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Abstract

Circadian organization means the way in which the entire circadigey words

system above the cellular level is put together physically and th€ircadian rhythms
principles and rules that determine the interactions among its compévolution

nent parts which produce overt rhythms of physiology and behavioN‘erte'Orates
Understanding this organization and its evolution is of practicafineal
importance as well as of basic interest. The first major problem that e )

face is the difficulty of making sense of the apparently great diversjt efina

L7 . o . X/\elatonin
that we observe in circadian organization of diverse vertebrates. Some

of this diversity falls neatly into place along phylogenetic lines Ieadiﬁg """"""""""""
to firm generalizations: i) in all vertebrates there is a “circadian axis”
consisting of the retinas, the pineal gland and the suprachiasmatic
nucleus (SCN), ii) in many non-mammalian vertebrates of all classes
(but not in any mammals) the pineal gland is both a photoreceptor and
a circadian oscillator, and iii) in all non-mammalian vertebrates (but
not in any mammals) there are extraretinal (and extrapineal) circadian
photoreceptors. An interesting explanation of some of these facts,
especially the differences between mammals and other vertebrates,
can be constructed on the assumption that early in their evolution
mammals passed through a “nocturnal bottleneck”. On the other hand,
a good deal of the diversity among the circadian systems of vertebrates
does not fall neatly into place along phylogenetic lines. In the present
review we will consider how we might better understand such “phylo-
genetically incoherent” diversity and what sorts of new information
may help to further our understanding of the evolution of circadian
organization in vertebrates.

Organisms, from unicellulars to verte-tions with periods close to 24 h are called
brates, are structured in time as well as itircadian rhythms.
space. Many, if not most, biochemical, physi- By circadian organization we mean the
ological and behavioral parameters exhibway in which the entire circadian system
ited by organisms show daily fluctuationsabove the cellular level is put together physi-
and most of these daily rhythms persist ircally, and the principles and rules that deter-
constant conditions, thus demonstrating thainine the interactions among its component
they are driven by endogenous oscillatorsparts. Circadian organization extends both
The rhythms that persist in constant condibroadly and deeply into the physiology and
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Table 1 - Structures of the vertebrate brain in which the presence of
circadian oscillators has been demonstrated by in vitro experiments (di-

M. Menaker et al.

behavior of multicellular organisms. At therhythmic in non-mammalian vertebrates, but
core of the system that controls and regulatehis belief is based solely on lesioning ex-
the many overt rhythms that can be meagperiments of various kinds which are in prin-
ured in vertebrates are three structures thaiple inadequate to establish the point firmly.
together with their interconnections form a If one takes a broad view of vertebrate
central “circadian axis” common to all verte-circadian systems, what emerges is a picture
brates, even the most primitive ones. Theseontaining some common threads which only
structures are the retinas, the pineal complesery roughly follow phylogenetic lines, over-
(pineal and parietal eye/organ) and the suain with a good deal of variability in the
prachiasmatic nucleus (SCN) of the hypoimportant details. Itis not possible to say that
thalamus. In one vertebrate species or amadl members of one vertebrate class are orga-
other each of these structures has been showized in a particular way (with the possible
to be involved in the control of circadianexception of the mammals to which we shall
rhythmicity and/or to contain circadian os-return). Indeed, among the reptiles not all
cillators capable of sustaining rhythmidity lizards nor even all iguanid lizards have
vitro (Table 1). similarly organized circadian systems (10).
Until recently the only cultured retinas Identifying the common threads and account-
that had been shown to oscillate with a circaing for the variability are major challenges;
dian periodin vitro were those oKenopus until they have been met we will not fully
(1) and chicks (2), however, at present wenderstand the system we are studying nor
know that the retinas of some lampreys (3he able to make the most productive use of
lizards (4) and mammals (5) also have thithe many experimental models with which
property. The pineals of some fish, lizardsatural selection has provided us.
and birds oscillate in culture while those of Our hypothesis is that the vertebrate cir-
others do not (6,7). No mammalian pineatadian axis is very old - indeed as old as the
has been shown to contain circadian oscillarertebrates themselves - and, in addition,
tors although in intact mammals pineal rhyththat it is relatively “easy” to modify and has
micity driven from the SCN is robust (8).in fact been modified many times in the last
Only in mammals has the SCN been cultureB00 million years, each time in response to
and transplanted into lesioned animals anselection pressures in particular environmen-
both kinds of experiments have providedal niches. If that were all there is to it, the
conclusive evidence that it contains circatask of unraveling 500 million years of re-
dian oscillators (9). It is generally believedsponse to the many environments occupied
that the SCN (or its homolog) is intrinsically by the vertebrates during that time would be
hopeless. However, the task may not be hope-
less because it seems likely that circadian
systems have been shaped predominantly by

