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Melatonin and circadian control in mammals 
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Summary. Although pinealectomy has little influence on the circadian locomotor rhythms of laboratory rats, 
administration of the pineal hormone melatonin has profound effects. Evidence for this comes from studies in which 
pharmacological doses of melatonin are administered under conditions of external desynchronization, internal 
desynchronization, steady state light-dark conditions, and phase shifts of the zeitgeber. Taken together with recent 
findings on melatonin receptor concentration in the rat hypothalamus, particularly at the level of the suprachiasmatic 
nuclei, these results suggest that melatonin is a potent synchronizer of rat circadian rhythms and has a direct action 
on the circadian pacemaker. It is possible, therefore, that the natural role of endogenous melatonin is to act as an 
internal zeitgeber for the total circadian structure of mammals at the level of cell, tissue, organ, whole organism and 
interaction of that organism with environmental photoperiod changes. 
Key words. Melatonin; synchronization; phase adjustment; photoperiod; receptors; phylogeny; ontogeny; circadian 
rhythms; zeitgeber. 

Introduction 

As with other vertebrates, investigations into the func- 
tion of the mammalian pineal body have concentrated 
primarily on the role played by the chemical melatonin. 

Melatonin is released into the general circulation during 
the hours of darkness, irrespective of whether the species 
is nocturnal or diurnal in its behavioural activity pattern. 



R e v i e w s  Experientia 

Measurement of pineal N-acetyltransferase activity, the 
enzyme which drives the pineal melatonin rhythm, shows 
that it directly approximates circadian output from the 
suprachiasmatic nuclei (SCN) located in the anterior hy- 
pothalamus. The SCN are the major central nervous 
system (CNS) pacemakers responsible for generating cir- 
cadian rhythmicity in mammals and are entrained to the 
external light-dark (LD) cycle by their own retinohypo- 
thalamic pathway. Therefore, while the pineal and SCN 
are anatomically distant and are connected by a cir- 
cuitous route, the argument can be made that melatonin 
release is functionally part of SCN output 6. Because of 
its periodic release and its mirroring of SCN metabolic 
activity, melatonin is the ideal circadian chemical mes- 
senger to act as an internal zeitgeber, thereby imposing 
synchronicity on the multitude of daily rhythms at the 
level of cell, tissue and organ, and thereby preventing 
internal desynchrony 5, 6 
Nature has selected melatonin to fulfil different synchro- 
nization roles and thereby solve different synchroniza- 
tion problems in different species. However, while syn- 
chronization problems in temporal organization may 
seem superficially different, essentially the same strategy 
can be used to solve them. From cell cycles to seasonal 
cycles a daily periodic signal is needed within the internal 
milieu to carefully to adjust phase between critical 
rhythms at all levels of temporal organization. The most 
researched example of this is found in photoperiodic time 
measurement of seasonally breeding, photosensitive 
mammalian species, where melatonin's action as an inter- 
nal zeitgeber can be described in terms of internal or 
external coincidence models depending upon the spe- 
cies 27 (Bartness and Goldman; Ebling and Foster, this 
issue). 
Below, after a consideration of the results of pinealecto- 
my (Px) studies, the evidence for internal zeitgeber prop- 
erties of melatonin in mammals is marshalled. The bulk 
of this evidence comes from studies on laboratory rats 
and this is reviewed together with crucial findings of 
melatonin receptor location in the hypothalamus. Final- 
ly, alternative explanations are considered. 

