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Synchronization of the mammalian master circadian pacemaker to
the daily light/dark cycle is mediated exclusively through retinal
photoreceptors. The mammalian retina itself is also a self-sustained
circadian oscillator. Herewe report that the retinal molecular circadian
clock can be entrained by lighting cycles in vitro, but that rods, cones,
and melanopsin (Opn4) are not required for this entrainment. In vivo,
retinas of Opn4−/−;rd1/rd1 mice synchronize to light/dark cycles
regardless of the phase of the master circadian pacemakers of
the suprachiasmatic nuclei or the behavior of the animal. These
data demonstrate that the retina uses a separate mechanism for
local entrainment of its circadian clock than for entrainment of
organism-level rhythmicity.

circadian rhythm

Most mammalian tissues contain autonomous circadian clocks,
and these oscillators are synchronized by the “master circa-

dian pacemaker,” which is localized in the suprachiasmatic nucleus
(SCN) of the hypothalamus (1). The SCN controls the rhythms
of diverse physiological functions, including feeding, tempera-
ture cycles, and circulating hormones, which in turn synchronize
the clocks of tissues throughout the body (2). Following lesions
of the SCN, animal behavior becomes arrhythmic and internal
synchrony among tissues throughout the body is lost (3–5). Photic
entrainment of the mammalian SCN (and thus the animal’s be-
havior) is mediated exclusively through photoreception in the retina
(6, 7). Although outer retinal (rod/cone)-based and melanopsin-
expressing retinal ganglion cell-based photoreceptors are each suf-
ficient for circadian entrainment of behavior, animals lacking rods,
cones, and melanopsin (Opn4) cannot entrain to external light/dark
cycles (8–10).
The mammalian retina itself is also a self-sustained circadian

oscillator (11), and many retinal physiologic functions oscillate
with a 24-h period. These include transcription and translation
of photoreceptor genes, neurotransmitter synthesis and release,
interphotoreceptor coupling, disk shedding in rods, and ampli-
tude of the electroretinogram (ERG) (12–18). More than 1,000
genes in the retina have a significant 24-h diurnal rhythm in
transcript abundance (15). When the core circadian clock gene
Bmal1 is deleted specifically in the retina (rendering it incapable
of free-running rhythmicity), transcriptional and ERG rhyth-
micity are lost and ERG amplitudes are reduced at all times of
day, suggesting that local circadian rhythmicity is required for
normal retinal function (15). The circadian clock in the mam-
malian retina persists in culture, and can be measured ex vivo by
neurotransmitter release or by luminescent reporters of circa-
dianly expressed core clock genes (11, 19). Importantly, the
retinal rhythm of melatonin synthesis can be synchronized di-
rectly by light/dark cycles in culture (11, 20), demonstrating that
the SCN is not necessary for synchronization of retinal rhythms.
Here we demonstrate that the retinal clock remains entrained to
the light/dark cycle regardless of SCN and behavioral phase and
that the photoreceptors necessary for local entrainment of the
retinal circadian clocks are distinct from those required for

behavioral entrainment. In vitro and in vivo, the entrainment of
retinal circadian clocks occurs in the absence of rods, cones,
and melanopsin.

Results and Discussion
To test the ability of light to entrain the core molecular clock of
murine retinas, pairs of retinas frommice carrying the Per2Luciferase

