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Extraretinal photoreceptors are widespread among the non-
mammalian vertebrates and are known to play a critical role 
in the regulation of biological clocks. Such clocks influence 
the reproductive system at a number of different levels. For
example, a biological clock will help set the daily pattern of
hormones that influences reproductive physiology and be-
haviour. In addition, many animals use a biological clock to de-
termine reproductive status by measuring the duration of the
daily photoperiod. This review will outline the role of extra-
retinal photoreceptors in regulating biological clocks and re-
productive function in non-mammalian vertebrates. It will also
consider how the discovery of a number of novel photo-
pigment genes may help us to understand these enigmatic
photoreceptors.

The importance of biological time

The seasons and the changes associated with the day:night
cycle have imposed some of the most profound selection
pressures experienced by life on earth. There are two broad
responses to periodic changes in the environment. Organisms
could simply change their physiology and behaviour in re-
sponse to these periodic events. However, the physiological
re-alignment demanded by seasonal reproduction or the tran-
sition from sleep to wakefulness requires time. In the case 
of seasonal reproduction, these changes can take weeks. 
Time that could be used to exploit the new environment would
be lost while physiology was adjusted to the new conditions.
However, if periodic events could be anticipated, and physi-
ology ‘fine-tuned’ in advance of the changed conditions, then
the new environment could be exploited as soon as it became

available. The ability to anticipate periodic events will place an
organism at a distinct selective advantage and, thus, it is no
surprise that most organisms have evolved some form of en-
dogenous time-keeping system or biological clock to regulate
their physiology (Follett and Follett, 1981). 

A number of different biological clocks exist and are defined
on the basis of period. For example, those clocks with an en-
dogenous period of approximately 24 h are called circadian
clocks from the Latin ‘about’ (circa) and ‘day’ (dies), while clocks
with a period close to 12 months are called ‘circannual clocks’.
Under constant conditions, biological clocks express their en-
dogenous period, which may deviate significantly from the
environmental cycle to which the clock is related. For example,
the free-running period of circadian clocks can range from 21 to
27 h, depending on the species (Aschoff, 1981). If a biological
clock is to be of any use to an organism, internal time and local
time must be synchronized: a process called ‘entrainment’. The
function of any biological clock is to regulate the phases at
which biological events occur, either in relation to specific
features of the environment, or in relation to periodic events
within the organism. Most biological clocks are entrained 
by changes in the quantity, and perhaps spectral quality, of
light at dawn and dusk: a process termed ‘photoentrainment’
(Roenneberg and Foster, 1997). Other environmental cycles (for
example, temperature) can entrain the circadian clock in some
species, but the stability of the light cycle seems to have been
selected by natural selection to provide the entraining signal
for most circadian systems. While it is known that photo-
receptors play a crucial role in the regulation of biological time,
an understanding of these photosensory systems (cell and
photopigment types) has remained rather limited.
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The extraretinal photoreceptors of non-mammalian vertebrates play an important role in the
regulation of temporal physiology. Both the regulation of circadian clocks and the photoperiodic
response of many animals depend upon the photic information provided by these receptors.
Since their discovery at the beginning of this century, and despite their importance, extra-
retinal photoreceptors have remained poorly understood. Until recently, their cellular location
within the central nervous system, and the nature of the photopigments they use, remained a
mystery. Antibodies directed against rod or cone photopigment proteins have been used in
immunocytochemical procedures to localize extraretinal photoreceptors. However, findings
have been confusing. The use of molecular approaches has led to the identification of several
new photopigment gene families. Significantly, these genes are not expressed in the rods and
cones of the retina, but in many sites within the central nervous system. Moreover, molecular
approaches have proved useful in clarifying some of the earlier immunocytochemical results.
Collectively, the recent findings show that non-mammalian vertebrates possess multiple extra-
ocular photoreceptors that may express novel, rod or even cone photopigments. The future
challenge is to link these photoreceptors with circadian and photoperiodic physiology.



