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Role of Melanopsin in Circadian 

Responses to Light 
Norman F. Ruby,l* Thomas J. Brennan,2 Xinmin Xie,2 Vinh Cao,1 

Paul Franken,l H. Craig Heller,1 Bruce F. O'Haral* 

Melanopsin has been proposed as an important photoreceptive molecule for the 
mammalian circadian system. Its importance in this role was tested in mela- 
nopsin knockout mice. These mice entrained to a light/dark cycle, phase-shifted 
after a light pulse, and increased circadian period when light intensity increased. 
Induction of the immediate-early gene c-fos was observed after a nighttime 
light pulse in both wild-type and knockout mice. However, the magnitude of 
these behavioral responses in knockout mice was 40% lower than in wild-type 
mice. Although melanopsin is not essential for the circadian clock to receive 
photic input, it contributes significantly to the magnitude of photic responses. 
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Several lines of evidence have recently indi- 
cated that melanopsin is a component of the 
photoreceptive system for circadian rhythms 
of mammals. Rods and cones are not neces- 
sary for circadian responses to light, which 
suggests that other photoreceptors exist (1- 
3). Melanopsin is found exclusively in the 
retina (4-7). Retinal ganglion cells of the 
inner retina that contain melanopsin mRNA 
and protein form dendritic plexuses in a net- 
work that allows these cells to capture photic 
stimuli across broad spatial domains (7). In 
these same cells, melanopsin is colocalized 
with pituitary adenylate cyclase activating 
polypeptide (PACAP); PACAP-containing 
ganglion cells form the retinohypothalamic 
tract that directly innervates the suprachias- 
matic nucleus (SCN) (8), site of the mamma- 
lian circadian pacemaker. Furthermore, mela- 
nopsin-containing cells that innervate the 
SCN are intrinsically photosensitive in a 
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manner consistent with their being irradiance 
detectors, but they are not suited for fine 
visual discrimination tasks (5). Crypto- 
chrome photopigments are also found in the 
inner retina as well as in the SCN (9, 10), but 
there has been disagreement about their role 
in circadian photoreception (9-12). 

Despite the data in support of melanopsin, 
there are no data to confirm a functional role 
in transducing photic input to the circadian 
pacemaker. Because input to the circadian 
pacemaker has several effects on the phase 
and period of circadian rhythms, one can test 
for melanopsin's involvement in these vari- 
ables by investigating circadian photorespon- 
siveness in mice that lack melanopsin. We 
examined the capacity of mice with a targeted 
disruption of the melanopsin gene (fig. S1) to 
(i) entrain to a light/dark cycle, (ii) phase shift 
to brief light pulses, (iii) comply with 
Aschoffs rule [rhythm period (tau) increases 
with light intensity in nocturnal animals (13, 
14)], and (iv) retain light-induced gene ex- 
pression in the SCN (15, 16). We assessed 
circadian function in these mice by monitor- 
ing locomotor activity with infrared motion 
detectors (17-19). Melanopsin knockout 
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(n = 7) and wild-type (n = 7) mice were 
housed with 12 hours of light per day for 13 
to 16 days followed by constant darkness 
(DD). All animals were exposed to a 30-min 
bright-light pulse 16 days after DD began 
(17, 18). Mice remained in their home cages 
but were moved to a different room for the 

light pulse. The light pulse occurred four 
circadian hours [circadian time (CT) 16] after 
the onset of daily activity, at the time when 

light produces the maximal phase shift in 
most inbred mouse strains (20, 21). Because 

nonspecific factors associated with moving 
cages to novel locations sometimes produce 
phase shifts, all animals were given a control 
dark pulse 10 days after the light pulse at CT 
16; animals were treated exactly as for the 

light pulse but remained in darkness during 
the procedure. Two weeks later, all mice 
were exposed to constant light (LL) for 14 

days to test for conformity with Aschoffs 
rule. A separate group of wild-type (n = 3) 
and knockout (n = 3) mice was exposed to a 
30-min light pulse, along with two mice ex- 

posed to a control dark pulse, on the second 

day of DD; c-fos expression was measured in 
the SCN of these animals by in situ hybrid- 
ization (17, 18) as a cellular marker of SCN 

photosensitivity (15, 16). 
The results of the three behavioral mea- 

sures and the cellular index of circadian pho- 
toresponsiveness were consistent and show 
that melanopsin is not essential for transduc- 
tion of photic stimuli to the circadian pace- 
maker. The light pulse at CT 16 produced 
robust phase delays in activity rhythms in 
both wild-type and knockout mice, although 
phase-shift magnitude was significantly low- 
er (P = 0.02) in knockout mice than in 