reporter (5) were exposed to antiphasic white light/dark cycles
in vitro by using a shutter that ensured constant temperature
throughout the cycle (Fig. S1). The peak light intensity was 4W/m2.
After 4 d of exposure to light/dark cycles consisting of 9 h of light
and 15 h of darkness, the Per2Luciferase bioluminescence rhythms of
retina pairs became oppositely phased from each other when
monitored in total darkness (Fig. 1 A and B). The phases of the
retinas exposed to the oppositely phased light/dark cycles were
significantly different from each other as well as from untreated
control cultures (one-way ANOVA, P < 0.001). The light-
entrained retinas adopted a phase with peak luciferase activity
occurring during the early- to middle-dark phase. Retina pairs re-
quired a minimum of 4 d exposure to light/dark cycles to stably
reach these phases in advance and delay directions (Fig. 1C). To
determine if this effect is specific to the retina, cultures of pituitary
glands [whose rhythms are highly sensitive to small temperature
variations (21)] and ear pinnae (which are naturally exposed to
light/dark cycles) of Per2Luciferase mice were exposed to the
same 4 d light/dark paradigm. Neither demonstrated phase en-
trainment (one-way ANOVA, P > 0.05; Fig. 1B). We also con-
firmed previous studies demonstrating that cultures of SCN are not
entrained by light/dark cycles in vitro (22). Photic entrainment was
not observed when cultures were covered with aluminum foil or
red acetate (Fig. 1C). Thus, entrainment in vitro to light/dark
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cycles is specific to the retina among the tissues tested, and un-
likely an artifact of temperature or nonspecific photic effects.
Circadian systems that are entrainable to environmental cycles

are often also susceptible to acute pulses of that same entraining
signal (23). Cultured WT retinas were exposed to 3-h blue light
pulses (3 × 1015 photons per square meter per second of 475 nm
light) and exhibited phase shifts, which showed phase delays in
what was previously the early dark phase and phase advances in
the late dark phase (Fig S2A), characteristic of a “type 1” phase
response curve. Associated with this are acute inductions of Per1
and Per2 during light pulses occurring when Per levels would be
expected to be at low levels (Fig. S2B). The induction of the Per1
and Per2 transcripts is similar, though not identical, to light-induced
Per expression in the rodent SCN and Xenopus retina (24–26).
To ascertain if the photoreceptors that mediate behavioral

entrainment to light are also required for the photic entrainment
of local clocks in the retina, retinas of mice lacking mela-
nopsin, rods, and cones (i.e., Opn4−/−;rd1/rd1 mice) were tested for

photic entrainment. Melanopsin alone or the rod/cone pathways
are sufficient to entrain behavioral rhythms, but animals lacking
all systems cannot entrain behavioral rhythms to light/dark cycles
(8, 10). Free-running behavioral rhythmicity in the presence of
a light/dark cycle of Opn4−/−;rd1/rd1 mice used in these experi-
ments was confirmed (see Fig. 3 A and B). As reported pre-
viously (10), Opn4−/−;rd1/rd1 mice also lacked pupillary light
responses even to bright (<20 W/m2) white light (Fig. S3). To
confirm retinal degeneration, we analyzed the transcripts of opsin
genes in fresh and cultured retinas. Opn1-SW was undetectable in
all cultured retinas (Fig. S4). Rhodopsin (Rho) was detectible at
high levels in fresh and cultured retinas but was found at 0.04% of
this level in fresh Opn4−/−;rd1/rd1 retinas, consistent with reported
expression in Müller cells (27). Other putative “nonclassical”
opsins that are expressed in the retina were stably expressed in all
retinas even after extended days in culture (Fig. S4) (28). Sur-
prisingly, retinas from Opn4−/−;rd1/rd1 mice were readily entrained
to light/dark cycles in vitro (Fig. 2 and Fig. S5). The entrained
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Fig. 1. The retina is entrained by light/dark cycles in vitro. (A) Per2Luciferase luminescence traces with background luminescence subtracted by using a poly-
nomial fit line with an order of 1. Red and blue traces represent two separate cultures of the specified tissue from the same animal. Traces are recorded in
constant darkness after 4 d of light/dark treatment in the 0° (blue) or 180° (red) position in a light/dark clock apparatus. (B) Average time of peak Per2Luciferase

