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Ambient light detection is important for the synchronization of
the circadian clock to the external solar cycle. Light signals are sent
to the suprachiasmatic nuclei (SCN), the site of the major circadian
pacemaker. It has been assumed that cone photoreceptors con-
tribute minimally to synchronization. Here, however, we find that
cone photoreceptors are sufficient for mediating entrainment and
transmitting photic information to the SCN, as evaluated in mice
that have only cones as functional photoreceptors. Using in vivo
electrophysiological recordings in the SCN of freely moving cone-
only mice, we observed light responses in SCN neuronal activity in
response to 60-s pulses of both ultraviolet (UV) (λmax 365 nm) and
green (λmax 505 nm) light. Higher irradiances of UV light led to
irradiance-dependent enhancements in SCN neuronal activity,
whereas higher irradiances of green light led to a reduction in
the sustained response with only the transient response remain-
ing. Responses in SCN neuronal activity decayed with a half-max
time of ∼9 min for UV light and less than a minute for green light,
indicating differential input between short-wavelength–sensitive
and mid-wavelength–sensitive cones for the SCN responsiveness.
Furthermore, we show that UV light is more effective for photo-
entrainment than green light. Based on the lack of a full sustained
response in cone-only mice, we confirmed that rapidly alternating
light levels, rather than slowly alternating light, caused substantial
phase shifts. Together, our data provide strong evidence that cone
types contribute to photoentrainment and differentially affect the
electrical activity levels of the SCN.

suprachiasmatic nucleus | cones | photoentrainment |
in vivo electrophysiology | circadian

In addition to rods and cones, light is also sensed in the retina
by a specialized subset of melanopsin-containing intrinsically

photosensitive retinal ganglion cells (ipRGCs). ipRGCs incorporate
input from rod and cone photoreceptors (1). Two types of cone
photoreceptors are present in themurine retina: short-wavelength–sensitive
cones (S-cones; λmax 360 nm), which are maximally sensitive to
ultraviolet (UV) light, and mid-wavelength–sensitive cones
(M-cones; λmax 508 nm), which are maximally sensitive to green
light (2). The ipRGCs project to the suprachiasmatic nuclei
(SCN) of the hypothalamus, hereby subserving photoentrain-
ment of the major pacemaker for circadian rhythms in physiology
and behavior (3). The ablation of ipRGCs results in the loss of
photoentrainment of circadian rhythms to the environmental
light–dark (LD) cycle (1). Although rod and cone photorecep-
tors are not essential for entrainment of the biological clock to
the external LD cycle, both rod and cone photoreceptors influence
the SCN, which is evidenced by the experimental finding that mice
can entrain to an LD cycle in the absence of melanopsin (4, 5). In
addition, recordings in SCN of melanopsin-deficient mice show
preservation of sustained light responses in the SCN, the magni-
tude of which seems unaffected by the absence of melanopsin
(6, 7).

Whereas rods are capable of driving photoentrainment at a
wide range of light intensities (8), the majority of cone-only
(Opn4−/−Gnat1−/−) mice, which lack melanopsin and functional
rod signaling, show surprisingly large interindividual differences
in their ability to entrain to LD cycles of white light, and some of
them exhibit a positive phase angle of entrainment (9, 10). How-
ever, phase-shifting responses in mice lacking M-cones are attenuated
(11, 12), which contradicts the reduced ability of Opn4−/−Gnat1−/−

mice to entrain to an LD cycle. The question is, therefore, to
what extent cones contribute to photic entrainment and whether
S- and M-cones contribute similarly to the entrainment of the
circadian clock.
Photoentrainment is dependent on light-induced changes in