The pineal and synchronicity ; effects of pinealectomy 

Pinealectomy has little effect on rat or hamster free-run- 
ning locomotor rhythms in constant light (LL) or con- 
stant dark (DD) (see Armstrong 6 for references). It is 
reasonable to conclude that the pineal body is not in- 
volved in the generation of rodent circadian locomotor 
rhythms although this cannot be generalized to all mam- 
mals until a greater variety of species has been studied. 
Nevertheless, the commonly drawn conclusion that the 
pineal body should be relegated to a minor role in the 
mammalian circadian system does not necessarily follow. 
Removal of an organ is not always the most instructive 
way of assessing its biological importance: 
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1) Laboratory rats survive remarkably well without an 
adrenal cortex and, indeed, without adrenal glands, 
providing that rats are maintained on a saline drinking 
solution; 2) for years the thymus gland was deemed to be 
vestigial simply because it had no obvious function; 
3) the circadian locomotor rhythm of chickens is unaf- 
fected by Px and yet the bulk of bird pineal-circadian 
rhythm biochemistry is carried out on chickens. (Inter- 
estingly, these results are then generalized to other spe- 
cies such as the sparrow, where circadian rhythmicity in 
constant conditions is affected by Px.) 
The crucial difference between the chicken pineal and 
that of the adult rat is that the former shows endogenous 
rhythmicity when studied in vitro, and can therefore be 
conceptualized as a biological clock in its own right. 
Although the lack of in vivo rhythmicity in the rat may 
represent a problem of technology, this is unlikely as the 
rat pup shows endogenous pineal rhythmicity which 
ceases about the time that neural connections to the SCN 
are completed (see Wainwright 39 for references). 
In the present scheme it is envisaged that 1) endogenous 
rhythmicity is not necessarily a property of the adult 
mammalian pineal gland, but that 2) the SCN drive the 
pineal melatonin rhythm, so that 3) circulating melatonin 
is the main circadian periodic signal to the rest of the 
organism, thereby 4) synchronizing other daily bodily 
rhythms that may be exogenous, slave or even self-sus- 
tained 5, 6. The effectiveness of melatonin as a synchro- 
nizing agent is dependent upon 5) the concentration of 
receptors in the target tissue, and these may vary with 
such factors as time of day, season, gonadal status, devel- 
opmental stage and age. It also follows that rat Px should 
produce internal desynchrony and the evidence for this 
has been assessed elsewhere 6, although the crucial exper- 
iments have yet to be conducted. 

Melatonin, gating and synchronicity 

Daily injections of melatonin over a range of doses 11 
entrain rat free-running, circadian locomotor rhythms in 
DD 26. Entrainment takes place when the onset of activ- 
ity has just passed through injection time so that the 
active phase (e) follows injection while the quiescent 
phase (Q) precedes it (fig. l A and B). In these rats tau (v) 
is longer than 24 h and melatonin induces entrainment by 
exerting small phase advances 8 at approximately CT 
10.5 (fig. 1 C). There is thus a 'narrow window of sensitiv- 
ity' or 'gate of circadian frequency' at which the pace- 
maker is responsive to exogenous melatonin and phase- 
trapping occurs. Melatonin may be classified as an 
impulse zeitgeber 6, lo. If  ~ is too long, entrainment may 
not occur 14, 36 at least by this method or route of mela- 
tonin administration. The phase of entrainment in the 
nocturnally active rat is 180 ~ removed from that of the 
diurnally active starling 18 and a diurnal species of lizard 
(see Underwood, this issue), thus mimicking the natural- 
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Figure 1. A and B 48-h actograms of running-wheel activity of adult, 
male Long-Evans hooded rats housed under DD. Stage A: rats free-ran 
for 60 days, pre-injection. Stage B: daily injections were given at the time 
indicated by the vertical arrow. Stage C: consisted of a post-injection 
stage. In stage B, rat No. 17 was injected daily with 1 mg/kg melatonin 
s.c. and as the onset of activity reached the time of day of" injection, 
entrainment occurred. Rat No. 18 was injected with vehicle solution and 
free-ran through injection time. C Phase-response curve for acute s.c. 
injections of melatonin (50 mg/kg) on free-running locomotor rhythms. 
Except for one phase delay at CT18 and one phase advance at CT22, all 
melatonin induced phase shifts were phase advances restricted to CT9, 10 
and 11. At CT9, 2 of 8 rats responded to melatonin, at CTI0 all 11 rats 
responded and at CTll, ~1 of 13 rats responded. No phase shifts to 
vehicle solution were found except, interestingly at CTI0 where 3 of 5 rats 
responded. CT12 is the onset of activity in nocturnal rodents (Diagrams 
A and B reproduced with permission of Alan R. Liss.) 

ty occurring covariation between endogenous melatonin 
release and behavioural activity. 
The internal synchronizing properties of melatonin are 
best exemplified by findings of the reorganization of 
severely disrupted activity rhythms by daily melatonin 
injections (splitting, multiple ul tradian components  or 
apparent total arrhythmicity) after subjection of male 
rats to an exotic lighting regime and bright LL 14. The 
favoured interpretation is that melatonin acts upon  the 
coupling or phase relationship between several endoge- 
nous oscillators which make up the CNS circadian pace- 
maker. 
Under  steady state LD conditions, late afternoon injec- 
tions of melatonin phase advance rat locomotor activity 
rhythms which phase lag dark onset, providing that the 
phase angle difference is not more than 3 h 7, 9 ( f i g .  2 C 
and D). The pineal has long been thought to be involved 
in the re-entrainment process 6, 24. After phase shifts of 
the zeitgeber by 5- or 8-h phase advances, daily melato- 
nin injections can alter the direction, rate of, or have no 
effect upon re-entrainment depending upon clock time of 
injection in relation to the original or newly shifted LD 
cycle 2s (fig. 2A and B). 