luminescence on the first day of constant darkness following a 4-d light/dark treatment (error bars represent 1 SEM) in the 0° (blue) or 180° (red) position.
Gray bars indicate times of day when tissues previously experienced dark, and white boxes indicate times of exposure to 5 W/m2 light from LEDs ranging from
417 to 530 nm. Black points represent the average phase (±SEM) of untreated tissues on the fifth day in culture. Retina: control, n = 8; 0°, n = 6; and 180°, n = 6.
Pituitary: control, n = 5; 0°, n = 5; and 180°, n = 5. Ear: control, n = 5; 0°, n = 6; and 180°, n = 6. (C) Average time (±SEM) of luminescence as shown in B for retina
pairs exposed to 2 d (n = 5), 3 d (n = 5), 4 d (n = 6), or 5 d (n = 5) of a light/dark cycle. (Right) Phases of retinas in clock apparatus but with individual culture
dishes covered with a layer of red acetate (n = 5).
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phases of retinas from Opn4−/−;rd1/rd1 mice were approximately
2.5 h delayed compared with the WT groups; however, this dif-
ference was not statistically significant (one-way ANOVA, Tukey
post hoc test, P = 0.353 for 0° and P = 0.349 for 180°). Other
parameters of the circadian oscillations of Per2Luciferase expres-
sion including free-running period and rhythm amplitude were
not affected in Opn4−/−;rd1/rd1 retinas, confirming previous
work suggesting that the majority of retinal rhythmicity resides in
the inner retina (29). In sum, these data demonstrate the pho-
toreceptors necessary for the entrainment of the retina to light/
dark cycles in vitro are independent of the known visual and
nonvisual photoreceptors.
To determine if the phase of retinal circadian clocks in vivo is

primarily set by light or by SCN-dependent internal timing cues,
we exploited the observation that Opn4−/−;rd1/rd1 mice do not
entrain their behavior to light/dark cycles (10) even though ret-
inas from these mice show photic entrainment in vitro. Thus, the
behavior of the mice free-runs while still being exposed to
a stable light/dark cycle (Fig. 3A). On certain days, these mice
will be active during the light phase and rest during the dark,
corresponding to the opposite behavioral phase of a WT noc-
turnal mouse entrained to a light/dark cycle. We examined the
phases of molecular clocks within tissues of mice with this tem-
porary behavioral phase inversion. WT and Opn4−/−;rd1/rd1mice
were exposed to light/dark cycles of 12 h of 5 W/m2 white light
and 12 h of darkness. The light was from LEDs ranging from 417
to 530 nm as shown in Fig. S1. WT mice entrained their running-
wheel behavior to the lighting cycle, consolidating the majority of
their wheel-running activity in the dark phase, but Opn4−/−;rd1/
rd1 mice were active equally in light and dark phases (Fig. 3B).
After >10 d in the light/dark cycle, the behavior of the Opn4−/−;
rd1/rd1 mice was monitored for the day at which the onset of

activity coincided with the transition from darkness to light. On
this day, the mice were euthanized at one of four time points
across the day, and their retinas, livers, and hypothalamic slices
containing the SCN were removed for RNA isolation (Materials
and Methods). Similarly, the retinas, livers, and brains were
collected from WT mice at the same time points.
RT-PCR analysis of total RNA revealed the transcripts of

clock genes Per1, Per2, Per3, and Bmal1 in the liver to be op-
positely phased between the Opn4−/−;rd1/rd1 and WT animals,
demonstrating that liver gene expression was synchronized with
behavior (Fig. 3C). Similar to liver, RT-PCR analysis of hypo-
thalamic sections containing the SCN revealed the clock genes to
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be in opposite phases and correlated in each case with behavior
(Fig. 3C). However, the phase of these same transcripts in the
retina remained identical between day-active Opn4−/−;rd1/rd1
and night-active WT animals. The phases observed from the
retinas in vivo were similar to those observed from in vitro
photo-entrainment (Figs. 1 and 2). Correlation analysis revealed
liver gene expression followed behavioral phase, wheras retinal
rhythm phase was dependent on lighting phase (Fig. 3D).
Taken together, these results demonstrate that the retina is

capable of direct photic entrainment in vitro and in vivo, and that
in vivo light signaling provides a stronger synchronizing stimulus
than any SCN-dependent signal or the animal’s behavior. SCN-
dependent cues are neither necessary nor sufficient to synchro-
nize the retinal clock in the setting of external light/dark cycles.
Thus, the retina appears to be similar to the liver clock which can
synchronize to environmental/systemic cues despite the phase of
the SCN (30). Additionally, as the retina is capable of entrain-
ment under conditions in which it cannot entrain the SCN (i.e.,
in Opn4−/−;rd1/rd1 mice), it appears that the mechanisms for
local entrainment of the retinal clock are distinct from the mech-
anisms by which the retina entrains the SCN and organismal
rhythmicity.
The present studies have not identified the loci for rhythmicity