SCN neuronal activity (13, 14). Typically, SCN neurons respond
to light with a transient increase in SCN electrical activity fol-
lowed by a sustained component throughout light exposure.
Together, rod and cone photoreceptors can mediate light re-
sponses at the level of the SCN, including both the fast and the
sustained components (6, 7, 15). These findings are consistent
with rod- and cone-mediated responses recorded in ipRGCs
(16–18). In this study, we determined the specific contribution of
the S- and M-cone photoreceptors to circadian photoreception.
We performed behavioral and in vivo electrophysiological recordings
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in Opn4−/−Gnat1−/− mice to determine the effects of λmax 365 nm
(UV) and λmax 505 nm (green) light on photoentrainment and on
light-induced responses in electrical activity of SCN neurons.
Furthermore, we assessed the capability of Opn4−/−Gnat1−/−

mice to phase shift in response to intermittent monochromatic
light pulses aimed to stimulate the UV- or green-sensitive cones.

Results
Behavioral Photoentrainment. Photoentrainment was tested in
wild-type and Opn4−/−Gnat1−/− mice under 12:12 LD cycles using
either UV or green light during the light phase at relatively high
irradiances (13 log photons/cm2/s, Fig. 1 A and B and SI Appendix,
Fig. S2). Under green LD cycles, 13 out of 15 Opn4−/−Gnat1−/−

mice (87%) showed entrainment, while 2 out of 15 mice (13%)
were not able to entrain to the LD cycle (Fig. 1D). A total of 6 out
of 15 (40%) entrained Opn4−/−Gnat1−/− mice showed a normal
phase angle of entrainment (<1 h), whereas a total of 7 out of 15
mice (47%) entrained with a large positive phase angle of en-
trainment (>1 h). For UV light, all Opn4−/−Gnat1−/− mice (13/13)
entrained with only one mouse showing a positive phase angle of
entrainment (>1 h; Fig. 1D). All wild-type mice entrained to UV
and green light, with phase angles of entrainment of 6.9 ± 2.9 min
and 0 ± 0 min, respectively (Fig. 1 C and E). Most of the

Opn4−/−Gnat1−/− mice entrained to green light, albeit with a large
phase angle of entrainment (164 ± 55 min). This was significantly
larger than phase shifts in response to UV light (12 ± 5 min,
Fig. 1E, Welch’s t test P = 0.017). When exposed to constant
darkness, animals started to free-run from the phase set by the
preceding LD cycle (SI Appendix, Fig. S3). These results show that
both S- and M-cones play a role in photic entrainment and that
S-cones are sufficient to mediate normal entrainment.

In Vivo Electrophysiology. To determine the underlying mecha-
nisms of why S-cones entrain animals with a smaller phase angle
than M-cones, we carried out in vivo electrophysiological record-
ings from the SCN in wild-type (n = 4) and Opn4−/−Gnat1−/− mice
(n = 4). We investigated the effects of light on the response
properties of a subset of SCN neurons by exposing wild-type and
Opn4−/−Gnat1−/− mice to 60 s of varying intensities of UV (λmax
365 nm; 12.7 to 14.5 log photons/cm2/s) and green (λmax 505 nm;
13.3 to 14.9 log photons/cm2/s) light. Exposure to 60 s of mono-
chromatic light of both wavelengths led to a robust increase in
SCN neuronal activity with a typical transient overshoot (transient
“on-excitation”) in electrical discharge rate followed by a sustained
component for the duration of lights on in both wild-type and
Opn4−/−Gnat1−/− mice. These response kinetics are characteristic
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Fig. 1. Behavioral activity recordings of entrainment to LD cycles. (A) A representative example of actograms of a wild-type and (B) an Opn4−/−Gnat1−/−

mouse kept on a 12:12 LD cycle. The gray shading indicates the dark phase, and the purple- and green-colored backgrounds indicate the light phase with UV
(λmax 365 nm) and green light (λmax 505 nm), respectively. The examples shown were from the same animals for UV and green light. Behavioral activity was
measured using running-wheel activity; the black bars indicate when the mouse runs in a wheel, and the bin size is 5 min. (C) Pie charts of entrainment of
wild-type animals and (D) Opn4−/−Gnat1−/− animals. (E) Phase angle differences during 12:12 LD cycles compared to lights off in Opn4−/−Gnat1−/− mice during
UV (λmax 365 nm) or green (λmax 505 nm) light exposure (P = 0.017). *P < 0.05.

