Supplementary text — Notes on defining s,3(4):
The a-opic metrology relies critically on the quality of the underlying spectral normalisation
functions s,z(1). Here, we describe some of the considerations and assumptions in deriving

these functions.

A first consideration is within-species, inter-individual, variation. While acknowledging that
this could be substantial, we suggest adopting the concept of a standard observer, originally
developed in the field of human colour vision research. In that context, a standard observer
is a hypothetical, typical human with a healthy visual system that is described by
mathematical equations relating to visual perception of quantifiable light stimuli. In the
context of this paper, the standard observer would be a healthy adult representative of a
specific mammalian species with an intact, healthy eye. For example, a standard mouse
observer might be a healthy mature adult, aged 3-6 months, of the widely used pigmented
inbred strain C57BL/6J.

In developing sqp(4) it is important to remember that in vivo spectral sensitivity is
determined by two factors - the photopigment’s intrinsic wavelength preference
(aqp(1)); and any spectral filtering of light as it passes through the eye (p,z (1)) — according

to equation A:
Eqp = [ Ecpa(DagsA) pag(D)da Equation A

Where E,z is the a-opic irradiance, defined as the effective irradiance for given
photopigment (a) in a given species (B), with units in W/m?; and E, ;the measured spectral
irradiance, with units W/m?2. Where photopigment absorption spectra are expressed on a per
photon rather than a per energy basis, to give radiometric a-opic sensitivity functions, in vivo
spectral sensitivity is also corrected by the energy per photon (hc/L) and is expressed

relative to the peak sensitivity (Supplementary Table 1).

Photopigment spectral sensitivity (a,,ﬁ [@h))]

A pigment’s photosensitivity is a product of the probability of it absorbing a photon (its
extinction coefficient, which varies with wavelength), and the probability that photon
absorption activates it (its quantum efficiency of isomerization, which does not vary with
wavelength) [1]. For all pigments that use a chromophore derived from vitamin A (which
includes rhodopsin, cone opsins, and melanopsin), the resultant spectral sensitivity (aqz (1))

is well-predicted by an empirically derived equation, generally referred to as the visual
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pigment template or nomogram [2, 3]. The equations of Govardovskii and colleagues are
the standard; with only the wavelength of maximum sensitivity Anaxas a free parameter, they
produce the full spectral sensitivity of a photopigment with high accuracy [4]. Variations in
quantum efficiency do not change Anax but may alter effective sensitivity between pigments.
The quantum efficiency of isomerization is unknown except for a few opsins, although it is
probably safe to assume that it is within the measured range of 0.4 - 0.7 for mammalian
opsins [3, 5-7]. For simplicity, our definitions of a,z(4) assume equivalent quantum efficiency

across opsins.

The Amax values of cone pigments have been determined for many species and span a broad
range [8]. The mouse, for example, has two cone pigments with Anax values near 508 and
358 nm [6, 7]. There appears to be remarkably little variation in spectral sensitivity for
rhodopsin between mammalian species [9, 10], with the exception of deep diving mammals
[11]. As a result, in species for which there are no existing data, the Amax of rhodopsin can

generally be inferred to be ~500 nm.

Melanopsin’s spectral sensitivity also appears stable across mammalian species, being
describable by a pigment template with a Amax of 480 nm [12-17]. This Amax adequately
describes the spectral sensitivity of melanopsin-driven responses in mice, rats and
macaques, and has also proven effective for predicting melanopsin-driven responses in
humans [12, 17-20].

That said, this Amax value has a complex origin. While rhodopsin and cone opsins each
activate from one state, mammalian melanopsin can activate from two states: melanopsin
(R) and extramelanopsin (E) [5, 21-23]. These states have different spectral sensitivities
(Amax values of 490 and 470 nm, respectively) and the spectral sensitivity of cellular activation
reflects their combination, which is a broadened spectrum with a peak at 480 nm. Most white
light sources, both natural and artificial, will cause melanopsin molecules to activate about
evenly from the R and E states [22]. This broadening causes a ~3% increase in melanopsin
activation under sunlight and will have a stronger impact under short-wavelength illumination.
Another complexity is that, while rhodopsin and cone opsins disassemble shortly after
activation, melanopsin’s signalling state (metamelanopsin, M, Amax =476 nm) is highly stable.
When produced in sufficient quantity, it produces robust cellular activation that persists for
minutes even after illumination ceases. This persistent activity can be acutely curtailed by
illumination with wavelengths of ~550 nm or longer, which drive melanopsin to the non-
signaling E state. Extraordinarily high photon fluxes (e.g., 10° photons ym s™') are required

because all melanopsin states absorb these wavelengths poorly [22-24]. Such photon fluxes



are unlikely to be encountered in the environment but can be produced artificially to suppress
melanopsin activity. To summarize, melanopsin’s multistable nature gives rise to spectral
broadening and photoswitchable persistent activity, features that are not found in rhodopsin

and cone opsins.