rect) or by lesion, transplant or other (indirect) techniques. one aspect of their environment, i.e., light. A

*Indicates classes and organs in which data on transplant are available.

corollary of our hypothesis therefore is that
the differences in circadian organization that

Direct Indirect one finds among the vertebrates are to alarge

Cyclostome
Fish
Amphibian
Reptile
Bird*
Mammal*
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extent the consequence of rapid adaptation

;222: g::gz: gﬁtézl'Obe' pineal to particular photic niches into which groups

. pineal have been pushed by a variety of unrelated
retina, parietal eye, pineal  SCN, pineal selection pressures. If that were true then it
retina, pineal pineal*, lateral eyes, SCN should be possible to correlate particular
retina, SCN SCN*, lateral eyes

aspects of circadian organization with the



Evolution of circadian organization in vertebrates

photic history of the groups in which they areiiver to spawn express clear free-running
found. The attempt to establish such correlazircadian rhythms of locomotor behavior
tions is made difficult by several uncertainwhen held under constant conditions in the
ties, among them are: i) it is hard to defindaboratory (17). These rhythms are abol-
the photic niche occupied even by livingished by pinealectomy (17). In culture, the
organisms much less those that have becorpaeal of these lampreys produces melatonin
extinct, ii) we don’t know the photic histo- with a circadian rhythm (18). Also, pineals
ries of most organisms (i.e., the photic enviand retinas from adults of a different species
ronments that they occupied during theiof lamprey Petromyzon marinjscontain
evolution) in much detail, iii) we have no circadian oscillators that control rhythmic
idea how quickly circadian organization carsynthesis of melatonin (19). Although facts
be modified by selection, and iv) there arere missing that would complete the com-
undoubtedly other undefined pressures acparison (e.g., the results of pineal transplant
ing on the system at the same time as thoseperiments and the effects of rhythmically
from the photic environment. Nonethelessadministered exogenous melatonin on the
some interesting correlations can be madecomotor behavior of pinealectomized lam-
and this fact alone encourages us to belieyweys) there seems little doubt that in both
that our hypothesis may prove to be fruitfulbirds and lampreys the photoreceptive pi-
Let us first examine the proposition thatneal gland contains circadian oscillators that
the circadian axis is ancient by comparingegulate the rhythmic production of the hor-
the structure and function of this axis in anone melatonin which in turn may be re-
modern group, the passerine birds, to whaponsible for the circadian aspect of loco-
we know about it in an ancient one, thanotor behavior. It stretches (at least our)
cyclostomes. In passerines the dominant cicredulity to believe that these detailed simi-
cadian oscillator is the pineal gland; removiarities in biochemistry (melatonin), mor-
ing it surgically renders the normal circadiarphology and physiology (the pineal) and be-
locomotor behavior arrhythmic, while trans-havior (locomotion) have arisen by conver-
planting a donor pineal into the anteriorgent evolution. Since the most recent com-
chamber of the eye restores rhythmicity withmon ancestor of cyclostomes and the rest of
the phase of the donor bird (1lk)vitro, the the vertebrates existed more than 450 mil-
pineal produces melatonin with a circadiaion years ago we must conclude that the
rhythm and is photosensitive (12). Exog-control of locomotor behavior by rhythmic
enous melatonin administered rhythmicallypineal melatonin secretion is an ancient and
restores locomotor rhythmicity to pinealec{primitive component of vertebrate circadian
tomized birds (13,14). The presence of amerganization. Clearly, rhythmic synthesis of
other circadian oscillator in the hypothala-melatonin by the retina is equally old al-
mus is suggested by the fact that lesionthough we do not yet fully understand its
which include the SCN also make birds arfunction. These conclusions are not weak-
rhythmic (15). Although there is no pub-ened by the fact that circadian organization
lished work on retinal rhythmicity in passe-in the other extant group of cyclostomes, the
rines, the retinas of some other birds (chickhagfish, is quite different, as will be dis-
ens, quail and pigeons) appear to synthesioeissed below.
melatonin rhythmically and probably con- Having arrived at some understanding of
tain circadian oscillators (16). primitive vertebrate circadian systems, can
Circadian rhythmicity has also been studwe offer reasonable explanations for the vari-
ied in the lampreyLampetra japonica a ability that has arisen in the course of their
cyclostome. Adult lampreys on their way upevolution, based on the hypothesized impor-
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of having multiple circadian photoreceptors,
many of which (all?) were “non-visual”, i.e.,
incapable of forming imagesf) Why did
Extraretinal photoreceptors are present in all the mammals retain those in the retina? iii) Why
vertebrate classes, except mammals. DBP, Deep did th | Il th thers?
brain photoreceptors. ey. ose all the 0 ers” B

