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ABSTRACT In mammals the retina contains photoactive
molecules responsible for both vision and circadian photore-
sponse systems. Opsins, which are located in rods and cones,
are the pigments for vision but it is not known whether they
play a role in circadian regulation. A subset of retinal ganglion
cells with direct projections to the suprachiasmatic nucleus
(SCN) are at the origin of the retinohypothalamic tract that
transmits the light signal to the master circadian clock in the
SCN. However, the ganglion cells are not known to contain
rhodopsin or other opsins that may function as photorecep-
tors. We have found that the two blue-light photoreceptors,
cryptochromes 1 and 2 (CRY1 and CRY2), recently discovered
in mammals are specifically expressed in the ganglion cell and
inner nuclear layers of the mouse retina. In addition, CRY1 is
expressed at high level in the SCN and oscillates in this tissue
in a circadian manner. These data, in conjunction with the
established role of CRY2 in photoperiodism in plants, lead us
to propose that mammals have a vitamin A-based photopig-
ment (opsin) for vision and a vitamin B2-based pigment
(cryptochrome) for entrainment of the circadian clock.

Biological activities are regulated by the daily light–dark cycles
(circadian rhythm) in species ranging from cyanobacteria to
humans (1–5). The circadian clock that regulates this response
to the day–night cycle has at least three components: a
photoactive pigment (chromophore) that senses the light and
transmits the signal, the clock that oscillates with about 24-hr
(circadian) periodicity, and the clock-controlled genes that
generate the physiological and behavioral oscillation in re-
sponse to the changes in the phase and amplitue of the clock
(1–5).

In recent years, important progress has been made in
understanding the molecular basis of circadian rhythm. In
particular, clock genes, which are defined as light-responsive
genes with an approximately 24-hr oscillatory transcription
period and autoregulatory loops, have been identified in
several organisms. The frq gene of Neurospora crassa (6), the
per and tim genes of Drosophila melanogaster (7–9) have been
isolated and characterized and appear to exhibit the requisite
characteristic (self-oscillatory) of circadian clock gene. The
mouse clock gene, which does not exhibit an overt oscillatory
expression pattern but which is an essential component of the
clock mechanism, has also been cloned and characterized (10).
All these genes have been shown to encode transcription
factors or to have sequence motifs suggestive of a transcription
factor. Finally, the recent cloning of the mouse and human
homologs of the Drosophila per gene (11–13) strongly suggest

the conservation of the basic clock mechanism during evolu-
tion. Clearly, these and other related studies have made
significant inroads toward molecular description of the clock
component of the circadian rhythm. Similarly, several clock-
controlled genes for executing the circadian response (output)
have been identified in N. crassa (14), Arabidopsis thaliana
(15), D. melanogaster (16, 17), and mouse (18–20). In contrast
to this wealth of information on the clock and output compo-
nents of the timekeeping mechanism at the molecular level, the
nature of the photosensory molecules that detect the light
signal is not known. Because severing the optic nerve abolishes
the ability for light entrainment in mammals, it is generally
accepted that the eye contains the photopigments for both
visual (imaging) and circadian systems (21, 22). However, in
mice with a retinal degeneration syndrome (rd) in which all of
the rod photoreceptor cells and virtually all of the cone
photoreceptors are destroyed light entrainment of the circa-
dian rhythm is normal (23, 24). Similarly, many blind persons
with no conscious perception of light exhibit normal photic
entrainment of the circadian rhythm (25). Although these
photoresponses could be ascribed to residual opsins that may
exist in these subjects, the data are also consistent with the
presence of a heretofore unknown photoactive pigment in the
nonrod noncone types of retinal cells and with the sole role of
the entrainment of circadian clock. We have obtained data that
indicate that this pigment is the mammalian homolog of the
plant blue-light photoreceptor, the cryptochrome.