In short, exogenous melatonin has profound effects on 
the circadian system of rats under conditions of external 
desynchronization, internal desynchronization, steady 
state LD cycles and phase shifts of the zeitgeber. 

Melatonin target sites 

The biochemical action of melatonin on the hypothala- 
mus is reviewed elsewhere (see Williams and Morgan, 
this issue) but certain aspects need to be considered here. 
The density of low affinity binding of ~2sI-iodomelatonin 
to rat brain synaptosomes shows a distinct daily rhythm 
in the hypothalamus, peaking late in the light period, but 
no rhythm is apparent in the striatum. High affinity bind- 
ing within the SCN has also been reported to exhibit a 
variation over 24 h. This regional difference indicates 
that the rhythmicity in concentrat ion of melatonin recep- 
tors is not  due to down-regulation by elevated nocturnal  
circulating melatonin 42. The fact that total hypothalam- 
ic melatonin receptors peak late in the photophase may 
explain why entrainment  by exogenous melatonin and 
phase advances are limited to this time: receptor concen- 
tration represents a functional gating mechanism. How- 
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Figure2. A and B Running-wheel records of two rats on a 12:12 LD 
cycle subjected to an 8-h advance of darkness. The rat shown in A was 
injected with melatonin (1 mg/kg) for 14 days at the time of the previous 
dark onset, starting on the day that the phase advance of darkness was 
made. This rat phase-advanced its activity rhythm in order to re-entrain. 
The rat in B was injected with the vehicle solution and like uninjected rats 
phase delayed in response to the phase advance of darkness. C and D 
show running-wheel records for two rats under a 12:12 LD cycle which 
had large phase angle differences between the onset of darkness and the 
onset of activity. After the 6-days baseline, melatonin (1 mg/kg) was 
injected 1 h before dark onset. In C daily melatonin injections phase 
advance the activity rhythm until it aligns with onset of darkness. In D 
the phase angle is greater than 3 h and melatonin fails to change the phase 
relationship between onset of darkness and running-weel activity. (Re- 
produced with permission of Springer-Verlag), 

ever, the relationship is not a clear one, because recent 
reports using autoradiographic determinations of mela- 
tonin binding within the SCN suggest that receptor levels 
in this area are in fact lower during the late photophase 
(Morgan and Williams, this issue). 
By the use of 12sI-iodomelatonin autoradiography, con- 
sistent and intense binding is found in the SCN of rats, 
Djungarian hamsters and humans 3~176 Although 

earlier studies have been inconsistent (D. R. Weaver, per- 
sonal communication),  more recently it has been clearly 
established that the SCN of the adult Syrian hamster 
binds 12sI-iodomelatonin (Morgan and Williams, this 
issue). However, adult Syrian hamsters fail to entrain to 
melatonin injections (Ellis and Turek cited in Turek et 
al.37; Menaker  et al. cited in Armstrong and Redman 9). 
Two groups of researchers have suggested independently 
that the melatonin entrainment  effect may be governed 
by the previous photoperiodic and thus gonadal histo- 
ry 34 (W. Puchalski, personal communication).  Given 
that hypothalamic melatonin receptor concentrations 

have been reported to vary with ovariectomy and castra- 
tion 43, it is possible that responsiveness to melatonin in 
the Syrian hamster may be induced by appropriate 
photic, and hence gonadal, manipulations.  
The intense concentration of high affinity melatonin re- 
ceptors in the SCN make it likely that exogenous mela- 
tonin produces entrainment  via this structure. Previous- 
ly, it has been shown that removal of the pineal gland or 
retina (Chesworth, unpublished data) or chemical lesions 
to the brain catecholamine and monoamine  systems 12 do 
not interfere with entrainment  by melatonin, while SCN 
lesions do abolish entrainment  12. In addition, melatonin 
interferes with the daily rhythm in metabolic activity of 
the SCN as indexed by labelled 2-deoxy-glucose autora- 
diography 13, and the most sensitive time is late in the 
subjective day, corresponding to the phase of sensitivity 
to melatonin entrainment  effects. 
Taking all of the above together, it is likely that exoge- 
nous melatonin affects the rat circadian system by direct 
stimulation of the SCN. The SCN appears to have a gate 
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or narrow window of sensitivity by which melatonin can 
trap circadian locomotor rhythms at a certain circadian 
phase. The functional importance of this can only be 
speculated upon at present. 