2 of 9 | PNAS van Diepen et al.
https://doi.org/10.1073/pnas.2024500118 Distinct contribution of cone photoreceptor subtypes to the mammalian biological clock

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 "
L

E
ID

S 
U

N
IV

E
R

S 
M

E
D

IS
C

H
 C

E
N

T
R

U
M

, W
A

L
A

E
U

S 
L

IB
R

A
R

Y
" 

on
 J

ul
y 

4,
 2

02
2 

fr
om

 I
P 

ad
dr

es
s 

13
2.

22
9.

25
0.

59
.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024500118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024500118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2024500118/-/DCSupplemental
https://doi.org/10.1073/pnas.2024500118


for the SCN (19), and in the remaining analysis, we distinguish
between the sustained response to light and transient responses.
In agreement with the photoentrainment experiments, UV

light exposure had a more robust activation of the SCN neurons
compared to green light. Specifically, exposure to UV light
pulses resulted in sustained increments in SCN electrical dis-
charge rate in wild-type (Fig. 2A) and Opn4−/−Gnat1−/− mice
(Fig. 2B) that were not different (Fig. 2C). Both wild-type mice
and Opn4−/−Gnat1−/− mice displayed transient on-excitations
(Fig. 2D).
In contrast, for green light, the sustained response caused by

high irradiance of light (14.9 log photons/cm2/s) was significantly
larger in wild-type mice (Fig. 3A) compared to Opn4−/−Gnat1−/−

mice (P = 0.011; Fig. 3 B and C; representative examples shown
are from the same animals as for the UV light examples in Fig. 2).
No differences were observed in the transient on-excitation of wild-
type and Opn4−/−Gnat1−/− mice (Fig. 3D). A linear mixed-effects
model showed a significant color effect (P = 0.002) for the mag-
nitudes of the sustained responses. For Opn4−/−Gnat1−/− mice, the
sustained response difference between UV and green light at the
highest intensities was significant (245.9 ± 72.6 Hz; P = 0.010).
The remarkable difference between UV and green light in

both photoentrainment and the 1-min light pulses prompted us
to investigate the SCN firing for a prolonged light stimulation of
15 min (Fig. 4 A and B). For green light, the magnitude of the light
response and the duration of the sustained response were signifi-
cantly larger in wild-type mice compared to Opn4−/−Gnat1−/− mice
(P = 0.041 and P < 0.001, respectively; Fig. 4 C and D). However,
the sustained responses were much higher in the UV compared to
the green lights in Opn4−/−Gnat1−/− mice. Specifically, 15-min
pulses of UV light caused sustained light-induced increases in SCN
neuronal activity with half-max times of 524.6 ± 200.4 s and
356.0 ± 216.8 s, respectively, in Opn4−/−Gnat1−/− and wild-type
mice, whereas 15-min pulses of green light led to light-induced
responses that decayed to baseline levels quickly with half-max
times of 24.6 ± 13 s compared to 747.0 ± 102.4 s in wild types.
These results show that S-cones can maintain light responses in
the SCN for prolonged periods of time, whereas M-cones fail at
maintaining such responses, probably due to adaptation.

Phase Shifts. To investigate whether light adaptation plays a role
in Opn4−/−Gnat1−/− mice, we exposed mice to either high- or
low-frequency pulses of white light for 15 min at circadian time
(CT) 15.0 ± 0.14 h to assess the phase-shifting capacity (Fig. 5 A
and B). In response to 60-s pulse trains, Opn4−/−Gnat1−/− mice
did not show significant shifts (0.15 ± 0.08 h; one-sample t test;
P = 0.11), but when exposed to high-frequency 5-s pulse trains,
significantly larger shifts were observed (0.77 ± 0.10 h; P = 0.001;
Fig. 5C). In wild-type mice, 60-s pulse trains caused phase shifts
of 1.53 ± 0.10 h and 5-s pulse trains of 1.57 ± 0.12 h. These shifts
were not significantly different (paired t test; P = 0.83; Fig. 5C) but
were significantly larger than phase shifts in Opn4−/−Gnat1−/− mice
(both groups P < 0.001).
Our SCN recordings in Opn4−/−Gnat1−/− mice revealed that