Plant cryptochromes are 60- to 70-kDa proteins with high
degree of sequence homology to the light-activated DNA
repair enzymes called DNA photolyases (26–30). Like pho-
tolyases, cryptochromes also contain FAD and a pterin as
chromophores; however, the cryptochromes have no repair
activity (27, 31). Instead, in A. thaliana it has been shown that
the two cryptochrome genes (CRY1 and CRY2) that encode
highly homologous proteins (29, 30) regulate the plant’s re-
sponse (inhibition of hypocotyl elongation) to blue light in a
partially overlapping manner (32, 33). Of special significance,
it was also found that the CRY2 gene is involved in photope-
riodism of flowering time in Arabidopsis (34), raising the
possibility of a circadian role for this class of proteins, at least
in plants.

Recently, two genes with high degree of sequence homology
to photolyaseyplant blue-light photoreceotor gene family were
identified in humans (35–38). Like the plant blue-light pho-
toreceptors, the human cryptochrome homologs were found to
contain FAD and a pterin as chromophoreycofactors but
exhibit no DNA repair activity (37). Hence, these two human
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proteins were named cryptochromes 1 and 2 (CRY1 and
CRY2) and it was suggested that these pigments may function
as photoreceptors for setting the circadian clock in humans and
other mammals (37, 39). Herein we present histologic and
physiologic evidence that these proteins are most likely the
circadian photoreceptors in mammals.

MATERIALS AND METHODS

In Situ Hybridization. PCR fragments of mouse Cry1 (Gen-
Bank accession no. AB000777), Cry2 (accession no.
AB003433), and opsin (accession no. M55171), containing
positions 1,074–1,793, positions 1,040–1,649, and positions 18
in exon 3 to 12 in exon 5, respectively, were subcloned into

pBluescript SK1 plasmid (CLONTECH). The mouse Cry1
and Cry2 genes have 97% and 95% sequence identity to the
corresponding human genes. 35S-labeled sense and antisense
RNA probes were generated from these plasmids with T7 and
T3 RNA polymerase. Animals (male C57BL mice) were
maintained on a 12-hr lighty12-hr dark cycle. Sample prepa-
ration, hybridization, and visualization were carried out as
described elsewhere (11). Animals were sacrificed by decapi-
tation. Frozen tissue sections (20 mm thick) were fixed for 20
min in 4% formaldehyde in phosphate buffer. Sections were
treated with proteinase K (10 mgyml) for 10 min, acetylated
with acetic anhydride in 0.1 M triethanolamine, and dehy-
drated. The 35S-labeled sense and antisense RNA probes in
hybridization buffer (50% formamidey10% Dextran sul-
fatey20 mM TriszHCl, pH 8.0y0.3 M NaCly0.2% sarcosyly
0.02% salmon sperm DNAy13 Denhardt’s solution) were
placed on the sections and then incubated at 55°C overnight.
The sections were washed at 65°C in 50% formamidey23
SSCy0.1 M DTT for 30 min. Sections were then treated with
RNase A (1 mgyml) for 30 min at 37°C. Subsequently, sections
were washed in 50% formamidey23 SSCy0.1 M DTT for 30
min at 65°C. Slides were dipped in nuclear emulsion (Kodak
NTB-2) and exposed for 2 weeks at 4°C.

Analysis of RNA Expression Levels. The Northern blot
analysis for mCry1 and mCry2 were performed with multiple
mouse tissue filters from CLONTECH. For analysis of the in
situ hybridization data, the autoradiograms were scanned with
a Molecular Dynamics Conmputing Densitometer Series 300
and analyzed with IMAGE QUANT software (Molecular Dynam-
ics).

RESULTS

Tissue Expression Patterns of mCry1 and mCry2. CRY1 is
expressed in most human tissues (38). Because we were
interested in the expression of cryptochromes in tissues con-

FIG. 1. Northern blot analysis of mCry1 and mCry2 mRNAs in
various tissues. Mouse multiple tissue Northern blots (CLONTECH)
were hybridized to random-primed 32P-labeled probes.