Photoperiod, gating and phase adjustment 

The presence of a high density of melatonin receptors in 
the SCN indicates the feedback of melatonin onto the 
CNS pacemaker. Since the two oscillator models of non- 
parametric entrainment el seem to account entirely for 
rodent circadian and seasonal photoperiodic changes, 
the existence of melatonin feedback is perplexing. One 
possible explanation lies in the observation that many 
species of rodent and marsupial, when free-running in 
constant laboratory condition, have a very precise onset 
to c~ while the end is ragged and terminates several hours 
before lights on. If  this pattern is present in nature there 
is a distinct possibility that many individuals of a bur- 
rowing species would rarely see dawn, particularly under 
long scotoperiods. In the situation where the dawn light 
signal (and thus the phase advance stimulus) is absent 
and �9 is longer than 24 h, the pacemaker would tend to 
phase delay. Melatonin release coinciding with a pace- 
maker gate at around CT 10 12 would counter this de- 
lay by inducing a phase advance. This mechanism would 
enable the organisms to track dark onset accurately. Sin- 
gle dark pulses phase advance golden hamster circadian 
rhythms in LL at around CT 10 to CT 1216. Although 
there is preliminary data that 3-h dark pulses are effective 
in rats (unpublished data) it is not yet established 
whether melatonin is released during such pulses. 
A similar suggestion has been made for the adult Djun- 
garian hamster since daily melatonin injections given in 
long photoperiods (LD 16:8) elicit phase advances and 
extend the duration of r but only in those individuals 
which also respond by gonadal regression, moult and 
body-weight loss. Therefore, melatonin mimics short- 
day-like adjustments a2. It has been pointed o u t  35 that 
the restriction of melatonin sensitivity to a narrow gate 
in the pacemaker system means that endogenous mela- 
tonin secretion will be present or absent at this phase 
depending on season and photoperiod. For seasonal 
breeders in long scotoperiods in winter, coincidence 
would occur and small daily phase shifts in go- 
nadotrophin rhythms induced, resulting in changes to 
hormonal secretory patterns, gonadal status and repro- 
ductive viability. Since in nature it takes many weeks for 
gonadal status to change, it is not necessary for melato- 
nin to elicit large, abrupt phase shifts. Gradual, small 
daily shifts in gonadotrophin rhythms would be ade- 
quate 35. 

Primates and applied mpects 

While the administration of exogenous melatonin clearly 
affects the circadian organization of Long-Evans hooded 