UV light triggered sustained responses, whereas green light
triggered transient responses. Therefore, we tested whether ex-
posure to fast and slow light-pulse trains of UV and green light
resulted in significant phase shifts. Wild-type animals showed
phase shifts to both UV (fast 0.74 ± 0.11 h; P = 0.0001; one-
sample t test, slow 0.68 ± 0.13 h; P = 0.0009) and green light (fast
1.41 ± 0.08 h; P < 0.0001, slow 1.54 ± 0.15 h; P < 0.0001, Fig. 6 A
and C). Opn4−/−Gnat1−/− mice showed phase shifts to UV for
both fast (0.52 ± 0.12 h; P = 0.005; one-sample t test) and slow
light-pulse trains (0.48 ± 0.15 h; P = 0.021), whereas green light
showed significant phase shifts to fast (0.59 ± 0.12 h; P = 0.001)
but not slow light-pulse trains (0.28 ± 0.17 h; P = 0.153; Fig. 6 B

and D). In Opn4−/−Gnat1−/− mice, phase shifts to green 5-s light
trains were not significantly larger than for green 60-s light trains
(P = 0.1415; t test).

Discussion
In behavioral experiments, we observed that Opn4−/−Gnat1−/−

mice entrained to green light of 505 nm stimulating primarily
M-cones. However, the phase angle of entrainment was larger
than in wild-type mice. Under UV light of 365 nm stimulating
primarily S-cones, the vast majority of animals showed normal
entrainment in a way that was indistinguishable from entrain-
ment in wild-type mice. Electrophysiological recordings of SCN
neurons in freely moving animals showed transient responses to
green light with half-max times of 24.6 ± 13.0 s (Fig. 4D). UV
light appeared fully capable of mediating sustained increases in
electrical discharge. Exposure to light-pulse trains that should
prevent cone adaptation enhances the ability of phase shifting
to light.
All Opn4−/−Gnat1−/− mice entrained to LD cycles of UV light,

from which only one entrained with an advanced phase angle.
When maintained on LD cycles of green light, 13% of
Opn4−/−Gnat1−/− mice did not entrain. The other mice entrained
normally (40%) or entrained with a large phase angle (47%;
Fig. 1D). On average, phase angles of entrainment were signifi-
cantly larger for green light than for UV light (Fig. 1E). The
advanced phase angle of entrainment is a theoretical necessity to
entrain to the environment when the sensitivity to external light
is low and a larger delaying part of the phase response curve
needs to be stimulated by light in order to achieve the required
amount of correction (20). Therefore, the advanced phase angle
of entrainment observed under green light could indicate a lower
effectiveness of green versus UV light in photic entrainment,
comparable to dim light versus bright light (21, 22). This inter-
pretation is consistent with our electrophysiological data. Another
potential explanation for the large phase angle could be a change
in the shape of the phase response curve. Exposure to light pulses
of a longer duration affects both the amplitude and shape of the
phase response curve (23). As retinal mutant mice show occa-
sionally more activity during the day as compared to wild-type
mice, the daytime activity could alternatively reflect impaired
masking responses (9).
We observed light-induced increases in SCN electrical activity