Extraretinal photoreceptors and rhythmic physiology

Vertebrates possess a diverse complement of photoreceptors,
with several different types of photoreceptor organ developing
from the vertebrate forebrain (Fig. 1). These photoreceptor
organs can be classified as: (1) an intracranial pineal organ or
pineal body (epiphysis cerebri), which contains photoreceptors in
all non-mammalian vertebrates; (2) an intracranial parapineal

organ, found in many teleost fish and lampreys; (3) an extra-
cranial ‘third eye’, variously called a frontal organ (frogs) or
parietal eye or parietal body (lizards); (4) deep brain photo-
receptors, located in several sites in the brain and found in all
non-mammalian vertebrates; and (5) lateral eyes, which contain
photoreceptors in all the vertebrate classes. Of the extraretinal
photoreceptors, the deep brain and pineal photoreceptors have
been shown to play a critical role in the regulation of temporal
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Fig. 1. Schematic diagrams illustrating the differences and some of the proposed sites of encephalic photoreception in vertebrates. (a) Teleost
fishes; (b) Amphibia (note the extracranial frontal organ); (c) lacertid reptiles (note the extracranial parietal organ); and (d) birds. Those areas
of the brain thought to contain photoreceptors (opsin immunopositive) are indicated by orange circles. Drawings are not to scale. A, adeno-
hypophysis; F, forebrain; H, hypothalamus; LS, lateral septum; M, mid-brain; NMPO, nucleus magnocellularis preopticus; N, neurohypophysis;
OC, optic chiasm; SH, subhabenular (for further details, see Foster et al., 1994).



physiology in non-mammalian vertebrates. Mammals are unique
among vertebrates in that they appear to have lost extraretinal
photoreceptors, using their eyes for both image detection and
the regulation of temporal physiology (Foster, 1998). It is un-
clear why this has occurred but it may be associated with the
early evolutionary history of mammals and their passage
through a nocturnal bottleneck (Foster and Menaker, 1993).

Deep brain photoreceptors were first linked to circadian
entrainment as a result of studies on house sparrows (Passer
domesticus) by Menaker and colleagues in the 1960s and early
1970s. Removal of both the eyes and pineal in this species 
did not block photoentrainment (Menaker and Underwood,
1976). Subsequent studies showed that brain photoreceptors
contribute to photoentrainment in many species of bird, fish,
amphibian and reptile (for review, see Foster et al., 1993). The
brain is remarkably permeable to light, and although light 
is scattered and filtered by neural tissue, large amounts of 
light penetrate deep into the brain (Foster and Follett, 1985).
Although this light cannot be used to generate an image of the
world, it can be used to deduce the overall amount of environ-
mental light, and hence time of day. 

Deep brain photoreceptors have also been shown to play an
important role in the regulation of the photoperiodic response
of non-mammalian vertebrates. In the 1930s, Benoit showed
that blinded ducks exposed to spring-like photoperiods would
be stimulated to breed (Benoit, 1935a,b). More recent studies,
involving blinding and shielding light from entering the brain,
have confirmed these original findings in a range of bird
species (for review, see Foster and Follett, 1985). The pineal
organ was originally assumed to regulate the avian reproduc-
tive responses, but it is now known that the pineal plays little
or no role in this response. For example, in quail, the specific
illumination of the pineal does not stimulate gonadal growth
(Homma et al., 1980), and pinealectomy of either blind or 
eye-intact quail leaves the photoperiodic response unaffected
(Simpson et al., 1983). By contrast, in blinded and pineal-
ectomized quail, local illumination of the basal brain using 
fine fibre optics causes gonadal growth at maximal rates
(Yokoyama et al., 1978; Oliver et al., 1979).

The anatomy of the vertebrate pineal varies greatly, but pineal
photoreception has been demonstrated in all non-mammalian
species studied (Meissl and Yanez, 1994). Illumination of the
non-mammalian pineal in vitro has shown that pineal photo-
receptors regulate melatonin synthesis by: (1) entraining a
circadian rhythm of melatonin synthesis (for example, the
lizard Anolis; see Menaker and Wisner, 1983); (2) regulating
melatonin synthesis acutely (that is, melatonin synthesis is
driven by a light:dark cycle and there is no endogenous mela-
tonin rhythm under constant conditions; for example, in trout;
see Max and Menaker, 1992); and (3) regulating melatonin
synthesis both acutely and by entraining a circadian rhythm 
of melatonin synthesis (for example, in chicken; see Takahashi
et al., 1989). Whether clock-driven, light-driven, or both, mela-
tonin synthesis and release is confined to the dark portion of a
light:dark cycle. The extent to which the melatonin signal is
used by the circadian system varies greatly, both within and
among the vertebrate classes. For example, in some bird species
(for example, sparrows), the rhythmic release of pineal mela-
tonin is essential for the generation of behavioural rhythms
(Gaston and Menaker, 1968) and infusion of melatonin can