rats, and results of melatonin administration on the cir- 
cadian system of hamsters are starting to emerge in the 
literature, the situation in primates remains uncertain. 
One methodological difference between the rodent and 
primate studies, which may or may not be relevant, is 
that in the former melatonin is administered by injection 
while in the latter oral administration is the preferred 
route. 
Daily oral administration of melatonin (150 gg), 2.5 h 
before dark onset, to isolated pairs of adult saddle back 
tamarins maintained in LD 12:12, decreased locomotor 
activity late in the photophase and increased activity 
early in the photophase, but did not phase shift the activ- 
ity pattern 2~ in a second experiment, melatonin was 
administered daily at the same clock time for 15 days 
under a regime where the LD cycle was advanced by I h 
per day until an LD reversal had been completed. Mela- 
tonin failed to prevent entrainment to the LD cycle. The 
authors concluded that melatonin may not have the same 
importance in the circadian organization of primates as 
it has in the rat 2o. 
Two studies involving blind humans indicate that mela- 
tonin may affect the circadian system but in both cases 
the reports are preliminary and lack details. In a single- 
blind, placebo-controlled, cross-over design study 31, 
oral melatonin (5 mg) was compared to triazolam when 
given at the same clock time every day to two free-run- 
ning blind subjects. Both compounds produced phase 
advances of the free-running endogenous melatonin 
rhythm. In one subject melatonin induced a 7.6-h phase 
advance over 28 days while triazolam had an equivocal 
effect over 30 days; in the second subject, triazolam in- 
duced a 6.9-h phase advance while melatonin only caused 
a 1.6-h advance. In a second study 2, a single blind subject 
with a severely disrupted and possibly free-running sleep- 
wake rhythm, responded to melatonin by improved syn- 
chronization of sleep onset, elimination of daytime naps 
and apparently by synchronization of the endogenous 
melatonin rhythm. These results augment the findings 
that oral melatonin successfully alleviates the effects of 
jet lag 1, 7, 9, 32, 33. In the most detailed study 1, jet lag, 
incurred after eight eastward time zone changes, was 
ameliorated by melatonin ingestion and re-entrainment 
of the endogenous melatonin and cortisol rhythms was 
accelerated. Results from all of these studies encourage 
the notion that exogenous melatonin administration may 
act upon the human biological clock and the recent find- 
ing that hypothalamic melatonin receptors are concen- 
trated in the human SCN 3o favour this interpretation. 
It should be noted that there are two reports of negative 
effects of oral melatonin (5 mg) on the synchronization 
of the human sleep-wake cycle 41. in the first study in- 
volving two subjects, two 6-h phase delay shifts (simulat- 
ing westward flights) were implemented, with placebo 
taken after the first shift and melatonin after the second. 
While it was concluded that there was no difference in the 
rate of re-entrainment between melatonin and placebo 
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treatments, the data show that this was because the sleep 
wake cycle re-entrained within one day in both subjects 
and therefore the jet lag situation was not simulated. The 
re-entrainment rate of the rectal temperature rhythm by 
both melatonin and placebo administration was the same 
in one subject, while melatonin treatment induced faster 
entrainment in the second subject. From the data provid- 
ed, the rate of re-entrainment of urinary potassium was 
unclear. The second study involved the fractional desyn- 
chronization procedure which consists of the daily 
lengthening of the LD zeitgeber period until approxi- 
mately 29 h is reached. Melatonin was administered ev- 
ery evening at bedtime in an attempt to strengthen the 
zeitgeber and prevent internal desynchronization. Mela- 
tonin was unable to prevent internal desynchronization 
of the rectal temperature rhythm which broke away from 
the sleep-wake cycle to follow a shorter r. In contrast, 
melatonin synchronized the rhythm in fatigue-alertness 
to the zeitgeber. Normally, without melatonin adminis- 
tration, fatigue-alertness breaks away from the zeitgeber 
in approximately half of the subjects 3, ha. The results of 
studies conducted in temporal isolation are therefore 
equivocal, but an important point is that melatonin was 
not given at the optimum time. From studies on rats and 
one other human study 4, it is clear that to be most effec- 
tive, melatonin should be given several hours before sub- 
jective evening. 

Alternative explanations 

The main issue for debate is whether it is merely coinci- 
dence that the entrainment properties of melatonin in 
rats fit reasonably neatly with the recent evidence that 
hypothalamic melatonin receptors are concentrated in 
the SCN, the biological clock of the central nervous sys- 
tem. I f  this were found to be the case, the melatonin 
entrainment results would represent a pharmacological 
artefact rather than a physiological finding, and free-run- 
ning locomotor rhythms merely represent a convenient 
bioassay for testing melatonin. In the context of the 
physiological versus pharmacological arena it is impor- 
tant to evaluate viable alternative explanations of the 
findings and in this context phylogeny and ontogeny 
become fundamental. 