Incidentally, the Amax values for melanopsin that are noted here differ from some reported
previously [5, 22, 23]. These prior studies tested melanopsin’s spectral sensitivity under
conditions designed to isolate the R or E state. They also fit pigment templates to those data
on a linear ordinate, which tends to give a shorter Amax. By contrast, most assessments of
melanopsin spectral sensitivity have not sought to separate R and E states and thus likely
reflect their combined activity, and fit nomograms on a log ordinate to give a longer Amax[12,
17-19]. Given the prevalence of the latter measurements, it is generally recommended to

use their value for melanopsin activation (Amax= 480 nm).

Note that there are many ways to measure spectral sensitivity. It is possible to measure
spectral sensitivity in vivo using techniques such as the electroretinogram (ERG). In vivo
measurement of spectral sensitivity generally negates the need for further characterization
of pre-receptoral filtering, in the context of this review, as this is implicitly accounted for [25,
26]. Alternatively, ex vivo retinal tissue can be used to perform electrophysiology or
microspectrophotometry [27] on individual cells. With the advent of readily available
sequenced genomes, it is possible to recombinantly express opsin genes in cell lines and
use these to generate action spectrain live cells [17], or purify pigment for spectrophotometry.
Each of these techniques introduces a degree of variance into the measurement of spectral
sensitivity. In general, the variation is probably negligible outside of a vision research
laboratory, though exceptions exist (the spectral sensitivity of a pigment depends on its
chromophore, of which there are several kinds and isomers, and on additional parameters

such as the pH and ionic composition of the medium) [4, 28, 29].

Pre-receptoral filtering (a,g(1))

Turning to the second determinant of S,g, the mammalian eye’s light path has several

components that could alter spectral transmission: the cornea, aqueous humor, iris, lens,
vitreous humor, and retina. In addition, some species have a tapetum lucidum behind the
retina, which reflects light back through the retina. Each ocular element may alter light, such
as by reflection, scatter, and absorption. These alterations may vary with species, retinal
location, and age. The human eye provides an example. The highly specialized centre of its
retina (the fovea) attenuates short wavelengths by expressing an absorbing pigment,

clarifies the visual image by excluding blood vessels, and provides photoreceptors with
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direct access to that image by displacing overlaying retinal layers [30]. The peripheral retina
lacks these features. Thus, given an identical image, photopigments in the central and
peripheral retina activate differently. Moreover, these features of the central retina are unique
to several primate species, being absent in other mammals. To learn how light affects an
animal, one must know how light is shaped in the path from its source to the relevant

photopigments.

With this reminder that there are circumstances in which a more complete understanding of
pre-receptoral filtering is critical, in the absence of full information about all components we

argue that it is acceptable to take lens transmission as the primary determinant of p,z(4) for

common lab species. The aqueous and vitreous humor appear largely transparent and are
often ignored. Hence, the cornea and lens are the main filters in front of the retina. The iris
is generally considered opaque; some light does penetrate this tissue but is likely negligible
compared to that passing through the open pupil. Cornea and lens are long-pass filters:
transmission increases from ultraviolet to infrared. At 500 nm, where the rod photoreceptor
(and thus the animal) is most sensitive, each cuts ~30% of the incoming photons in mouse

[31]. Lens absorption spectra show substantial variation between species [8, 32].

In common with most studies, we assume that spectral filtering by the retina is negligible.
This is likely a reasonable assumption for the intrinsically photosensitive retinal ganglion
cells (ipRGCs) whose somata lie near the surface and dendrites stratify <100 pum below [33-
35]. Retinal filtering may be more substantial for the rods and cones, which lie farthest from
the incoming light. The parameters of filtering are unknown for the mouse but are likely
similar to those of the rat, which cut shorter wavelengths more than longer ones, attenuating
~30% at 500 nm [36]. Other features of the retina that can be important but are generally
ignored include additional filtering by blood vessels [25] and specializations for transmitting
light, such as the transparency of cell nuclei, lensing by mitochondria, and waveguiding [37-
40]. A final note of caution is appropriate with regard to marsupials, which can have oil

droplets as additional spectral filters in their retinae [41, 42].

Light diminishes further as it propagates through the photoreceptor cell and is absorbed by
photopigments. This “self-screening” causes photopigments at the far (outer) end of the
mouse rod photoreceptor to receive ~35% less light than those at the near (inner) end [43].
As such self-screening is, by definition, not spectrally neutral; it can influence effective

spectral sensitivity at high photon flux. However, as the degree of such self-screening is not
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generally known for most animal photoreceptors we have not considered it in our

descriptions of photoreceptor spectral sensitivity.

Light that escapes capture by the photoreceptor cells reaches the retinal pigment epithelium

(RPE), which in pigmented animals expresses melanin and absorbs visible light effectively.

In many mammalian species the reflective tapetum lucidum may apply an additional

modulation of spectral quality of light reaching the photoreceptor, but this is not considered

in our current definition of s,5(4).
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