entrain circadian behaviour (for example, in pigeons; see
Chabot and Menaker, 1992). By contrast, pinealectomy has no
obvious effects upon the circadian behaviour of other birds (for
example, chicken and quail; Menaker et al., 1981). Why the
pineal should have such different roles in such closely related
species remains unclear (Menaker and Tosini, 1996).

Initial characterization of extraretinal photoreceptors

Although surgical lesions, directed illumination and in vitro
analysis have shown that pineal and deep brain photoreceptors
must exist, the characterization of these photoreceptors within
these tissues has proved difficult. Animal photopigments can
be characterized on the basis of the physiological responses
they mediate and their biochemistry. The rod and cone visual
photopigments are highly conserved, both in terms of their re-
sponses and structure. All photopigments consist of an opsin
protein coupled to a chromophore derived from an 11-cis form
of vitamin A retinaldehyde (Fig. 2). The early characterization
of extraretinal photoreceptors relied on the assumption that
ocular visual pigments would also be expressed in the pineal
and deep brain. This strategy was partially successful and can
be summarized as follows: action spectrum techniques were
important in the initial characterization of pineal and deep
brain photoreceptors. All opsin-retinaldehyde based photopig-
ments (Fig. 2) have a characteristic shape to their absorbance
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Fig. 2. Diagram illustrating the conserved structure of vertebrate
photopigments. (a) All animal photopigments consist of an opsin
protein coupled to a chromophore derived from an 11-cis form 
of vitamin A retinaldehyde (R). (b) The absorption of a photon by
11-cis-retinaldehyde causes its photoisomerization to all-trans-
retinaldehyde. The conversion of 11-cis to all-trans causes a confor-
mational change in the opsin which initiates the phototransduction
cascade (Wald, 1968).



and action spectra, even though these photopigments have dif-
ferent sensitivity maxima. Action spectra for the light sup-
pression of melatonin in many non-mammalian vertebrates
(Deguchi, 1981; Meissl and Yanez, 1994), and an action spec-
trum for the deep brain photoreceptors mediating the photo-
periodic response of quail (Foster et al., 1985), suggested the
presence of opsin-retinaldehyde based photopigments within
the pineal and basal brain. On the basis of the action spectrum
results, these components (opsin and 11-cis retinaldehyde)
were sought within the brain.

In the pineal, antibodies against rod or cone opsins label
pinealocytes, which often possess a short outer segment com-
prising lamella whorls or membrane stacks and, in this respect,
resemble the photoreceptors of the retina. A functional photo-
pigment requires a chromophore and, in the limited number of
studies undertaken, 11-cis retinoid has always been identified
within the pineal of non-mammalian vertebrates (Tabata et al.,
1985; Foster et al., 1989). Both rod- and cone-opsin specific anti-
bodies have been found to label pinealocytes, suggesting that
both rod-like and cone-like photopigments are located within
the pineal (Vigh and Vigh-Teichmann, 1988). However, in
several studies, subsets of pinealocytes remained unlabelled 
by any opsin antibodies (Foster et al., 1987). This failure was
largely attributed to problems associated with either tissue fix-
ation or antigenic sensitivities. The alternative possibility, that
the pineal contained photopigments different from the rod and
cone opsins of the eye, was discussed, but not demonstrated
until the mid-1990s (see below). 