FIG. 2. Expression of mCry1 and mCry2 in mouse retina. In situ hybridization was performed with 35S-labeled antisense RNA of the appropriate
genes. (A) Dark-field microgram showing uniform expression of both mCry1 and mCry2 in the GCL and INL from macular (M) region to peripheral
retina. Silver grains detected in the outer segment (OS) are due to absorption of light by residual pigment epithelium that remained in these retinal
preparations. (Bar 5 200 mm.) (B) Bright-field microgram. The mRNA locations of CRY1, CRY2, and opsin are compared. Note that mCry1 and
mCry2 are expressed in the GCL and INL only. Arrows indicate clusters of ganglion cells that express Cry1 and Cry2. In contrast, opsin is highly
expressed in the inner segment (IS) and the outer nuclear layer (ONL) and is not detected in GCL and INL. The other layers of the retina are
also indicated as follows: IPL, inner plexiform layer; OPL, outer plexiform layer. (Bar 5 30 mm.)
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trolling circadian rhythm, we analyzed expression of both
mCry1 and mCry2 in various mouse tissues by Northern blot
hybridization. Fig. 1 shows that both mCry1 and mCry2 are
expressed in most mouse tissues, although in different patterns
and at widely different levels. This widespread expression
pattern, although not particularly revealing regarding the role
of these genes in circadian regulation, is not necessarily
inconsistent with CRY1 and CRY2 being circadian photore-
ceptors because recent studies have revealed that other circa-
dian clock proteins are also expressed throughout the body
(40–42). In addition, supporting evidence for CRY1 and CRY2
being circadian photoreceptors were obtained in this study by
a detailed analysis in the two key organs associated with
circadian rhythm in humans and mice, the eye and the supra-
chiasmatic nucleus (SCN) (21, 22). These experiments are
detailed below.

Expression of Cryptochromes in the Retina. Fig. 2 shows the
expression of mCry1 and mCry2 in the mouse retina probed by
in situ hybridization. As a control, we used opsin, which is
highly expressed in the rod photoreceptor cells. In agreement
with earlier reports (43), the rhodopsin transcript is localized
mostly to the inner segment layer and to a lesser extent to the
outer nuclear layer of the retina. Similarly, the cone opsins
transcripts are located in the outer nuclear layer (43). The
expression patterns of the mouse cryptochromes are in sharp
contrast to those of opsins. There is no detectable expression
of mCry1 and mCry2 in inner segment or outer nuclear layers.
Instead, these genes are expressed in the ganglion cell layer
(GCL) and inner nuclear layer (INL) and evenly distributed in
central and peripheral retina (Fig. 2). The expression level of
mCry2 is particularly high in these layers, indicating that mCry2
plays a more predominant role in the retina compared with
mCry1. Genetic and physiologic studies have revealed that a
subset of the ganglion cells are at the origin of the retinohy-
pothalamic pathway that transmits the light signal to the
master circadian clock in the SCN region of the hypothalmus
(21, 22, 44). Hence, the expression patterns of cryptochromes
and in particular that of mCry2 are entirely consistent with the
pattern expected for the photoreceptor pigment of the circa-
dian clock.

Circadian Oscillation of mCry1 Expression in the SCN.
After establishing the specific expression of the cryptochromes
within the region of the retina implicated in photoentrainment,
we wished to examine their expression in the SCN. As seen in
Fig. 1, Northern blot analysis shows that mCry2 is expressed at
higher level than mCry1 in the total brain tissue. However,
analysis of expression in various regions of the brain by in situ
hybridization reveals a striking contrast between the two
cryptochromes. Although mCry2 is expressed at relatively high
levels throughout the brain, mCry1 is most abundant in the
SCN where mCry2 expression is barely detectable (Fig. 3). In
fact the expression pattern of mCry1 in the SCN and other
areas of the brain is nearly identical to that of the circadian
clock protein gene mPer1 (11–13). Thus the cell-specific
expressions of mCry1 and mCry2 are entirely consistent with
these proteins being part of the circadian clock system. Fur-
thermore, it appears that there is a division of labor between
the two proteins, with CRY2 being the main photosensor in
the retina and CRY1 playing a separate function in the SCN.
The two proteins are 73% homologous and have very similar
photochemical properties (37) and at present the molecular
basis of this apparent functional division is not known.