in response to all light intensities of UV light investigated. These
responses were of the sustained type. No significant differences
were found between Opn4−/−Gnat1−/− and wild-type mice in the
SCN responses to UV light (Fig. 2). Additionally, we observed
transient on-excitations in response to all intensities of UV light
in both wild-type and Opn4−/−Gnat1−/− mice with no significant
difference between the groups. Previous studies using retinal
transgenic mice showed that rod signaling contributes to and is
sufficient for photoentrainment (8). A potential role for cones
has been implicated but not unambiguously proven (6, 7). Here,
we show that photoentrainment and SCN light responsiveness is
preserved in mice that lack both melanopsin and rod signaling
and have cones as their only photoreceptors. Hence, all photo-
receptors are, by themselves, sufficient for photoentrainment.
In contrast to UV light, the highest intensity of green light

investigated failed to elicit sustained responses in SCN firing rate
in Opn4−/−Gnat1−/− mice (Fig. 3 B and C). The absence of this
sustained response in Opn4−/−Gnat1−/− mice may be explained
by desensitization of M-cones at high irradiances (10). In wild-
type mice, light pulses of high irradiance of green light did lead
to large-magnitude sustained responses in SCN neuronal activity,
which are probably driven by melanopsin-containing ipRGCs
(λmax 471 nm) and/or rods (6, 10, 24).

van Diepen et al. PNAS | 3 of 9
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The impaired photoentrainment to green light correlates with
the absence of sustained SCN responses in the electrophysiological
data. The intensity of green light was likely inadequate to fully
elicit sustained SCN responses, as our electrophysiological re-
cordings showed that low but not high intensities of green light
elicit small, sustained levels of elevated electrical activity (Fig. 3C).
These findings provide evidence that M-cones are able to con-
tribute to photoentrainment but with a reduced capacity compared
to wild-type mice. In previous studies, Opn4−/−Gnat1−/− mice

showed impaired photoentrainment or photoentrainment with
advanced phase angles, similar to results from green light in this
study (9, 10). These studies made use of LD cycles with white in-
candescent light tubes, which generally lack UV light. Our data
suggests that the photoentrainment of Opn4−/−Gnat1−/− mice in
white light will significantly improve when UV is present in the
spectrum, as it would be in an outdoor setting.
We presented trains with 60 or 5 s of UV or green light to

Opn4−/−Gnat1−/− mice in order to trigger the transient responses
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repeatedly. In all conditions, we observed significant phase shifts
with the exception of green 60-s pulse trains. We attribute this to
the fact that green light pulses elicit only short elevations in firing
rate. Previous studies showed that mice lacking the M-cones
exhibit reduced phase-shifting capacity in response to long-
wavelength light, while the response to short-wavelength light

was not altered (11, 12). The differences in phase-shifting re-
sponses were only present in response to short light pulses (1 and
5 min), a fact which, in correspondence with our study, indicates
a role for M-cones in the initial part of light detection. More
evidence that cones contribute significantly during exposure to
short discontinuous light stimuli was observed in studies with

13.3 14.1 14.9
0

200

400

600

800

Green irradiance
(log photons/cm²/s)

WT
Opn4-/-Gnat1-/-

13.3 14.1 14.9
0

100

200

300

Green irradiance
(log photons/cm²/s)

WT
Opn4-/-Gnat1-/-

*

0 30 60 90 120
600

800

1000

1200

1400

Time (s)

Fr
eq

ue
nc

y
(H

z)

0 30 60 90 120
600

800

1000

1200

1400
Fr

eq
ue

nc
y

(H
z)

0 30 60 90 120
600

800

1000

1200

1400

Green (505nm)

Fr
eq

ue
nc

y
(H

z)

0 30 60 90 120
200

400

600

800

1000

Time (s)

Fr
eq

ue
nc

y
(H

z)

0 30 60 90 120
200

400

600

800

1000

Fr
eq

ue
nc

y
( H

z)

0 30 60 90 120
200

400

600

800

1000

Green (505nm)

Fr
eq

ue
nc

y
(H

z ) 13.3

14.1

14.9

A

13.3

14.1

14.9

Sustained response Transient on-excitation

F
re

q
u

e
n

c
y

(H
z)

F
re

q
u

e
n

c
y

( H
z)

0 30 60 90 120
0

200

400

600

Green (505nm)