The localization of opsins within the basal brain has proved
a much more protracted problem. Many studies over a period
of 15 years, using a range of different anti-opsin antibodies,
failed entirely (Vigh et al., 1980; Foster et al., 1987; Vigh and
Vigh-Teichmann, 1988). It seemed inexplicable that anti-opsin
antibodies that labelled pinealocytes within the avian pineal
gland would fail to label any cells within the brain. This failure
caused many researchers to dismiss the physiological evidence,
and question the whole notion of encephalic photoreceptors.
However, in 1988, researchers in Rae Silver’s laboratory
demonstrated that cerebrospinal fluid (CSF)-contacting neur-
ones within the septal and tuberal areas of the brain of the ring
dove, quail and duck could be labelled with an anti-rod opsin
antibody. The impact of this finding was blunted because west-
ern blots of these brain regions failed to validate the antibodies
used (Silver et al., 1988). Several years later, three new anti-cone
opsin antibodies produced an intense immunostaining of CSF-
contacting cells within the septal area of the brain of a lizard
(Anolis carolinensis). Significantly, western blots recognized a
single 40 kDa protein in ocular, anterior brain and pineal ex-
tracts, suggesting that the immunostaining observed was
specific (Foster et al., 1993; Grace et al., 1996). The identification
of opsin proteins suggests the presence of functional photo-
pigment within the CSF-contacting neurones. Corroborative
evidence for this was provided by the identification of 11-cis
retinoid from that region of the Anolis fore-brain, which con-
tained opsin immunoreactive CSF-contacting neurones (Foster
et al., 1993). Since 1993, several papers have been published that
have considered opsin localization within the central nervous
system of a range of different vertebrates (Foster et al., 1994).
The results can be summarized as follows. The only anti-opsin
antibodies to label putative photoreceptors consistently within

the brain of birds are those originally used by Silver. In
addition, antibodies that labelled CSF-contacting neurones 
in Anolis failed to label any cells within the brain of other lizard
species (for example, Lacerta viridis). Anti-opsin antibodies
produced yet more mixed results in fish and amphibians.
Opsin-like labelling was found within the neurosecretory cells
of the nucleus magnocellularis preopticus (NMPO) of the
hypothalamus of several fish (Foster et al., 1994) and amphib-
ians (Yoshikawa et al., 1994), and cells within the subhabenular
of fish showed opsin labelling (Ekström et al., 1987). Studies 
on the adult lamprey identified many populations of opsin
immunoreactive CSF-contacting neurones throughout the hy-
pothalamus, and non-CSF-contacting neurones were labelled 
in the epithalamic and caudal diencephalon (Garcia-Fernandez
et al., 1997).

Collectively, the results suggested that non-mammalian
vertebrates have multiple populations of deep encephalic
photoreceptors. These receptors may use either rod- or cone-like
photopigments or have photopigments that are different from
both. In addition, several cell types have been implicated as
photoreceptors: CSF-contacting neurones, non-CSF-contacting
cells of the NMPO, and others classes of neurone. None of
these cells possess the membrane stacks associated with retinal
and pineal photoreceptors (Foster et al., 1994). This diversity
and variability bred unease, and a tendency, once again, to dis-
miss encephalic photoreception. One area of concern was that,
because the opsins are members of the superfamily of seven-
transmembrane G-coupled receptors, under certain immuno-
cytochemical conditions, opsin antibodies may crossreact and
bind to other seven-transmembrane receptors. The immuno-
cytochemical results were thought to be an artefact. However,
recent molecular results suggest that the diversity in photo-
pigment and cell type of the encephalic photoreceptors may be
real.

Novel extraretinal photopigments

The techniques of molecular biology have been used with con-
siderable success to isolate novel extraocular opsins. These
opsins are sufficiently different from the rod and cone opsins to
warrant their assignment to new opsin gene families. The phy-
logenetic relationships of all the known opsin families are
shown (Fig. 3) and some of the features of these novel opsins
are outlined below. 

In 1994, Fukada and colleagues isolated a cDNA from the
chicken pineal that encodes a photopigment with an absorption
maximum near 470 nm (Okano et al., 1994). This opsin was
called ‘pinopsin’, and orthologues of pinopsin were subse-
quently isolated from the pineal of several different bird
(Kawamura and Yokoyama, 1996) and lizard (Kawamura and
Yokoyama, 1997) species. Pinopsin expression appears re-
stricted to the pineal in birds, but may be expressed in both 
the pineal and retina of some reptiles. In 1997, the sequences of
two novel fish opsins were described. The first was vertebrate
ancient (VA) opsin isolated from Atlantic salmon (Soni and
Foster, 1997). This opsin forms a photopigment with an absorp-
tion maxima at 451 nm (with vitamin A1) and is expressed in a
subset of horizontal and amacrine cells of the retina, the pineal,
and subhabenular region of the brain (Soni et al., 1998). Clearly,
these results have important implications to both retinal and
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extraretinal photoreception. The second novel fish opsin, para-
pineal opsin, was isolated from catfish. This opsin is expressed
primarily within the parapineal organ but is also weakly ex-
pressed in the pineal (Blackshaw and Snyder, 1997). The func-
tional properties of this opsin have yet to be determined. The
most recent opsin to be discovered is melanopsin (Provencio 
et al., 1998a). Melanopsin was originally isolated from photo-
sensory melanophores of Xenopus laevis but is also expressed 
in the hypothalamus (NMPO region), iris (photosensory in
amphibia), and the horizontal cell layer of the retina (similar to
VA opsin). Again, expression studies are lacking, and it is not
known whether melanopsin is capable of forming a functional
photopigment.