The transcription of the clock genes frq in N. crassa (45), per
(46), and tim (47) in D. melanogaster and mPer1 and mPer2 in
mice (11–13) exhibit circadian oscillation. Hence, we were
interested in finding out whether or not the transcription of
mCry1 and mCry2 were regulated in a circadian manner. We
performed in situ hybridization on the retinas and the brains
of mice kept under 12-hr lighty12-hr dark cycles. Fig. 4 shows
that transcription of mCry1 and mCry2 in the retina does not

oscillate. In contrast, mCry1, which is expressed at high levels
in the SCN, shows a clear circadian pattern with maximum
expression in the light phase and becoming nearly undetect-
able after 8 hr in the dark. The same pattern of oscillation was
observed (data not shown) when the mice were kept in
constant darkness, as is expected of a true circadian regulator
(1–5).

DISCUSSION

The findings reported in this article suggest that flavin-based
blue-light photoreceptors (cryptochromes) are the photore-
ceptors for circadian clock in mammals. Presently, this con-
clusion might be considered provisional for lack of a mam-
malian cryptochrome mutant exhibiting the predicted circa-
dian rhythm defects. However, the following considerations
lead us to conclude that CRY1 and CRY2 are circadian
photoreceptors even in the absence of supporting genetic data.

(i) The rdyrd mice, which are totally defective in rods and
severely depleted in cone photoreceptors, are visually blind but
have normal response to photic entrainment of circadian
rhythm (23, 24). The GCL and INL regions of the retina where
CRY1 and CRY2 are expressed are intact in these animals
(23).

(ii) Recently, it has been shown that CRY2 in A. thaliana is
involved in photoperiodism of flowering time, thus providing

FIG. 3. Distribution of mCry1 and mCry2 in the mouse brain.
Mouse coronal brain sections (made at zeitgeber time 5 ZT6) passing
through the SCN were probed with mCry1 and mCry2 antisense RNA.
Both Cry1 and Cry2 are abundant in all cerebral cortical layers but are
particularly abundant in the pyramidal cell layer of the hippocampus
(H), the granular cell layer of dentate gyrus (DG), and the pyramidal
cell layer of the piriform cortex (PFC). Note that the strongest signal
of Cry1 was observed in the SCN where the Cry2 signal is marginal.
(Bar 5 1 mm.)
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the first evidence for the role of this class of proteins in photic
entrainment of an organism (34).

(iii) It has been known for some time that a genetic defect
in riboflavin synthesis severely inhibits photoentrainment of
circadian rhythm in N. crassa (48), indicating that the photo-
receptor in this organism is not an opsin-based pigment but,
like cryptochromes, is a flavoprotein.

(iv) Although the expression of mCry2 and mCry1 in the
retina is consistent with a photosensoryphototransducer role
for these pigments, mCry1 is expressed at high level in the SCN
as well. In contrast to the wealth of evidence that the pineal
gland is the photoreceptor organ in most nonmammalian
vertebrates (21, 22), there are no reports indicating that the
SCN may act as the photosensor for circadian entrainment in
mammals in an apparent contrast to our proposal that CRY1,
which is expressed at high level and in an oscillatory manner

in the SCN, is a circadian photoreceptor. However, there are
a number of studies that show that light can in fact penetrate
into and propagate in sufficient quantities through the human
brain and other internal organs (see ref. 49). Hence, it is
plausible that light reaches the SCN to excite CRY1 in addition
to the ready excitation of CRY1 and CRY2 in the retina. What
unique physiologic function such excitation may elicit remains
to be elucidated.

(v) Opsins, which are the photoactive pigments responsible
for vision (image forming), are expressed almost exclusively in
the retina of mammals. Although some opsins have been found
in the pineal gland at very low levels, all the evidence suggests
that pineal opsins play no role in photoentrainment in mam-
mals (see ref. 5). In contrast, CRY1 and CRY2 are expressed
in many tissues even though it is generally accepted that optic
input is necessary for circadian entrainment in mammals (1–5,