in the retina, the location of the local entraining photopigment,
or mechanism of local retinal entrainment, but do provide im-
portant constraints on each. Rhythmic expression of core clock
genes has been reported in the outer nuclear layer, inner nuclear
layer, and ganglion cell layer (15, 19, 29, 31–33). Expression
patterns of clock genes in the photoreceptor layer are unique
compared with other described circadian patterns with Bmal1
and Per genes peaking simultaneously only in the outer nuclear
layer (34). It has been suggested that core clock genes in the
photoreceptor layer stop cycling in constant darkness, whereas
the whole retinal rhythmicity continues (35). We observed no
statistical difference in any circadian parameters (free-running
period, amplitude, or phase angle of entrainment) between ret-
inas from WT mice and rd1/rd1 mice. Although we cannot ex-
clude circadian clock gene expression in the photoreceptor layer,
we conclude that the Per2-dependent circadian clock we are
measuring is primarily located within the inner nuclear layer and
ganglion cell layer, similar to what was observed by Ruan et al.
(29). It should be noted that prolonged culture also causes loss of
some ganglion cells, presumably from the complete axotomy at
dissection, and the cells of the inner nuclear layer are the most
preserved (36). The outer retinal layer is also required for
rhythmic expression of melatonin from the retina (20). The
strains of mice we used in the present study (C57BL/6J and
129S1/Sv) lack melatonin, and, in the case of the rd1 mutation,
lack the outer nuclear layer (37–40). Thus, our observation
of robust circadian rhythmicity in rd1/rd1 retinas supports the
conclusion that neither melatonin nor the outer photoreceptor
layer is necessary for retinal circadian gene expression or its local
photic entrainment (15, 19). It is possible that the photorecep-
tion we observe here is autonomous within Müller glia cells,
amacrine cells, or horizontal cells.
Perhaps the most surprising finding in the present work is that

the photic entrainment of the circadian clock within the retina
does not require rods, cones, or melanopsin. This leads us to
conclude that another photoreceptor must be present in the
rd1/rd1 retina. Although it is possible that residual rod or cone
function from incomplete outer retinal degeneration may un-
derlie this photoreception, this is unlikely, as the tested animals
were unable to entrain behaviorally to even bright light/dark
cycles, display the pupillary light reflex, and did not show sig-
nificant levels of opsin transcripts. Because retinal circadian
entrainment persists in the Opn4−/−;rd1/rd1 model, the re-
sponsible pigment is likely localized in the inner nuclear layer or
ganglion cell layer where the strongest circadian signals are

observed (29). Several orphan opsins have been described in re-
cent years [i.e., Opn3 (41), Opn5 (42), RGR opsin (43)], which
may be candidates, as might nonopsin photopigments such as the
cryptochrome family (44).

Materials and Methods
In Vitro Light/Dark Cycles.We wished to expose organotypic tissue cultures to
light/dark cycles without turning lights on and off to avoid temperature
changes. We constructed an apparatus in which the motor from a 24-h wall
clock was used to rotate a disk with a period of 24 h. The disk used in the
present study was opaque except for a transparent wedge-shaped window
that allowed light to pass through to a given spatial coordinate for 9 h every
24-h cycle. Culture dishes (35 mm) were placed on opposite sides of a larger
opaque dish under the motor-driven disk. Light-impermeable baffles were
also used in the larger dish to control the passage of light between the two
halves of the dish. This allowed for light exposure to one 35-mm dish while
the other was in darkness and created antiphasic light/dark cycles for the two
dishes. The two positions used in this study are arbitrarily designated 0°
and 180°.