wild-type mice (Fig. 1). Mean phase shifts for 
the dark pulse were < 10 min for both groups. 
A second behavioral measure showed that 
diurnal rhythms under the LD cycle represent 
true entrainment rather than masking by the 
LD cycle because activity onsets in DD can 
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Phase shift after a light pulse at CT16. All knockout and wild-type mice phase-shifted in 
response to a light pulse at CT16 in DD, but this response was 36% less in knockout mice. Mean 
phase shifts for the dark pulse were <10 min for both groups. (C) Rhythm period (tau) in DD 
and LL. The effects of LL on tau depended on genotype (two-way analysis of variance, genotype 
and lighting condition interaction, F1 12 = 7.0; P = 0.02). There were no differences in tau 
among these groups in DD and all animals increased tau in LL; however, tau of knockout mice 
increased 46% less than it did in wild-type mice in LL (t test with Tukey's post hoc correction; 
P = 0.02). *P < 0.05, **P < 0.01. (D) Actograms from representative wild-type and knockout 
mice: open triangle, light pulse; filled triangle, dark pulse control. Days are indicated on the 
right. 

Fig. 2. Photic induction of c-fos mRNA 
in the SCN in representative coronal 
brain sections of wild-type (Wt) and 
melanopsin knockout (KO) mice. KO 
and Wt mice were exposed to light 
pulses that began at CT16 and lasted 30 
min; a section from a wild-type mouse 
sacrificed at the same time, but held in 
darkness during the 30 min, is also 
shown (bottom). Note that both Wt 
and KO mice respond with typical c-fos 
induction (15, 16) after light exposure. 
(Left) Dark-field image of silver grains 
representing c-fos mRNA levels. (Right) 
The same section in bright-field image 
showing Nissl staining. 3V, third 
ventricle. 
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be extrapolated back to the mean time of 
activity onsets under the LD cycle in each 
animal (Fig. 1). If locomotor activity of 
knockout mice were masked by the LD cycle, 
the extrapolation would reveal high variabil- 
ity among individual animals in the phase at 
which the free run started. Instead, the extrap- 
olation revealed that the phase of activity 
onsets on the first day of DD was within 15 
min of the phase in LD for both groups of 
animals. Thus, there were no significant dif- 
ferences (P = 0.61) (Fig. 1) between wild- 
type and knockout mice in the phase at which 
the free run began in DD. A third behavioral 
measure revealed that melanopsin knockout 
mice conform to Aschoffs rule, as do wild- 
type mice. There was no significant differ- 
ence in tau among knockout and wild-type 
mice in DD (P = 0.19), and both genotypes 
had significantly longer tau values in LL 

(P < 0.001) (Fig. 1). However, the effect of 
increased light intensity on tau was signifi- 
cantly smaller in knockout than in wild-type 
mice (Fig. 1). In situ hybridization revealed 
clear induction of c-fos in the SCN of wild- 
type and knockout mice that were exposed to 
the light pulse (Fig. 2). 

Multiple measures of circadian function in 
these knockout mice show that melanopsin is 
not essential for entrainment. However, phase 
and period responses of melanopsin-deficient 
mice were about 40% less than in wild-type 
animals; thus, melanopsin appears to be a 
significant contributor to circadian function. 
Melanopsin may function as a photopigment, 
but it is also possible that it is critical for 
some other photopigment to perform normal- 
ly. For example, it might serve as a retinal- 
dehyde isomerase, like some other members 
of the opsin family (22). As with all knockout 
studies, the absence of a functional protein 
may trigger compensation during develop- 
ment or it may alter functioning of the adult 
system. We believe our results are more like- 
ly attributable to the lack of functional mela- 
nopsin in mature retinal ganglion cells; how- 
ever, conditional knockout studies are needed 
to address this developmental question. 

The most parsimonious explanation for 
these data is that multiple types of retinal 
photoreceptors and photopigments contribute 
to the transduction of photic information to 
the circadian system. Cryptochromes, for ex- 
ample, appear to be capable of transmitting 
light information to the SCN in mice depleted 
of retinal and therefore lack functional rods, 
cones, and melanopsin (23). Light pulses are 
also able to induce c-fos in mice that lack 
rods and most cones as well as both crypto- 
chrome proteins (24). These data suggest that 
there are redundant photic inputs to the clock, 
each of which is sufficient to sustain photic 
entrainment. Similar redundancy of function 
has been reported for plants (25), flies (26), 
and several classes of vertebrates (27). Un- 

13 DECEMBER 2002 VOL 298 SCIENCE www.sciencemag.org 2212 



REPORTS REPORTS 

like the latter two groups, mammals lack 
functional extraocular photoreceptors (28); 
thus, redundancy in photoreception is con- 
fined to the retina. One challenge is to deter- 
mine the relative contributions of mela- 
nopsin, rod/cone opsins, cryptochromes, and 
other currently uncharacterized photopig- 
ments in communicating photic information 
to the circadian system. 