Fr
eq

ue
nc

y
(H

z)

0 30 60 90 120
0

200

400

600

Fr
eq

ue
nc

y
( H

z)

0 30 60 90 120
0

200

400

600

Time (s)

Fr
eq

ue
nc

y
(H

z)

13.3

14.1

14.9

B

C D

Opn4-/-Gnat1-/-Wild-type
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long-wavelength–sensitive cone (L-cone) knockin mice (Opn1mwR),
in which the mouse M-cones are replaced by the human L-cones.
Long-wavelength red light as series of 1-min pulses led to significantly
larger phase shifts in behavioral activity compared to a continuous
light stimulus of 15 min (10). In both studies, 1-min light pulses
were sufficient to phase shift the behavioral rhythm, while in this
study, Opn4−/−Gnat1−/− mice did not show phase shifts in response
to 1-min light pulses (Fig. 5 B and C). A possible explanation is
that the irradiance in this study (15.2 log photons/cm2/s) was higher
than in the previous studies (both less than 15 log photons/cm2/s)
(10, 11). Our SCN recordings revealed that, surprisingly, the
response magnitude to green light diminished for higher light
intensities.
In addition to their ability to sense fast changes in light in-

tensity, cones seem to provide information on slow changes in
spectral composition as well (25). In vivo electrophysiological
measurement in SCN of Opn1mwR mice revealed distinct re-
sponses in SCN neuronal activity induced by the activation of S- or
L-cones. Moreover, the circadian entrainment of the Opn1mwR

mice improved in LD cycles with natural spectrum twilight as
opposed to LD cycles with twilight, which lacked changes in color,
or to rectangular LD cycles, indicating a biological relevance of
“color vision” by the SCN (26). Our findings are difficult to rec-
oncile with findings from a study using a silent substitution para-
digm. In this study, higher L-cone stimulation, rather than S-cone
stimulation, led to larger circadian responses (27). Yet, like our
study, there is a consistency in the finding that cones contribute to
photic entrainment.

It has been questioned whether rod signaling is completely
absent in the Opn4−/−Gnat1−/− mouse model (28, 29). Any
residual rod responses in this mouse model are likely to be
negligible, as in our study, the mice showed largest sensitivity to
UV light compared to green light, while rods are most sensitive
to green light. If residual rod activity would have been pre-
sent, the difference between the UV and green response in
Opn4−/−Gnat1−/− mice would have been opposite to what we
observed, and responses to green light would have been larger
than to UV light.
The majority of murine cone photoreceptors coexpress

S-opsin and M-opsin (30) in reverse dorsal–ventral gradients,
with the highest S-opsin expression in the ventral retina and
highest M-opsin expression in the dorsal retina (31). A small pop-
ulation of murine cone photoreceptors in the retina expresses S-opsin
exclusively (32). Relative expression of S-opsin and M-opsin
determines light sensitivity of the cone photoreceptors. Cone
photoreceptors can be classified as S-cones if their phototransduction
is mainly driven by S-opsins, whereas phototransduction in M-cones is
predominantly activated by M-opsins (2).
The melanopsin photopigment plays a crucial role in regula-

tion of the sustained response to light. More recently, it became
evident that rod and cone photoreceptors also contribute to
sustained light signaling to the SCN (6, 7, 15, 19). Our data show
that, in the absence of both melanopsin and rod photoreceptor
signaling, cone subtypes have distinct contributions to photo-
entrainment and SCN electrical activity. The implication is that
the clock of species with relatively more cones, such as humans,
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shows a broad spectral sensitivity range. This can potentially be
used to strengthen their circadian system.
In laboratory studies, cages are often designed to ensure

uniform illumination levels to obtain properly defined experi-
mental conditions. In nature, animals are expected to be exposed
to large fluctuations in illumination levels due to the movement
of the animal in and out of the shade or burrow. Also, in human
daily life, abrupt alterations in light intensity are normally per-
ceived (33). Therefore, cone photoreceptors may have a larger
contribution to photoentrainment in nature than what is expec-
ted from laboratory studies.