FIG. 4. Circadian expression of Cry1 and Cry2 mRNA in the mouse SCN and retina. Mice kept under a 12-hr lighty12-he dark cycle were
sacrificed every 4 hr, and retinal sections and coronal brain sections encompassing the SCN were prepared for in situ hybridization using 35S-labeled
mCry1 and mCry2 RNA probes. Only the results of mCry1 hybridization to SCN are shown because the SCN signal with mCry2 was very weak at
all Zeitgeber time (ZT) points and not amenable to quantitative analysis. (A) Expression of mCry1 in SCN. In situ hybridization of mCry1 with
coronal brain sections passing through the SCN region are shown. Seven sections (20 mm) were made for each point and the one with the strongest
signal for each point are shown in these micrograms. The double arrows indicate the SCN. (B) Expression of mCry1 and mCry2 in the retina. Retinal
sections from the central part of the retina were hybridized with mCry1 and mCry2. The GCL and the INL are indicated. (C) Quantitative analyses
of Cryptochrome expression in the SCN and the retina as a function of lightydark cycles (34). Grain density from autoradiograms of all section
containing SCN were measured and the total grain density for each time point is expressed relative to zeitgeber time (ZT) 5 0 value, which represents
the values just before turning on the light (at 0800 hr). For retina, for each time point, the grain density was measured in the GCL and INL of
the entire retinal region present in the autoradiogram and normalized for the length of the retina present in each section. The intensity for mCry1
and mCry2 are expressed relative to the values of mCry1 and mCry2 at ZT 5 0, respectively. In absolute terms, the grain density with mCry2 probe
was about 3-fold higher than that obtained with the mCry1 probe at all times.
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23, 24). These facts, again superficially, would argue for
opsin(s) rather than cryptochromes being the circadian pho-
toreceptor. In fact, closer examination of the relevant data
lends further support to the notion that cryptochromes rather
than opsins are the photoreceptors for the circadian clock.
First, recent reports indicate that in various organisms the
entire circadian machinery including the photoreceptor, the
oscillator, and the output components are expressed through-
out the body and that peripheral tissues and organs contain
photoentrainable circadian clocks independent of the master
circadian clock located in the brain (40–42). Indeed, the other
components of the mammalian circadian clock that have been
identified so far, the clock (10) and Per (11–13) genes are, like
the CRY1 and CRY2 genes, ubiquitously expressed in most
tissues. Second, the widely accepted notion that photic input
through the eye is essential for light entrainment of circadian
rhythm is mostly based on studies that dealt with physiological
and behavioral functions largely controlled by the brain. Even
this view has recently been challenged by a report that claimed
that the phases and amplitudes of circadian oscillation of
human body temperature and blood melatonin concentration
could be altered by light exposure behind the knees (50). In
fact, we have found significant expression of CRY1 and CRY2
in human skin (data not shown), supporting the view that skin
is capable of light entrainment of circadian clock locally.
Whether or not it can induce a global change at the organism
level is outside the scope of our study.

(vi) Finally, action spectrum data for light entrainment of
locomotor activity in mice has been taken as evidence that the
photopigment for the circadian clock is rhodopsin (51, 52).
These studies found a visible action spectrum peak at around
500 nm and, hence, concluded that an opsin-based photopig-
ment was the light-sensitive material in circadian photoen-
trainment. However, such experiments do not necessarily
exclude cryptochromes (absorption maxima at 420 nm) as the
circadian photoreceptors. Disparity between the absorption
spectrum of a chromophore responsible for a specific biolog-
ical phenomenon and the action spectrum of that phenomenon
is a common occurrence in photobiology and can be caused by
many factors including shielding by other pigments or light
scattering (53). In fact in one of these action spectrum studies
of circadian locomotor activity, it was found that 357 nm was
more effective than 511 nm, which was considered to be the
maximum in the visible range (52). Although this latter finding
too was ascribed to absorbance by the UV cones present in the
retina, the data could equally be taken to be evidence for
cryptochromes as the circadian photoreceptors. Thus the
whole animal action spectrum data do not contradict but in
fact may support our conclusion regarding the function of
CRY1 and CRY2 in mammals.

In summary, we propose that the retina of mammals and
perhaps of other animals contains two classes of photopig-
ments: vitamin A-based opsins that are used for vision and
vitamin B2-based cryptochromes that are the photoreceptors
for circadian clock.
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