The first of these is the most difficult. In

Table 2 - Distribution of circadian photoreceptors
within the vertebrate central nervous system.

Pineal ~ Parietal eye or  Retina DBP thinking about the possible selective advan-
pa;arg’;”nea' tages of what at first seems a kind of photo-
receptor extravagance itis helpful to remem-
Cyclostome  Yes Yes Yes  Yes ber that photoreceptors that inform their
e e - s owners simply that light of a certain intensity
Amphibian  Yes Yes Yes Yes . . | light-ab b
Reptile Ves Yes Vs  Yes is present or not, require only alig t-absorb-
Bird Yes - Yes Yes ing molecule connected in some way to a
rae) b9 - Yes  No membrane channel, and have arisen over

and over again in almost every group of
tance of photic history? One aspect of thifiving things. A general explanation of the
variability is in the way in which different advantages obtained by having several cir-
vertebrates perceive the light that affectsadian photoreceptors might fall into one or
their circadian systems (Table 2). With ondoth of two categories: either each of the
possible exception (20) non-mammalian verseveral photoreceptors might be tuned to
tebrates have multiple circadian photorecepespond to different aspects of the photic
tors in retinas, pineal gland and still incom-environment, or each photoreceptor may pro-
pletely described “deep brain” photorecepvide information about the photic environ-
tors (21). Mammals, on the other hand, usment to the specific tissue in which it re-
retinal photoreception exclusively (22). Thissides. The second general category is the
broad dichotomy can be accounted for plaumore appealing, especially when it is recog-
sibly by the fact that early in their evolution-nized that there is usually a circadian oscilla-
ary history mammals were squeezed througtor directly associated with each of the dis-
what we have called elsewhere a “nocturndtibuted circadian photoreceptors. Whatever
bottleneck” (19). Perhaps aided by theithe advantages of such organization may be
newly acquired ability to thermoregulatethey are certainly real, for the arrangement is
physiologically, primitive mammals could widespread among the invertebrates as well
best survive in a world in which the daylight(perhaps the most dramatic example being
hours were filled with dangerous reptilianthe presence of both a circadian oscillator
predators by becoming nocturnal. Only lateand its photoreceptor in the testis of the
when the disappearance of many of the regypsy moth (23)). However, there is at least
tiles made the day relatively safe did mamene clear example of the first general cat-
mals radiate into that temporal niche. Diuregory (i.e., specialized tuning of a vertebrate
nal mammals are secondarily derived frontircadian photoreceptor in the unusual chro-
nocturnal ancestors. Mammals are the onlgnatic response of the lizard parietal eye (24)).
group of vertebrates that, as an entire clas§hat circadian photoreception may be in-
has such a nocturnal heritage and we woultbmpatible with image formation has been
argue that it caused the shift from multipleconvincingly argued by Cooper et al. (25)
distributed circadian photoreceptors to avith respect to retinal circadian photorecep-
single site in the retina. To be convincingors (about which more below) but the argu-
such an argument must address three distinttents apply equally well to extraretinal pho-
questions: i) What was the initial advantag¢oreceptors. Thus, multiple circadian photo-
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receptors may have been selected because example, to the loss of pineal photosensi-
they do not form images, can be speciallyivity in mammals which was achieved sim-
tuned and can be located adjacent to thgly (and rapidly?) by eliminating the chro-
oscillators that require their input. mophore while leaving most of the rest of the
Such a system works well as long as therghotoreceptive machinery intact (26).
is enough light in the photic environmentto Circadian photoreceptors have been pres-
reach and activate each of the multiple phcent in the vertebrate retina for 500 million
toreceptors and it therefore presents no prolyears (19) but to depend on them exclusively
lems for diurnal organisms. Nocturnal aniimay not have been tried before the early
mals, on the other hand, may be exposedammals became nocturnal (but see discus-
only to very dim light at dusk and/or dawn.sion of hagfish below). That may well have
In that photic environment only the mostrequired some rewiring of the retinohypo-
sensitive photoreceptors in the most exposdtialamic connection to achieve an appropri-
location may receive enough light to guaranately non-visual circadian input and may
tee aresponse. That consideration alone mawve led to a more profound reorganization
explain why mammals came to depend oof the entire circadian system. With this
circadian photoreceptors in their retinas wheaccomplished the diurnal mammals that
they were forced into an exclusively nocturevolved subsequently would have been un-
nal niche; but why lose all the extraretinalder no pressure to reinvent the distributed
photoreceptors? The weak answer is thaystem of their non-mammalian ancestors.
when a structure is no longer used it is lost Ifthe arguments advanced above are gen-
because of the inefficiencies involved inerally correct one should see signs of similar
maintaining it, but in this case there may behanges in nocturnal non-mammalian verte-
a stronger one. Of necessity multiple photobrates and perhaps among nocturnal inverte-
receptors in different anatomical locationdrates. The available data, although sparse,
will receive different intensities of light and do support the general proposition that when
thus the same photic environment will stimuanimals become nocturnal they reduce the
late some to a greater extent than others. Asimber of their circadian photoreceptors.
the light fades at dusk (or increases at dawnimong the reptiles, geckos (nocturnal liz-
intensities will occur that will stimulate only ards) and snakes, most of which are noctur-
the most sensitive photoreceptors. Undearal, lack parietal eyes and alligators do not
these circumstances the organism with muhave either parietal eyes or recognizable pi-
tiple photoreceptors runs the risk of receivheal glands (27). The most conspicuously
ing conflicting messages. One of its photorenocturnal birds, the owls, either do not have