The discovery of novel opsins has generated considerable ex-
citement, and many groups are attempting to find orthologues
of the newly discovered opsins and yet more novel opsin fam-
ilies. It seems likely that orthologues of at least some of the new
opsins will be widely distributed; indeed preliminary results

suggest that an orthologue of Xenopus melanopsin is also ex-
pressed in chickens (Provencio et al., 1998b). Could this be the
enigmatic deep brain photopigment that mediates the avian
photoperiodic response? Possibly, but the earlier immuno-
cytochemical results should not be ignored or dismissed. For
example, antibodies against rod opsin were found to label CSF-
contacting neurones in the septal region of the bird brain (Silver
et al., 1988). The finding that these cells actually express rod
opsin, and not a rod-like opsin or even a seven-transmembrane
receptor, has been confirmed by recent in situ results using rod
opsin-specific probes (Wada et al., 1998). Thus, both novel and
rod opsins are expressed in the avian brain.

Conclusion

Molecular approaches are being used to characterize extra-
retinal opsins in two ways: (1) for the isolation of novel
extraretinal opsins; and (2) for the clarification of immuno-
cytochemical findings that used anti-rod or anti-cone opsin
antibodies. The understanding of extraocular opsins has grown
considerably in a relatively short time. It is now known that the
non-mammalian vertebrates possess multiple extraocular
opsins and that these opsins are expressed in a number of dif-
ferent regions within the brain. Why this diversity of photo-
pigment and receptor type should exist in vertebrates remains
a fascinating question. The studies outlined in this review will
lay the foundation for a much better understanding of the
extraretinal photoreceptors in the vertebrates. However, it is
likely that the hardest part is yet to come. The molecular results
need to be placed into a functional context, and the opsins have
to be linked to a circadian or photoperiodic response in the
whole animal.

References
Key references are identified by asterisks.
Aschoff J (1981) Freerunning and entrained circadian rhythms. In Handbook 

of Behavioral Neurobiology: Biological Rhythms pp 81–94 Ed. J Aschoff. New
York, Plenum Press

Benoit J (1935a) Le role des yeux dans l’action stimulante de la lumiere sur le
developpement testiculaire chez le canard Comptes Rendus des Seances de la
Societe de Physique et de ses Filiales 118 669–671

Benoit J (1935b) Stimulation par la lumiere artificielle du developpement
testiculaire chez des canards aveugles par section du nerf optique 
Comptes Rendus des Seances de la Societe de Physique et de ses Filiales 120
133–136

Blackshaw S and Snyder S (1997) Parapineal opsin, a novel catfish opsin
localized to the parapineal organ, defines a new gene family Journal of
Neuroscience 17 8083–8092

Chabot CC and Menaker M(1992) Effects of physiological cycles of infused
melatonin on circadian rhythmicity in pigeons Journal of Comparative
Physiology A 170 615–622

Deguchi T (1981) Rhodopsin-like photosensitivity of isolated chicken pineal
gland Nature 290 702–704

Ekström P, Foster RG, Korf H-G and Schalken JJ (1987) Antibodies against
retinal photoreceptor-specific proteins reveal axonal projections from the
photosensory pineal organ of teleosts Journal of Comparative Neurology 265
25–33

Follett BK and Follett DE (Eds) (1981) Biological Clocks in Seasonal
Reproductive Cycles Colston Research Society, John Wright and Sons Ltd,
Bristol