The light source used was an array of LEDs of various wavelengths. The
wavelengths of the peak intensity for the three types of LEDs used were 417
nm, 475 nm, and 530 nm. Theywere left on continuously for in vitro light/dark
cycles. Because the transparent window is moved continuously, the cultures
experience a gradual transition between light (“sunrise”) and dark (“sunset”;
Fig. S1). The LED array and the clock apparatuses are contained in a 37 °C
incubator. Radiometric measurements were made by using a Macam Q203
quantum radiometer. Spectral irradiance was measured by using a Spec-
troCal spectral radiometer (Cambridge Research Systems). Temperature was
monitored by placing an EL-USB-1 temperature data logger (Lascar Elec-
tronics) inside of a light cycle apparatus for 4 d. The temperature was col-
lected every 5 min and stored on the logger until retrieval at the end of
the experiment.

Phase Response Curve. Tissue cultures were transferred from the Lumicycle
into a small insulated box, which was kept inside or near the Lumicycle
apparatus at the same temperature. The cultures in the open box were then
exposed to 475 nm LEDs at 3 × 1015 photons per square millimeter per second
for 3 h, and then returned to the Lumicycle. Phase shifts were calculated as
the difference in the phase of best-fit sine waves to the 3 d after the pulse
and the 3 d before the pulse as described previously (21).

Bioluminescence Recording from Per2Luciferase Reporter Mice. C57Bl6/J Per2Luciferase

mice (5) were euthanized by CO2 asphyxiation 2-3 h before lights off (zeitgeber
time 9–11) and tissues were immediately removed into cold HBSS (Gibco).
Pituitary and pinnae cultures were cultured on cell culture inserts (PICMORG50;
Millipore) in sealed dishes containing DMEM containing B-27 supplement
(Life Technologies), 352.5 μg/mL sodium bicarbonate, 10 mM Hepes (Life
Technologies), 25 U/mL penicillin, 25 μg/mL streptomycin (Life Technologies),
and 0.1 mM luciferin potassium salt (Biosynth). Retinas were cultured on cell
culture inserts in Neurobasal A medium (Cellgro) containing B-27 serum-free
supplement (Life Technologies), 25 U/mL penicillin, 25 μg/mL streptomycin
(Life Technologies), and 2 mM L-glutamine in 5% CO2 for ∼16 h. Retinas
were then transferred to sealed dishes containing DMEM/luciferin media as
described earlier.

Tissue pairs from the same animal were placed on opposite sides of the
clock apparatus described earlier for 4 d. At the end of 4 d, they were placed
in the dark into a Lumicycle luminometer machine (Actimetrics), in which
bioluminescence was measured continuously by photomultiplier tubes.

Lumicycle Analysis software was used to detrend steady reductions in
background bioluminescence with a polynomial fit line with an order of 1.
Period of oscillations was determined by using best-fit sine wave analysis
contained within the Lumicycle Analysis software. The time of the peak of
luminescence on the first day of constant conditions (first day in Lumicycle)
was determined as the time of peak of the sine wave on that day. One-way
ANOVA tests with Tukey post hoc analyses were used to determine statistical
differences between groups within each tissue type.

Animals. All animal experiments were carried out after approval of protocols
by the institutional animal care and use committee at the University of
Washington. Opn4−/− mice were genotyped as described previously (10), and
were of the strain C57BL/6J outcrossed from 129S1/Sv at least seven gen-
erations. Mice with a mutation of the Pde6b gene (rd1) on the background
C57BL/6J were obtained from Jackson Laboratory and were genotyped by
PCR analysis according to instructions from Jackson Laboratory.
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Monitoring Wheel-Running Behavior. Mice were housed in individual cages
equipped with running wheels under 12 h/12 h light/dark conditions. Wheel
activity and timing of light changes were collected by using a Clock Lab data
collection system (Actimetrics). An LED array identical to the one used for in
vitro light/dark cycles was used for the in vivo experiments. Lights were
given as a square wave 12 h/12 h light/dark cycle with an irradiance of 5 W/m2

during the light phase.