Materials and Methods
Animals. Experiments were approved by the ethical committee of the Leiden
University Medical Center and were carried out according to their guidelines.
Opn4−/−Gnat1−/− mice originated from the laboratory of Samer Hattar
(Johns Hopkins University, Baltimore) and were backcrossed on a C57/Bl6
background at the Leiden University Medical Center. Experiments were
carried out with male mice (ages 3 to 10 mo) with homozygous knockouts of
the Opn4 and Gnat1 genes. Wild-type animals (ages 3 to 10 mo) from the
same background were obtained from Charles River Laboratories to mini-
mize differences apart from potential developmental alterations.

Behavioral Activity Recordings. Behavioral activity rhythms were assessed
using running wheels and passive infrared sensors. Wild-type (n = 9) and
Opn4−/−Gnat1−/− mice (n = 16) were housed individually in plastic cages,
which were equipped with running wheels to stimulate active behavior of
the mice in a measurable way. Cases of insufficient running-wheel activity to
detect behavioral activity rhythms were excluded from the analysis. The
number of rotations of the wheel was recorded using a ClockLab data ac-
quisition system (Actimetrics) and stored on a computer in 1-min bins. Food
and water were available ad libitum during the experiment. Mice were
housed in a 12:12 LD schedule. All animals were exposed to LD cycles with
UV light (365 nm, NCSU033B, Nichia) and LD cycles with green light (505 nm,
LXML-PE01-0070, RS Company) during the light phase at an irradiance of 13
log photons/cm2/s.

To assess phase-shifting capacity, naive wild-type and Opn4−/−Gnat1−/−

mice (both n = 9) on 12:12 LD cycles for 10 d were released in continuous
darkness for 7 to 8 d. At CT15.0 ± 0.14 h, corresponding to the delaying part
of the phase response curve (7), mice were exposed to a train of white-light
pulses (15.2 log photons/cm2/s; 40 to 800 nm; Truelight 18W5500K) in a time
window of 15 min. These trains consisted of either 60- or 5-s pulses, with 60-
or 5-s intervals in between the pulses, respectively. Phase shifting in response
to UV (365 nm) and green light (505 nm) was assessed using the same light-
pulse parameters as described above for white light. Naive wild-type and
Opn4−/−Gnat1−/− mice (both n = 18) were entrained to 12:12 LD cycles of UV
and then released in constant darkness for 7 d. Mice were exposed to either
fast (n = 9 per group) or slow light pulses of UV light (n = 9 per group)
followed by 7 d of constant darkness. The animals exposed to fast UV light
pulses repeated the same protocol with fast green light pulses, and the
animals exposed to slow UV pulses were exposed to slow green pulses. Data
were excluded if mice showed insufficient wheel running to detect a be-
havioral activity rhythm or if the timing of the light pulse was more than 3 h
from CT15. Similar irradiances were used as in the photoentrainment ex-
periments (13 log photons/cm2/s). The resulting behavioral phase shifts were
quantified by fitting regression lines through the activity onsets before and
after the light pulses and calculating the difference between the lines at
the day of the light pulse. The first day after the light pulse was excluded for
analysis to account for transients.

In Vivo Electrophysiological Experiments. Extracellular activity of SCN neurons
was recorded in freely moving wild-type andOpn4−/−Gnat1−/− mice (both n =
4). Tripolar stainless steel electrodes (Plastics One) were implanted in an
anesthetized mouse. The mouse was fixed in a stereotactic frame (Stoelting),
and the electrodes were implanted in the brain, targeting the SCN. Two
polyimide-insulated twisted electrodes were aimed at the SCN under a 5°
angle 0.61 mm lateral from the bregma and 5.38 mm ventral to the dura and
used for differential recording. The third uncoated electrode was placed in
the cortex as a reference. The electrodes were fixed to the skull of the mouse
with the use of additional screws and dental cement. After a week of re-
covery, mice were connected to a custom-designed recording chamber to
measure extracellular activity of SCN neurons while the animal was able to
move freely. The electrical signal was amplified, and the bandwidth was
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filtered between 0.5 and 5 kHz. The differential amplifier was based on the
design of Yamazaki et al. (34). The electrical SCN signal was digitized at 25
kHz using Spike2 hardware and software (Cambridge Electronic Design) and
stored for offline analysis.