Foster RG (1998) Shedding light on the biological clock Neuron 20 829–832
Foster RG and Follett BK(1985) The involvement of a rhodopsin-like photo-

pigment in the photoperiodic response of the Japanese quail Journal of
Comparative Physiology A 157 519–528

Extraretinal photoreceptors and their regulation of temporal physiology 149

M1

Rh

M2

S

Pinopsin

Parapinopsin

L

VA

Melanopsin

Rh3 – outgroup

Fig. 3. Phylogenetic relationship of the vertebrate opsins. Opsin
amino acid sequences have been aligned and their phylogenetic
positions have been determined by parsimony analysis (Soni and
Foster, 1997). All the nodes of the tree have a bootstrapping
frequency of > 60%, with the exception of pinopsin and para-
pinopsin (51 and 42%, respectively). Thus, these nodes remain
poorly resolved (Soni and Foster, 1997). M1, blue-sensitive cone
opsins (for example, chicken blue); M2, green-sensitive cone opsins
(for example, chicken green); Rh, rod opsins–vertebrate rhodopsins;
L, long wavelength-sensitive cone opsins (for example, human green
and red); S, short wavelength-sensitive cone opsins (for example,
mouse UV); VA, vertebrate ancient opsin (for further details, see
Okano et al., 1995; Soni and Foster, 1997).



Foster RG and Menaker M (1993) Circadian photoreception in mammals 
and other vertebrates. In Light and Biological Rhythms in Man pp 73–91 
Ed. L Wetterberg, Pergamon Press, Oxford

*Foster RG, Follett BK and Lythgoe JN (1985) Rhodopsin-like sensitivity of
extra-retinal photoreceptors mediating the photoperiodic response in
quail Nature 313 50–52

Foster RG, Korf HG and Schalken JJ (1987) Immunocytochemical markers
revealing retinal and pineal but not hypothalamic photoreceptor systems
in the Japanese quail Cell and Tissue Research 248 161–167

Foster RG, Schalken JJ , Timmers AM and De Grip WJ (1989) A comparison
of some photoreceptor characteristics in the pineal and retina: I The
Japanese quail (Coturnix coturnix) Journal of Comparative Physiology A 165
553–563

*Foster RG, Garcia-Fernandez JM, Provencio I and DeGrip WJ (1993) Opsin
localization and chromophore retinoids identified within the basal brain of
the lizard Anolis carolinensis. Journal of Comparative Physiology A 172 33–45

Foster RG, Grace MS, Provencio I, DeGrip WJ and Garcia-Fernandez JM
(1994) Identification of vertebrate deep brain photoreceptors Neuroscience
and Biobehavioral Reviews 18 541–546

Garcia-Fernandez JM, Jimenez AJ, Gonzalez B, Pombal MA and Foster RG
(1997) An immunocytochemical study of encephalic photoreceptors in
three species of lamprey Cell and Tissue Research 288 267–278

Gaston S and Menaker M (1968) Pineal function: the biological clock in the
sparrow? Science 160 1125–1127

Grace MS, Alones V, Menaker M and Foster RG (1996) Light perception in
the vertebrate brain: an ultrastructural analysis of opsin- and vasoactive
intestinal polypeptide-immunoreactive neurons in Iguanid lizards Journal
of Comparative Neurology 367 575–594

Homma K, Ohta M and Sakakibara Y (1980) Surface and deep photo-
receptors in photoperiodism in birds. In Biological Rhythms in Birds
pp 149–156 Eds Y Tanake, K Tanaka and T Ookawa. Springer–Verlag,
Berlin

Kawamura S and Yokoyama S (1996) Molecular characterization of the
pigeon P-opsin gene Gene 182 213–214

Kawamura S and Yokoyama S (1997) Expression of visual and nonvisual
opsins in American chameleon Vision Research 37 1867–1871

Max M and M Menaker (1992) Regulation of melatonin production by light,
darkness, and temperature in the trout pineal Journal of Comparative
Physiology A 170 479–489

Meissl H and Yanez J (1994) Pineal photosensitivity: A comparison with
retinal photoreception Acta Neurobiologiae Experimentalis Supplement 54
19–29

Menaker M and Tosini G (1996) The evolution of vertebrate circadian
systems. In Sapporo Symposium on Biological Rhythms Eds T Hiroshige and
K Honma. Hokkaido University Press, Sapporo