References and Notes 
1. I. Provencio, H. M. Cooper, R. G. Foster, J. Comp. 

Neurol. 395, 417 (1998). 
2. M. S. Freedman et al., Science 284, 502 (1999). 
3. R. J. Lucas et al., Behav. Brain Res. 125, 97 (2001). 
4. D. M. F. Berson, F. A. Dunn, M. Takao, Science 295, 

1070 (2002). 
5. S. Hattar, H. W. Liao, M. Takao, D. M. Berson, K. W. 

Yau, Science 295, 1065 (2002). 
6. I. Provencio et al., J. Neurosci. 20, 600 (2000). 
7. I. Provencio, M. D. Rollag, A. M. Castrucci, Nature 415, 

493 (2002). 
8. J. Hannibal, P. Hindersson, S. M. Knudsen, B. Georg, J. 

Fahrenkrug J. Neurosci. 22, RC191 (2002). 
9. G. T. J. van der Horst et al., Nature 398, 627 (1999). 

10. M. H. Vitaterna etal., Proc. Natl. Acad. Sci. U.S.A. 96, 
12114 (1999). 

11. R.J. Lucas, R. G. Foster,J. Biol. Rhythms 14, 1 (1999). 
12. G. C. Brainard et al., J. Neurosci. 21, 6405 (2001). 

like the latter two groups, mammals lack 
functional extraocular photoreceptors (28); 
thus, redundancy in photoreception is con- 
fined to the retina. One challenge is to deter- 
mine the relative contributions of mela- 
nopsin, rod/cone opsins, cryptochromes, and 
other currently uncharacterized photopig- 
ments in communicating photic information 
to the circadian system. 

References and Notes 
1. I. Provencio, H. M. Cooper, R. G. Foster, J. Comp. 

Neurol. 395, 417 (1998). 
2. M. S. Freedman et al., Science 284, 502 (1999). 
3. R. J. Lucas et al., Behav. Brain Res. 125, 97 (2001). 
4. D. M. F. Berson, F. A. Dunn, M. Takao, Science 295, 

1070 (2002). 
5. S. Hattar, H. W. Liao, M. Takao, D. M. Berson, K. W. 

Yau, Science 295, 1065 (2002). 
6. I. Provencio et al., J. Neurosci. 20, 600 (2000). 
7. I. Provencio, M. D. Rollag, A. M. Castrucci, Nature 415, 

493 (2002). 
8. J. Hannibal, P. Hindersson, S. M. Knudsen, B. Georg, J. 

Fahrenkrug J. Neurosci. 22, RC191 (2002). 
9. G. T. J. van der Horst et al., Nature 398, 627 (1999). 

10. M. H. Vitaterna etal., Proc. Natl. Acad. Sci. U.S.A. 96, 
12114 (1999). 

11. R.J. Lucas, R. G. Foster,J. Biol. Rhythms 14, 1 (1999). 
12. G. C. Brainard et al., J. Neurosci. 21, 6405 (2001). 

13. J. Aschoff, Cold Spring Harbor Symp. Quant. Biol. 25, 
11 (1960). 

14. J. Aschoff, Z. Tierpsychol. 49, 225 (1979). 
15. J. M. Kornhauser, D. E. Nelson, K. E. Mayo, J. S. 

Takahashi, Neuron 5, 127 (1990). 
16. E. L. Sutin, T. S. Kilduff, Mol. Brain Res. 15, 281 

(1992). 
17. DD was initiated at the time of light onset in the 

animal room. Light pulses (30 min) were adminis- 
tered 16 days after onset of DD and began four 
circadian hours (CT 16) after activity onset (CT 12). 
Fluorescent lights (Philips F32T8/TL741 Hi-Vision, 
4100 K) were used both for light pulses and for 
overhead lighting in the activity recording room. 
Light intensity on the cage floor ranged from 20 to 
60 ,xW-cm-2 or 70 to 280 lux for light pulses and 
from 10 to 30 iuW.cm-2 or 30 to 120 lux for LD and 
LL conditions, depending on the location of the sen- 
sor in the cage. Light was measured in both radio- 
metric (International Light, model IL-1405 Radiome- 
ter System) and photometric (Iso-Tech, ILM 350) 
units of measure to facilitate comparison between 
traditional photoreception and circadian studies. 
Mice used for in situ hybridization were sacrificed at 
the end of the light or dark pulse and their brains 
were frozen on dry ice. In situ experiments were 
performed as described in (16). Small sample sizes 
precluded statistical evaluation of c-fos levels. 