ceptors will tell it that it is still light while the pineal glands or those that they have are
others will signal darkness. Such conflictingnuch reduced (28). Cockroaches, holometab-
signals would be clearly maladaptive in alous insects which are nocturnal through-
system whose major selective advantage aout their lives, have no extraretinal circadian
crues from its ability to confer exquisite photoreceptors (their ocelli have no input to
control of the phase relationships among itthe circadian system (29)) in contrast to many
many circadian rhythms as well as the phasather insects which are diurnal at some stage
of the organism’s activities relative to thein their development.
environmental light cycle. It is not hard to  Another interesting example supporting
imagine that the generation of inappropriateur hypothesis is represented by the circa-
phase relationships as a consequence of caian organization of the hagfish, the only
flicting signals from differentially illumi- living cyclostomes besides lampreys (30).
nated circadian photoreceptors may have le@heir circadian systems are organized quite
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differently from the “primitive pattern” that hagfishesespecially those related to the eye
characterizes lampreys and passerine birdgtalics added), may actually be the result of
Uniquely among non-mammalian verte-more recent degenerative evolution linked to
brates, hagfish use only their eyes as circéleir burrowing habits and life at the ocean
dian photoreceptors (20). They apparentldepths”. We would argue that the photic
have no pineal gland and the evidence, aknvironmentassociated with burrowing hab-
though still incomplete, suggests stronglyits and life at ocean depths has selected for
that the circadian pacemaker that controlsodification of the primitive cyclostome cir-
their surprisingly robust locomotor rhythm cadian organization (as represented by lam-
is located in the preoptic nucleus of thereys), which eliminated the pineal gland
anterior hypothalamus (31). This pattern ofind other extraretinal circadian photorecep-
circadian organization closely parallels thators, leaving the eyes as sole source of photo-
which we find in mammals and which wereceptive input to the remaining circadian
have attributed to their early forced nocturoscillators in the hypothalamus. Furthermore,
nality. Under laboratory conditions hagfishwe would point to the striking convergence
are nocturnal and one could argue that theaf this pattern of circadian organization to
nocturnality accounts for their mammal-likethat produced in early mammals by their
circadian organization, but the argument appresumed burrowing habits and life in the
pears to fall apart when one recognizes thakepths of the forest.
lampreys are also nocturnal both in the labo- Of course it is difficult if not impossible
ratory and in the field. There is, however, do reconstruct enough of the photic environ-
big difference between the photic environiments of early cyclostome ancestors of lam-
ments of lampreys and hagdfish. As adultgreys and hagfish to be certain that the lam-
lampreys are either parasitic on primarilyprey pattern is primitive and that of the hag-
diurnal teleost fish and therefore must ocfish degenerate. However, at least one pre-
cupy their hosts’ photic environment, or arediction can be made and tested. If the hagfish
swimming upstream to spawn in shallowpattern is degenerate we would predict that
rivers where, although they move at nightthey would still retain melatonin-producing
they must be exposed to relatively brightircadian oscillators in their retinas since
light while resting during the day. Hagfish,this aspect of retinal organization seems al-
on the other hand, are benthic and apparentiyays to be maintained (see below) and is
spend much of their time inside the carcasselerefore likely to be crucial for retinfainc-
of large dead fish on the bottom of the oceation. If they do not synthesize retinal melatonin
at depths between 10 and 50 meters or mortdey may have diverged from the lieading
Clearly, what is crucial to our argument isto lampreys before that hormone wagented
not nocturnalityper sebut the photic envi- by vertebrates, which would suggest that
ronment in which the organism under conthey never had a pineal gland, at least not one
sideration has evolved. that synthesized melatonin and played the
The phylogenetic relationship betweerrole that it has been shown to play in modern
lampreys and hagfish has been the subject l@mpreys. Although the presence of retinal
some controversy but recent work using rimelatonin in hagfish would argue for their
bosomal RNA sequences suggests that thelggeneracy and its absence for a circadian
form a natural group (29). In discussing thesystem evolved early and independently of
difficulty involved in determining this rela- the lamprey line, neither result would affect
tionship with certainty, Stock and Whitt (30) our conclusion that their circadian organiza-
say “A further problem is the possibility thattion is the consequence of the low light
some proposed primitive features ofintensities in their photic environment.
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Although the photic environment may each of them has multiple circadian photore-
exert strong selection pressure on circadiaceptors and multiple circadian oscillators,
organization it is certainly not the only as-the ways in which these are used to control
pect of the environment to do so. Do we havparticular behavioral or physiological
any indication of how malleable vertebraterhythms are quite different. Although we do
circadian organization is? The hagfish mayot know what selection pressures have pro-
have been benthic burrowers for a very longuced these differences, their existence
time and so cannot tell us much about thwithin a single lizard family argues for re-
rate at which their circadian system has dieent and rapid evolution.
verged from that of a lamprey-like ancestor One further example will serve to under-
(if indeed that is what has occurred). On théne the malleability of the vertebrate circa-
other hand, if the loss (or degeneration) oflian system. We have been measuring pineal
the pineal in owls is a result of their recentlyand retinal rhythmicity at each of the three
acquired nocturnality this would argue thastages in the life cycle &etromyzon marinus
such changes can occur reasonably rapidlysee Figure 1). In the non-parasitic adult

