is further
increased when one considers that the signals that reach higher-order brain
centres that control diverse aspects of behaviour could weight photic informa-
tion differently from one another and themselves form complex circuits with
other brain regions that might gate their activity.

Aside from simply controlling light to differentially activate photoreceptor
classes, non-image-forming manipulations may become more powerful when
modulated both spatially and temporally, maximizing the pathway response.
Advanced optical, spectral, and psychophysical methods will need to be
designed to account for the various integration properties of the rod and cone
photoreceptor classes and their opponencies. Such modulations are achievable
with research-grade optical apparatus, whereas precision targeting of image-
forming and non-image-forming physiology in real-world environments pre-
sents additional challenges that require new solutions.

An important consideration is that of individual differences in our timings
between circadian aspects of physiology, our behavioural preferences, and
societal constraints (e.g., school start times). These differences mean that the
factors that can reinforce healthy behaviours at one time or unhealthy behav-
iours at another (i.e., lighting or circadian rhythm phase) mean that a ‘one
size fits all” approach will be less effective, and ideally lighting interventions
should be personalized to the individual. Broadly, we know that very bright
days with very dark nights are good, but mimicking that in the urbanized
community has proven difficult (often due to our own decision-making). And
how does that change for a person that works rotating shifts, provides care at
unusual times, or travels frequently across time zones for work? A more
nuanced understanding of the intricate interactions of physiology, behavioural
preferences, and societal pressures might lead in the future to personalized,
and, importantly, validated interventions that maximize health and well-
being.

In this Element, we have evaluated the current state of knowledge of mela-
nopsin-mediated image-forming and non-image-forming vision. We have dis-
cussed the discovery of the ipRGC pathways and the current state of knowledge
with special reference to humans. Psychophysical methods reveal the
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significance of melanopsin interrelations with rod and cone visual functions,
including unique perceptual contributions from melanopsin. The pupil response
is discussed as an objective biomarker of melanopsin function with utility for
monitoring disease. The importance of light sensation for the circadian rhythms
that set sleep-wake performance is established, and emerging paradigms to bias
activation to the various photoreceptor inputs are evaluated. The dominance of
electric lighting has resulted in manipulations to alter human cognitive perform-
ance, with mixed results that may be dwarfed by individual differences or
confounded by our incomplete knowledge of non-image-forming circuits.
Lastly, we discussed an integrated approach to built environment lighting that
balances image-forming and non-image forming objectives through mimicry of
the natural light-dark cycles under which we evolved.

We have integrated a range of perspectives from vision scientists, circadian
scientists, lighting professionals, and healthcare providers. As the reader can
appreciate, what at the outset looks like a relatively simple task (the daily
tracking of the diurnal patterns in light exposure that have existed for millions
of years) turns out to be extraordinarily complicated. This complication points
to many subtleties of physiology, brain, and behaviour that are yet be dis-
covered. It is our hope that leveraging this emerging knowledge will lead to
lightscapes that support both physical health and mental health, particularly in
vulnerable populations who might not simply be able to enjoy strong sunlight
during the day and dark skies at night (the institutionalized, those in climates
with long, dark winters and bright summers, or even astronauts voyaging to
distant planets). It will lead to new methods to detect, monitor, and treat
melanopsin dysfunction in people with ophthalmic, systemic, and neurodegen-
erative disease. It is important to recognize that lighting that drives ipRGC
physiology represents a relatively passive intervention that is inexpensive and
readily scalable. The effects of ipRGC-based modulations of brain and behav-
iour could be significant for improving productivity, health, and well-being
when viewed at the population level. It seems then that the future is bright, no
matter with which visual system it is viewed.
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