18. See supporting materials and methods for details of 
activity measurement on Science Online. 

19. N. F. Ruby, N. Joshi, H. C. Heller, J. Biol. Rhythms 13, 
506 (1998). 

13. J. Aschoff, Cold Spring Harbor Symp. Quant. Biol. 25, 
11 (1960). 

14. J. Aschoff, Z. Tierpsychol. 49, 225 (1979). 
15. J. M. Kornhauser, D. E. Nelson, K. E. Mayo, J. S. 

Takahashi, Neuron 5, 127 (1990). 
16. E. L. Sutin, T. S. Kilduff, Mol. Brain Res. 15, 281 

(1992). 
17. DD was initiated at the time of light onset in the 

animal room. Light pulses (30 min) were adminis- 
tered 16 days after onset of DD and began four 
circadian hours (CT 16) after activity onset (CT 12). 
Fluorescent lights (Philips F32T8/TL741 Hi-Vision, 
4100 K) were used both for light pulses and for 
overhead lighting in the activity recording room. 
Light intensity on the cage floor ranged from 20 to 
60 ,xW-cm-2 or 70 to 280 lux for light pulses and 
from 10 to 30 iuW.cm-2 or 30 to 120 lux for LD and 
LL conditions, depending on the location of the sen- 
sor in the cage. Light was measured in both radio- 
metric (International Light, model IL-1405 Radiome- 
ter System) and photometric (Iso-Tech, ILM 350) 
units of measure to facilitate comparison between 
traditional photoreception and circadian studies. 
Mice used for in situ hybridization were sacrificed at 
the end of the light or dark pulse and their brains 
were frozen on dry ice. In situ experiments were 
performed as described in (16). Small sample sizes 
precluded statistical evaluation of c-fos levels. 

18. See supporting materials and methods for details of 
activity measurement on Science Online. 

19. N. F. Ruby, N. Joshi, H. C. Heller, J. Biol. Rhythms 13, 
506 (1998). 

20. A. N. van den Pol, V. Cao, H. C. Heller, Am. J. Physiol. 
275, R654 (1998). 

21. T. Yoshimura, M. Nishio, M. Goto, S. Ebihara, . Biol. 
Rhythms 9, 51 (1999). 

22. P. Chen et al., Nature Genet. 28, 256 (2001). 
23. C. L. Thompson et al., Proc. Natl. Acad. Sci. U.S.A. 98, 

11708 (2001). 
24. C. P. Selby, C. Thompson, T. M. Schmitz, R. N. Van 

Gelder, A. Sancar, Proc. Natl. Acad. Sci. U.S.A. 97, 
14697 (2000). 

25. W. R. Briggs, E. Huala, Annu. Rev. Cell Dev. Biol. 15, 
33 (1999). 

26. C. Helfrich-Forster, C. Winter, A. Hofbauer, J. C. Hall, 
R. Stanewsky, Neuron 30, 249 (2001). 

27. H. Underwood, Experientia 46, 120 (1990). 
28. R. J. Nelson, I. Zucker, Comp. Biochem. Physiol. A 69, 

145 (1981). 
29. We thank P. Gip and M. Samra for technical assist- 

ance and D.-J. Dijk, J. M. Zeitzer, and A. Sancar and 
anonymous reviewers for helpful comments. Sup- 
ported by National Institutes of Health grants 
MH60385 (N.F.R.), HL64148 (P.F.), and DA13349 
(B.F.O.) and by Deltagen, Inc. 

Supporting Online Material 
www.sciencemag.org/cgi/content/full/298/5601/221 1/ 
DC1 
Materials and Methods 

Fig. S1 
Reference 

29 July 2002; accepted 8 October 2002 

20. A. N. van den Pol, V. Cao, H. C. Heller, Am. J. Physiol. 
275, R654 (1998). 

21. T. Yoshimura, M. Nishio, M. Goto, S. Ebihara, . Biol. 
Rhythms 9, 51 (1999). 

22. P. Chen et al., Nature Genet. 28, 256 (2001). 
23. C. L. Thompson et al., Proc. Natl. Acad. Sci. U.S.A. 98, 

11708 (2001). 
24. C. P. Selby, C. Thompson, T. M. Schmitz, R. N. Van 

Gelder, A. Sancar, Proc. Natl. Acad. Sci. U.S.A. 97, 
14697 (2000). 