We have described differences in circastage (preparatory to spawning) both the
dian organization among three species gfineal and the retina of this organism synthe-
iguanid lizards (all diurnal but living in very size melatonin rhythmicallyin vitro (19).
different environments) and have hypothiike L. japonica their locomotor behavior
esized that the differences have been brougistrhythmic in the field (36). The larvaeRf
about by selection pressures exerted by theinarinusare free living in shallow rivers for
different environments over relatively shortyears before metamorphosis into an adult
spans of time in geological terms (32). Reform parasitic on large teleosts. The larvae
cently, we have been studying a fourth speare conspicuously rhythmic, emerging from
cies)guana iguanaand have found a some-the mud each night to filter feed (37). Their
what different pattern of circadian organizapineals are also rhythmic in culture (19). The
tion. In these animals circadian oscillatordehavior of the parasitic form is quite differ-
exist in the retinas, the parietal eye and thent. After they have been feeding on a host
pineal gland (19). Of these several melatdfish for some time the fish either dies or
nin-synthesizing organs only the pineal seshakes them off. They are active predators
cretes melatonin into the bloodstream (33)and immediately seek a new host using vi-
however, the rhythm of circulating melato-sual cues among others (36). Strict control of
nin does not drive the locomotor rhythr.in
iguanaas it does in bhirds (13), some othe