A custom-designed sphere was introduced in the recording setup to expose
the animal to specific monochromatic wavelengths of light. The diameter of
the sphere was 30 cm, and it was coated with high-reflectance paint (barium
sulfate; WRC-680; Labsphere Inc.) to ensure uniform illumination levels. At
the top of the sphere, high-power UV (365 nm, NCSU033B, Nichia) or green
(505 nm, LXML-PE01-0070, RS Company) LEDs were positioned at the top of
the sphere with a baffle to prevent the animal directly looking into the
light source. The wavelength and intensity of light were measured with a
calibrated spectrometer (AvaSpec2048, Avantes). Animals were exposed to
near-monochromatic light of λmax 365 ± 4.5 nm (UV) and λmax 505 ± 25 nm
(green) aimed at CT15, which corresponds to the light-sensitive zone of the
phase response curve (13). For both colors, mice were first exposed to a 1-min
pulse of each irradiance, starting with the lowest intensity pulse and ending
with the highest followed by a 15-min light pulse. The order of different colors
was randomized, and between all light pulses were darkness intervals of
9 min. Animals were exposed to all light pulses on the same day.

For detailed analysis of the response characteristics to light, the digitized
recordings were imported in MATLAB as waveform data using parts of the
sigTOOL SON Library, including data from light sensors. Imported waveform
datawere triggered at fixed voltage amplitude settings. Time and amplitude of
the action potentials were used for analysis. Digitized action potentials were
counted in 1-s bins. For a detailed analysis of population activity, a baseline
recording was used to create spike amplitude histograms. On the basis of this
amplitude histogram, thresholds were set in such a way that the average
number of countswithin each thresholdwindowwas equal. Thresholdwindows
were nonoverlapping and started above noise level. Action potentials were
counted within each step of a set threshold for the remainder of the recording.

For the 60-s light pulses, the magnitude of the sustained response was
defined as the difference between the multiunit activity (MUA) average of
the complete pulse excluding the initial 15 s and the MUA average of the 30 s
of baseline preceding the light pulse. The transient on-excitation was

calculated as the difference between the MUA average in 30 s of baseline
before the light pulse and the first second of the light pulse.

For the 15-min pulses, the sustained responsewas defined as the difference
between the average MUA during the light pulse with the first 15 s excluded
and the average MUA during 100 s of baseline preceding the light pulse.
Sustained response duration was quantified as the last time point at which
the MUA did not decline below the half-maximum value for more than 30 s
uninterrupted, with the half-maximum value calculated as the average be-
tween the mean MUA in the first 3 s of the light pulse and 100 s of baseline.

Histology. At the end of each recording mice were killed in a CO2 chamber. A
small electrolytic current was passed through the electrodes to mark the
recording site. Brains were taken out and kept in 4% paraformaldehyde
solution containing potassium ferrocyanide. The brains were sectioned
coronally and checked with a microscope for reconstruction of the recording
site (SI Appendix, Fig. S1).

Statistics. For comparing the phase angles of entrainment in behavioral data,
Welch’s t test was used. Electrophysiological data were analyzed using a linear
mixed-effects model to test for differences between colors while correcting for
genotype and light intensity. The magnitude of the MUA response was used as a
dependent variable, and light intensity and color were specified as repeated vari-
ables. In phase-shifting assays, we used paired t tests to assess differences between
phase shifts in response to fast or slow light-pulse trains. One-sample t tests were
used to show whether phase shifts were significantly different from 0 min.

Data Availability. Data can be found in Dataset S1.
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