25. W. R. Briggs, E. Huala, Annu. Rev. Cell Dev. Biol. 15, 
33 (1999). 

26. C. Helfrich-Forster, C. Winter, A. Hofbauer, J. C. Hall, 
R. Stanewsky, Neuron 30, 249 (2001). 

27. H. Underwood, Experientia 46, 120 (1990). 
28. R. J. Nelson, I. Zucker, Comp. Biochem. Physiol. A 69, 

145 (1981). 
29. We thank P. Gip and M. Samra for technical assist- 

ance and D.-J. Dijk, J. M. Zeitzer, and A. Sancar and 
anonymous reviewers for helpful comments. Sup- 
ported by National Institutes of Health grants 
MH60385 (N.F.R.), HL64148 (P.F.), and DA13349 
(B.F.O.) and by Deltagen, Inc. 

Supporting Online Material 
www.sciencemag.org/cgi/content/full/298/5601/221 1/ 
DC1 
Materials and Methods 

Fig. S1 
Reference 

29 July 2002; accepted 8 October 2002 

Melanopsin (Opn4) Requirement 
for Normal Light-Induced 
Circadian Phase Shifting 
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The master circadian oscillator in the hypothalamic suprachiasmatic nucleus is 
entrained to the day/night cycle by retinal photoreceptors. Melanopsin (Opn4), 
an opsin-based photopigment, is a primary candidate for photoreceptor-me- 
diated entrainment. To investigate the functional role of melanopsin in light 
resetting of the oscillator, we generated melanopsin-null mice (Opn4-/-). 
These mice entrain to a light/dark cycle and do not exhibit any overt defect in 
circadian activity rhythms under constant darkness. However, they display 
severely attenuated phase resetting in response to brief pulses of monochro- 
matic light, highlighting the critical role of melanopsin in circadian photoen- 
trainment in mammals. 
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Photoentrainment of circadian rhythms can 
occur in the absence of classical visual pho- 
toreceptors (rods and cones) (1, 2) but not in 
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animals without eyes (3, 4). Therefore, non- 
visual ocular photoreceptor(s) must mediate 
light entrainment. Recently, melanopsin has 
been suggested as a candidate circadian pho- 
topigment in mammals on the basis of several 
lines of evidence (5-10). First, it is expressed 
in retinal ganglion cells (RGCs), which di- 
rectly project to the suprachiasmatic nucleus 
(SCN) and express the neuropeptide pituitary 
adenylyl cyclase activating peptide (PACAP) 
(11). PACAP has also been implicated in 
circadian photoreception (12). Furthermore, 
physically isolated melanopsin-containing 
RGCs depolarize in response to direct illumi- 
nation with a spectral sensitivity that closely 
matches the behavioral action spectrum of 
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circadian photoentrainment in rodents (8, 10). 
To formally investigate the role of melanop- 
sin in light resetting of the circadian clock in 
mammals, we have generated melanopsin- 
null mice (Opn4-/-) by replacing exon 1 of 
the melanopsin gene with a neomycin-resis- 
tance gene by homologous recombination in 
embryonic stem cells (fig. Si). We verified 
interruption of the Opn4 gene immunohisto- 
chemically with an antiserum to melanopsin 
(figs. Si and S2). The targeted locus exhibits 
normal autosomal Mendelian inheritance, 
and the Opn4-/- mice are apparently healthy 
with anatomically normal eyes and no obvi- 
ous developmental defects. 

Photoreceptors can contribute to circadian 
oscillation in three ways: (i) as oscillator 
components (13, 14), (ii) in acute light sup- 
pression of activity (masking) (15), and (iii) 
in light entrainment of the clock (16). To 
determine whether melanopsin is required for 
normal functioning of the circadian oscilla- 
tor, we characterized locomotor activity 
rhythms in driven and free-running condi- 
tions in Opn4-/- mice and littermate controls 
(Fig. 1, A and B) (17). Opn4-/- mice en- 
trained to a 12-hour white light (800 lux)/12- 
hour dark (LD) cycle (18) and exhibited no 
detectable defect in locomotor activity 
rhythms in constant darkness (DD). During 
entrainment, the phase angle of activity onset 
in relation to the LD cycle was similar in both 
wild-type and Opn4-/- mice. In DD, the 
free-running period length (T) of the locomo- 
tor activity rhythm in the knockout mice was 
not significantly different from that of wild- 
type littermates (Fig. 2D). Total activity and 
the length of the activity phase during a 
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