lizards (10), and probably Iampreys (17)_Life cycle (4I_Sarvae) A(?ugl)t;arasiti)c Ad%tgon—parr]a?itic
. . . . - Lo, —| t
Pinealectomized iguanas retain robust years years months
rhythms of locomotor activity; however, they| Behavior Rhythmic Non-rhythmic Rhythmic
(nocturnal) (nocturnal)

—

completely lose the equally robust (althoug
low amplitude) internally generated rhythm
of body temperature (19,34). This pattern o
circadian organization is clearly different Retinal melatonin Rhythmic Rhythmic

from that of the two other iguanid lizards_ , . .

. . . . Figure 1 - Schematic representation of the life cycle of the sea lamprey Petromyzon
Anolis carolinensisindSceloporus occiden- marinus. This cyclostome has a complex life cycle with three different phases: larval,
talis (10) and perhaps from the pattern dissdult parasitic, and adult non-parasitic. Melatonin is rhythmically synthesized by the

laved bvDipsosaurus dorsali€32.35) al- pineal during the larval and non-parasitic adult stages, but not during the adult parasitic
play ypvip $3 ! ) age (see text). Retinal melatonin is synthesized rhythmically in both the parasitic and

ed
thOUgh that has not been adequately test n-parasitic adult stages. In the larval stage the retina is not yet fully developed and so
All of these lizards are diurnal and althougher we have not been able to culture it (compiled with data from Refs. 19,36,37).

Pineal melatonin Rhythmic Absent Rhythmic

=3
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their locomotor behavior by circulating mel-know about retinal melatonin suggests that
atonin levels might handicap these animalds primary function is to organize events
in their search for a new host, particularly ifwithin the retina. A visual predator like the
melatonin played the same role as in thparasitic lamprey obviously depends heavily
migrating or larval forms in which it may on retinal function and so has maintained
stimulate activity at night and/or suppress ithythmic melatonin synthesis in the retina
during the day. Itis therefore of great interesivhile suppressing it in the pineal.

that the pineals of the parasitic stage of this The examples that we have briefly de-
lamprey do not synthesize melatonin rhythscribed underline the fact that adjustment in
micallyin vitro, in fact do not synthesize it at circadian organization can be made over short
all (19). The assumption that the suppressiaspans of (evolutionary) time and even within
of pineal melatonin synthesis in the parasitithe lifetimes of individuals. In one sense the
stage is an adaptive ontogenetic modulatiofact that the basic vertebrate circadian axis has
of circadian organization, is greatly strengthendured for 500 million years is a tribute to the
ened by the observation that retinal melatosuccess with which it can be modified to
nin synthesis is still rhythmic in these sameccommodate the demands of life in a great

parasitic animals (19). Everything that wenumber of different environments.
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