Phylogeny 

Effects of exogenous melatonin may reflect activation of 
vestigial remnants of a pineal-circadian system important 
in ancestral species at an earlier stage in evolution (Un- 
derwood, this issue). Presumably, during evolution, with 
loss of the parietal foramen or changes to skull thickness 
and ossification, environmental lighting information be- 
came no longer available to the pineal body nor to CNS 
photoreceptors through the skull; lighting information 
to the pineal had to be obtained through an indirect route 
and concomitantly the SCN acquired the master pace- 
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maker function. There is apparently little supportive evi- 
dence for this hypothesis. 'The pineal gland is clearly not 
the biological clock controlling rhythms of locomotor 
activity in teleost fish and lizards '39, p. 70. Robust circa- 
dian activity rhythms are found in a species of alligator 
which has no discernible pineal gland 19 and in lizards 
various results of Px are found which include arrhyth- 
micity, changes to T and no effect on circadian rhythmic- 
ity (see Underwood, this issue). There is little to suggest 
that, as a general rule, the pineal is a biological clock in 
reptiles although it clearly is a circadian pacemaker in 
certain species of lizard. This statement could simply 
reflect the lack of diversity of reptile species studied, but 
this is unlikely because parallel findings occur in birds 
where a larger number of species have been examined. 
Indeed, some nocturnal species of birds are characterized 
by having an atrophied pineal body 23. Not only are there 
different results from Px between species of birds (see 
Armstrong 6 for review) but different results may occur 
within one species, the European starling 1 v. To account 
for intra-species differences to Px it was  proposed that 
variations in strength of internal coupling between self- 
sustained oscillators would dictate the effect of Px on the 
circadian system 17, and that melatonin would act as an 
internal synchronizing agent directly affecting one or 
more of the self-sustained oscillators 18 (Underwood, this 
issue). Removal of melatonin by Px would result in be- 
havioural arrhythmicity if coupling were'weak, or have 
no effect if coupling were strong. Following this same 
logic, negative findings from Px studies on rodents do not 
necessarily indicate lack of pineal involvement in the 
mammalian circadian system, where SCN oscillatory 
coupling may be strong. Nevertheless, there is no evi- 
dence for a mammalian ancestral archetype in which the 
pineal was a circadian pacemaker and from which mod- 
ern species descended with loss of pineal pacemaker func- 
tion. 

Ontogeny 

The effects of melatonin administration on the circadian 
system of adult rats may be due to stimulation of the 
rudiments of an ontogenetic system normally redundant 
in adults, having declined during development, but which 
is capable of being activated when melatonin is adminis- 
tered in supra-physiological amounts. It has been sug- 
gested that melatonin could be an important source of 
entraining information for the fetal biological clock 3o, 
since: i) melatonin binding sites are found in the SCN of 
the human and Djungarian hamster foetus3~176 2) in 
rats the SCN oscillates before being innervated by the 
retinohypothalamic tract and the maternal circadian sys- 
tem entrains the fetal SCN to the external LD cycle 28; 
3) daily melatonin injections to pregnant, SCN-lesioned 
female hamsters set the subsequent phase of the pups' 
circadian activity rhythm and therefore presumably en- 
train the fetal rhythm 15. However, two observations 
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must be accounted for within the ontogenetic explana- 
tion. First, although maternal Px alters the metabolic 
rhythm in the rat fetal SCN, it does not prevent syn- 
chrony of the pups' circadian rhythms in the same way 
that SCN lesions do 29. Second, entrainment of hamster 
pups to melatonin injections is not limited to the narrow 
gate of approximately CT 10 and 11 as found in adult 
rats 1~ Nevertheless, the ontogenetic explanation has 
merit and needs to be explored further. 

1 Arendt, J., Aldhous, M., English, J., Marks, V., and Arendt, J. H., 
Some effects of jet-lag and their alleviation by melatonin. Ergonomics 
30 (1987) 1379 1393. 

2 Arendt, J., Aldhous, M., and Wright, J., Synchronization of a dis- 
turbed sleep-wake cycle in a blind man by melatonin treatment. 
Lancet 2 (1988) 772 773. 

3 Arendt, J., Bojkowski, C., Folkard, S., Franey, C., Marks, V., Minors, 
D., Waterhouse, J., Wever, R.A. ,  Wildgruber, C., and Wright, J., 
Some effects of melatonin and the control of its secretion in humans, 
in: Photoperiodism, Melatonin and the Pineal. Ciba Foundation 
Symposium 117, p. 266 283. Eds D. Evered and S. Clark. Pitman, 
London 1985. 

4 Arendt, J., Borbely, A. A., Franey, C., and Wright, J., The effect of 
chronic, small doses of melatonin given in the late afternoon on 
fatigue in man: a preliminary study. Neurosci. Lett. 45 (1984) 317 
321. 

5 Armstrong, S. M., Commentary on melatonin: A link between the 
environment and behavior. Integr. Psychiat. 5 (1987) 3-26. 

6 Armstrong, S. M., Melatonin: the internal zeitgeber of mammals?, in: 
Pineal Research Reviews, vol. 7, p. 157 202. Ed. R. J. Reiter. Alan R. 
Liss, New York 1989. 