Menaker M and Underwood H (1976) Extraretinal photoreception in birds
Photochemistry and Photobiology 23 299–306

Menaker M and Wisner S (1983) Temperature-compensated circadian clock
in the pineal of Anolis. Proceedings of the National Academy of Sciences USA
80 6119–6121

Menaker M, Hudson DJ and Takahashi JS (1981) Neural and endocrine
components of circadian clocks in birds. In Biological Clocks in Seasonal

Reproductive Cycles pp 171–183 Eds BK Follett and DE Follett. John Wright
and Sons Ltd, Bristol

Okano T, Fukada Y and Yoshizawa T (1995) Molecular basis for tetra-
chromatic color vision Comparative Biochemistry and Physiology 112B
405–414

*Okano T, Yoshizawa T and Fukada Y (1994) Pinopsin is a chicken pineal
photoreceptive molecule Nature 372 94–97

Oliver J, Jallageas M and Bayle JD (1979) Plasma testosternone and LH
levels in male quail bearing hypothalamic lesions or radioluminous im-
plants Neuroendocrinology 28 114–122

*Provencio I, Jiang G, DeGrip WJ, Hayes WP and Rollag MD (1998a)
Melanopsin: an opsin in melanophores, brain and eye Proceedings of the
National Academy of Sciences USA 95 340–345

Provencio I, Jiang G, Hayes WP, Zatz M and Rollag MD (1998b) Novel skin
and brain opsin, melanopsin, is found in the chicken Investigative
Ophthalmology and Visual Science 39 S236 (Abstract 1075)

Roenneberg T and Foster RG (1997) Twilight times: light and the circadian
system Photochemistry and Photobiology 66 549–561

Silver R, Witkovsky P, Horvath P, Alones V, Barnstable CJ and Lehman MN
(1988) Coexpression of opsin- and VIP-like-immunoreactivity in CSF-
contacting neurons of the avian brain Cell and Tissue Research 253 189–198

Simpson SM, Urbanski HF and Robinson JE (1983) The pineal gland and
the photoperiodic control of luteinizing hormone secretion in intact and
castrated Japanese quail Journal of Endocrinology 99 281–287

Soni BG and Foster RG (1997) A novel and ancient vertebrate opsin FEBS
Letters 406 279–283

*Soni BG, Philp A, Knox BE and Foster RG (1998) Novel retinal photo-
receptors Nature 394 27–28

Tabata M, Suzuki T and Niwa H (1985) Chromophores in the extraretinal
photoreceptor (pineal organ) of teleosts Brain Research 338 173–176

Takahashi JS, Murakami N, Nikaido SS, Pratt BL and Robertson LM (1989)
The avian pineal, a vertebrate model system of the circadian oscillator:
cellular regulation of circadian rhythms by light, second messengers, and
macromolecular synthesis Recent Progress in Hormone Research 45 279–352

Vigh B and Vigh-Teichmann I (1988) Comparative neurohistology and im-
munocytochemistry of the pineal complex with special reference to CSF-
contacting neuronal structures Pineal Research Reviews 6 1–65

Vigh B, Röhlich P, Vigh-Teichmann I and Aros B (1980) Comparison of the
pineal complex, retina and cerebrospinal fluid-contacting neurons by im-
munocytochemical antirhodopsin reaction Zeitschrift fuer Mikroskopisch–
Anatomische Forschung 94 623–640

Wada Y, T Okano, A Adachi, S Ebihara and Y Fukada (1998) Identification
of rhodopsin in the pigeon deep brain FEBS Letters 425 53–56

Wald G (1968) Molecular basis of visual excitation Science 162 230–239
Yokoyama K, Oksche A, Darden TR and Farner DS (1978) The sites 

of encephalic photoreception in the photoperiodic induction of growth of
the testes in the white crowned sparrow, Zonotrichia leucophrys gambelii.
Cell and Tissue Research 189 441–467

Yoshikawa T, Yashiro Y, Oishi T, Kokame K and Fukada Y (1994)
Immunoreactivities to rhodopsin and rod/cone transducin antisera in the
retina, pineal complex and deep brain of the bullfrog, Rana catesbeiana.
Zoological Science 11 675–680

150 R. G. Foster and B. G. Soni