Quantitative RT-PCR. Mice were euthanized under dim red light by cervical
dislocation. Retinas were dissected from the eyes in ice cold HBSS under dim
red light and were placed in RNAlater (Qiagen). Brains were immediately
frozen on dry ice. Livers were dissected directly into RNAlater. Sections
containing the SCN were later removed from frozen brains by slicing a cor-
onal section by using a hot razor blade on either side of the optic chiasm
followed by finer SCN removal by dissection on dry ice, and then transferred
to RNAlater. The four SCN samples collected for each time point were pooled
before RNA extraction. RNA was extracted from tissues by using an RNeasy
RNA isolation kit (Qiagen) according to the manufacturer’s protocol. cDNA
was reverse transcribed from 200 ng of RNA by using SuperScript VILO cDNA
synthesis kit (Invitrogen), which uses random hexamer and 3′end polyA
tail priming.

Amplicons for each genewere cloned into the pCR 2.1 TOPO cloning vector
(Invitrogen) after being amplified from cDNA reverse transcribed from RNA
from mouse retina. Inserts were sequenced to confirm integrity of expected
sequence. Standard curves were generated starting with 1 × 109 copies of the
plasmid with appropriate amplicon and creating 1: 100 dilutions down to 1 ×
102 copies. Quantitative PCR was performed by using Absolute Blue SYBR
Low Rox master mix (Thermo Scientific) and an Applied Biosystems 7500 Real
Time PCR system. Melt curves and gel electrophoresis of PCR products were
used to confirm correct amplification of targets. Gapdh was used as a non-
cycling endogenous control. For opsin genes, the delta-delta cT method was
used for relative abundance of RNA. This compared the cT of the target
gene to the cT of Gapdh in the same sample and then compared that level to
delta cT (i.e., opsin − Gapdh) of a liver sample.
Primer sequences.

Per1 forward, 5′-CCCAGCTTTACCTGCAGAAG-3′;

Per1 reverse, 5′-ATGGTCGAAAGGAAGCCTCT-3′ (91-bp amplicon);

Per2 forward, 5′-CCAACACAGACGACAGCATC-3′;

Per2 reverse, 5′-TCTCGCAGTAAACACAGCCT-3′ (216-bp amplicon);

Per3 forward, 5′-CACTTTGTCGACCTGCTTGC-3′;

Per3 reverse, 5′-ATGAACCAAATAGGGGAGGAT-3′ (210-bp amplicon);

Bmal1 forward, 5′-GACATTTCCTCAACCATCAGCG-3′;

Bmal1 reverse, 5′-GCATTCTTGATCCTTCCTTGGT-3′ (200-bp amplicon);

Atcg1 forward, 5′-TGGATCTCTGTGAGCACCAC-3′;

Atcg1 reverse, 5′-AGGCAACTAACAACCGATGG-3′ (203-bp amplicon);

Dbp forward, 5′-CGAAGAACGTCATGATGCAG-3′;

Dbp reverse, 5′-GGTTCCCCAACATGCTAAGA-3′ (118-bp amplicon);

Gapdh forward, 5′-GACTTCAACAGCAACTCCCA-3′;

Gapdh reverse, 5′ -ATTGTGAGGGAGATGCTCAGT-3′ (129-bp amplicon);

Opn1-SW forward, 5′-TCACGGATACTTCCTCTTTGGTC-3′;

Opn1-SW reverse, 5′-GGCCAACTTTGCTAGAAGAGAC-3′ (600-bp amplicon);

Rho forward, 5′-CTTTGCCACACTTGGAGGTGA-3′;

Rho reverse, 5′-TGATCCAGGTGAAGACCACAC-3′ (200-bp amplicon);

Opn4 forward, 5′-TCTGTTAGCCCCACGACATC-3′;

Opn4 reverse, 5′-TGAACATGTTTGCTGGTGTCC-3′ (180-bp amplicon);

Opn3 forward, 5′ -CTGTTCGGAGTCACCTTCAC-3′;

Opn3 reverse, 5′-GTATGTCTAGGATGTACCTGTTC-3′ (227-bp amplicon);

Opn5 forward, 5′ -AGCTTTTGGAAGGCCAGAC-3′;

Opn5 reverse, 5′ -CAGCACAGCAGAAGACTTC-3′ (212-bp amplicon);

RGR forward, 5′ -TGTACACTGGACTATTCGAGG-3′; and

RGR reverse, 5′ -GGTTTTGGCGATGAGAGCAG-3′ (285-bp amplicon).
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