7 Armstrong, S. M., Cassone, V. M., Chesworth, M. J., Redman, J. R., 
and Short, R. V., Synchronization of mammalian circadian rhythms 
by melatonin, in: Melatonin in Humans, p. 375 394. Eds R. J. Wurt- 
man and E Waldhauser. Springer-Verlag, Wien, New York 1986. 

8 Armstrong, S. M., and Chesworth, M.J., Melatonin phase-shifts a 
mammalian circadian clock, in: Fundamentals and Clinics in Pineal 
Research, p. 195-198. Eds G.P.  Trentini, C. De Gaetani and 
P. P~vet. Raven Press, New York 1987. 

9 Armstrong, S. M., and Redman, J., Melatonin administration: effects 
on rodent circadian rhythms, in: Photoperiodism, Melatonin and the 
Pineal. Ciba Foundation Symposium I17, p. 188 207. Eds D. Evered 
and S. Clark. Pitman, London 1985. 

10 Aschofl, J., Exogenous and endogenous components in circadian 
rhythms. Cold Spring Harbor Symp. quant. Biol. 25 (1960) I1 28. 

11 Cassone, V. M., Chesworth, M. I ,  and Armstrong, S. M., Dose-de- 
pendent entrainment of rat circadian rhythms by daily injection of 
melatonin. J. biol. Rhythms 1 (1986) 219-229. 

12 Cassone, V. M., Chesworth, M. J., and Armstrong, S. M., Entrain- 
ment of rat circadian rhythms by daily injections of melatonin depend 
upon the hypothalamic suprachiasmatic nuclei. Physiol. Behav. 36 
(1986) 1111 1121. 

13 Cassone, V. M., Roberts, M. H., and Moore, R. Y., Effects of mela- 
tonin on 2-deoxy-(1-14C)-glucose uptake within rat suprachiasmatic 
nucleus. Am. J. Physiol. 255 (1988) R332-R337. 

14 Chesworth, M. J., Cassone, V. M., and Armstrong, S. M., Effects of 
daily melatonin injections on activity rhythms of rats in constant 
light. Am. J. Physiol. 253 (1987) R101 RI07. 

15 Davis, E C., and Mannion, J., Entrainment of hamster pup circadian 
rhythms by prenatal melatonin injections to the mother. Am. J. Phys- 
iol. 255 (1988) R439 R448. 

16 Ellis, G. B., McKlveen, R. E., and Turek, E W, Dark pulses affect the 
circadian rhythm of activity in hamsters kept in constant light. Am J. 
Physiol. 242 (1982) R44-R50. 

17 Gwinner, E., Effects of pinealectomy on circadian locomotor activity 
rhythms in European starlings, Sturnus vulgaris. J. comp. Physiol. 126 
(1978) 123-129. 

18 Gwinner, E., and Benzinger, l., Synchronization of a circadian 
rhythm in pinealectomized European starlings by daily injections of 
melatonin. J. comp. Physiol. 127 (1978) 209 213. 

19 Kavaliers, M., and Ralph, C. L., Circadian organization of an animal 
lacking a pineal organ; the young American alligator, Alligator missis- 
sippiensis. J. comp. Physiol. 139 (1980) 287 292. 

20 Lerchl, A., and Kiiderling, I., Gonadal steroid excretion and daily 
locomotor activity patterns in saddle back tamarins (Saguinus Ji~sci- 

collis; Callitrichidae; Primates): influence of melatonin and light-dark 
cycles, in: Advances in Pineal Research. Eds S. E Pang and R.J. 
Reiter. John Libbey, London 1989. 

21 Pittendrigh, C. S., and Daan, S., A functional analysis of circadian 
pacemakers in nocturnal rodents. V. Pacemaker complexity: A clock 
for all seasons. J. comp. Physiol. 106 (1976) 333 355. 

22 Puchalski, W., and Lynch, G. R., Daily melatonin injections affect the 
expression of circadian rhythmicity in Djungarian hamsters kept un- 
der a long-day photoperiod. Neuroendocrinology 48 (1988) 280 286. 

23 Quay, W B., Infrequency of pineal atrophy among birds and its rela- 
tion to nocturnality. The Condor 74 (1972) 33 45. 

24 Quay, W B., Pineal homeostatic regulation of shifts in the circadian 
activity rhythm during maturation and aging. Trans. N.Y. Acad. Sci. 
34 (1972) 239-254. 

