CORM [P

Phototransduction and
sighal pathways of
the vistalland circadian systems

Mariana G. Figueiro, Ph.D.
June 11, 2008

Lighting )

ResearCh Center © 2008 Rensselaer Polytechnic Institute. All rights reserved ] Rensselaer



Acknowledgements

E Andrew Bierman, MSc.
E John Bullough, PhD

E Dennis Guyon

E Mark Rea, PhD

E Program Sponsors

Lighting ,

ResearCh Center © 2008 Rensselaer Polytechnic Institute. All rights reserved. L) Rensselaer



Li ght 1 snot Just f

E Light reaching the retina has two effects on
human behavior:

u Visual effects t ability to perform visual tasks

u Nenvisual effects I synchronize our circadian
system e a 24-hour aday.

E Light is not the same forvision as it:is for
the circadian system
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Circadian system

E All plants and animals exhibit
patterns of:behavioral changes
oVver an approximately 24-hour
cycle that repeat over successive
dayso these are circadian rhythms

clica=aboutdies=day
E Circadian rhythms are influenced
Py exegenous and endogenous
rhythms

U Light/dark patterns are the strongest
entrainment stimulus for the circadian
system
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Circadian system

E Biological (circadian) rhythms can be
measured in several ways

u Melatonin concentration

u Core body temperature (CBT)
U Sleep/wake cycle

u Brain activities (EEG)

U Subjective alertness
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New paradigm for light
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Circadian photoreceptors

E Foster et al., 1991, 1998: Provencio and
Foster, 1995; Freedman et al., 1999: LLucas
et al., 2001

u Mice with severe degeneration of classical
photereceptors were still'able to reset:ithe clock
IN hormal respoense to light

E Provencio et al., 2000

u Discovered melanopsin, a vertebrate opsin that
IS directly photosensitive and was found In the
mammalian retina (peak at 483 nm)
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Circadian photoreceptors

E Brainard et al., 2001 and
Thapan et al., 2001

U Used various wavelengths of
monochromatic light to
Investigate the spectral
sensitivity ofithe circadian
system (melatonin
suppression by light)

U Both concluded that a novel
photoreceptor (opsin with a i
peak sensitivity at 460 nm)
was responsible for circadian
phototransduction
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Circadian photoreceptors

E Agreement

Potential Circadian Luminous Efficiency

U Short wavelength Functions
sensitivity - D;_ Vs
E B u t é é 06 ' phetopic
U Peak at 450 nim, Not 460" Nl R
N or 480 nm [ D'z _' suppression
u Empirical function Is too 500 600

Wlde for a S”"]gle OpSln wavelength (nm)

E We h y p ®) t h e S | 7 e d éRea, Bullough, Figueiro, 2001 and 2002

U A combination of classical
and novel photoreceptors
seems likely
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Circadian photoreceptors

E Berson et al., 2002

U Discovered retinal ganglion cells innervating the
SCN that contain melanopsin and are directly
photosensitive

e (SFERSM) CONES
LN cones
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Images from Berson, 2003
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Circadian photoreceptors

N

E Gooley et al., 2002
U Melanopsincontaining RGCs project to SCN-and‘OPN

E Ruby et al., 2002

u Melanopsindeficient mice showed magnitude of phase shifting
40% lower

E Panda et al., 2002

U Melanopsintdeficient mice showed magnitude of phase shifting
45% lower

E Lucas et al., 2003

u Melanopsirrdeficient mice showed incomplete pupil light reflex-at
high light-levels

E Hattar et al., 2003

UnKnockouto mice lacki ng: mel-anops
circadian phase shifting responses

UTriple Aknockouto mice have no ¢
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Circadian photoreceptors

E Bullough et al., 2005

U Demonstrated additivity In mouse phototransduction

U Modeled the relative contributions of:S-, M-cones and
IPRGCS in wild type mice

E DkhisstBenyahya et al., 2007

U Demonstrated a specific role of medium wavelength
opsins (M-cones) In circadian photoentrainment

U Developed a model explaining wavelength-dependent
photoentrainment by melanopsin and M-cones
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Circadian phototransduction

2 i ini panen, __Jo[olo[o][olo]e[o]alale[ololo[oToe]
E Melanopsin-containing —JelelelelelelelolsTole oo elololo o]

epitheli um
cones

retinal ganglion cells
(IPRGCSs) and classical |

photoreceptors are all oo —
Involved in circadian T
phototransduction "

e b ut how?

Kolb et al., 2003
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A proposed model

E LRC developed-and published-a: model for
human circadian phototransduction

Modeled Spectral Sensitivity for Equal Energy Spectrum
(to give 35% melatonin suppression)
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Potential spectral response functions for
(equal energy) white light and for monochromatic light
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Brightness perception

E Luminance channel
UL'umi:-nance:-foblows -t he
@L +1l=2L)
E Luminance # brightness

E Brightness is a norlinear combination of
the luminance channel and the color
ERIES

u Brightness is non-additive (1B + 1B # 2B!)

A Dresler (1953); Alman (1977);
Ware and Cowan (1983)
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Key guestion

E IS circadian phototransduction like
luminance (additive) or:like brightness
(subadditive)?

1L+1L=2L or 1B+1B > 2B
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Spectral opponency, 15t experiment

Development of an additive empirical spectral efficiency function
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Brainard et al. A Thapan et al. —— Composite Spectral Sensitivity

(Brainard et al., 2001; Thapan et al., 2001)
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Spectral opponency, 15t experiment

LED, 743 fAcircadi amo 16X 5 ficircadiano |
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Spectral opponency, 15t experiment

Average melatonin suppression
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Spectral opponency, 2nd experiment

——436 nm SPD
(low)

- - -436 nm SPD
(high)

——Hg lamp SPD
(low)

Hg lamp SPD
(high)
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Figueiro et al., 2005
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Spectral opponency, 2nd experiment
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Spectral opponency, 3rd experiment

= Is spectral opponency iormed in the retina?
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KT Figueiro etal, In press
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Putting It all together

E The mathematical model proposed by Rea and
colleagues

U Has been able to predict circadian responses (melatonin
suppression by light and alertness) for various light
Sources

Lrls‘consistentwiththe-neuroanatomy and
neurophysiology of the retina
A It accounts for spectral opponency

U However, the model does not account for
timing/duration of exposure, photic history, pupil areas,
and regeneration of ipRGCs by long wavelength light
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