25 Redman, J. R., and Armstrong, S. M., Reentrainment of rat circadian 
activity rhythms: effects of melatonin..~ Pineal Res. 5 (1988) 203-- 
215. 

26 Redman, J. R., Armstrong, S. M., and Ng, K. T., Free-running activ- 
ity rhythms in the rat: entrainment by melatonin. Science 219 (1983) 
1089-1091. 

27 Reiter, R. J., The melatonin message: duration versus coincidence 
hypotheses. Life. Sci. 40 (1987) 2119-2131. 

28 Reppert, S. M., and Schwartz, W J., Maternal coordination of the 
fetal biological clock in utero. Science 220 (1983) 969 971. 

29 Reppert, S. M., and Schwartz, W J., Maternal endocrine extirpations 
do not abolish maternal coordination of the fetal circadian clock. 
Endocrinology 119 (1986) 1763 1767. 

30 Reppert, S.M., Weaver, D.R. ,  Rivkees, S.A., and Stopa, E.G.,  
Putative melatonin receptors in a hmnan biological clock. Science 242 
(1988) 78-81. 

31 Sach, R. L., Lewy, A. J., and Hoban, T. M., Free-running melatonin 
rhythms in blind people: phase shifts with melatonin and triazolam 
administration, in: Temporal Disorder in Human Oscillatory Sys- 
tems, p. 219-224. Eds L. Rensing, U. van der Heiden and M.C.  
Mackey. Springer-Verlag, Heidelberg 1987. 

32 Short, R. V., Method for minimizing disturbances in bodily perfor- 
mance and functions following rapid time changes. Australian Provi- 
sional Patent Application PF9418, May 18 (1983). 

33 Short, R. V., and Armstrong, S. M., Method for minimizing distur- 
bances in circadian rhythms of bodily performance and function. 
Australian Patent Application PG4737, April 27 (1984). 

34 Steinlechner, S., and Heldmeier, G., Role of photoperiod and mela- 
tonin in seasonal acclimatization of the Djungarian hamster, Phodo- 
pus sungorus, int. J. Biometeor. 26 (1982) 329 337. 

35 Thomas, E. M. V., Effects of melatonin on female rat circadian 
rhythms. Unpublished PhD dissertation, Monash University, Victo- 
ria, Australia. 

36 Thomas, E. M. V., and Armstrong, S. M., Melatonin administration 
entrains female rat activity rhythms in constant darkness but not in 
constant light. Am. J. Physiol. 255 (1988) R237 R242. 

37 Turek, E W., Earnest, D. J., and Swann, J., Splitting of the circadian 
rhythm of activity in hamsters, in: Vertebrate Circadian Systems, 
p. 203 214. Eds J. Aschoff; S. Daan and G. Groos. Springer-Verlag, 
Berlin, Heidelberg 1982. 

38 Van66ek, J., Pavlik, A., and Illnero%, H., Hypothalamic melatonin 
receptor sites revealed by autoradiography. Brain Res. 435 (1987) 
359 362. 

39 Wainwright, S. D., Role of the pineal gland in the vertebrate master 
biological clock, in: The Pineal Gland, Vol. III, Extra-Reproductive 
Effects, p. 53-79. Ed. R. J. Reiter. CRC Press, Boca Raton, Florida 
1982. 

40 Weaver, D. R., Namboodiri, M. A. A., and Reppert, S. M., Iodinated 
melatonin mimics melatonin action and reveals discrete binding sites 
in fetal brain. FEBS 228 (1988) 123-127. 

41 Wever, R. A., Characteristics of circadian rhythms in human func- 
tion, in: Melatonin in Humans, p. 323-373. Eds R. J. Wurtman and 
E Waldhauser. Springer-Verlag, Wien, New York 1986. 

42 Zisapel, N., Nir, 1., and Laudon, M., Circadian variations in melato- 
nin-binding sites in discrete areas of the male rat brain. FEBS 232 
(1988) 172-176. 

43 Zisapel, N., Circadian rhythms in melatonin receptors in discrete 
areas of the rat brain: coincidence with timing of physiological re- 
sponsiveness. Proc. 10th Intern. Congr. PhotobioI. (1988) 42. 

0014-4754/89/10932-0751.50 + 0.20/0 
�9 Birkhfiuser Verlag Basel, 1989 


