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Abstract

Endocrine biorhythms are classified according to the period time, as one of the
most characteristic properties of biorhythms. Each endocrine organ has parallel
more than one biorhythms with different period time (e. g. circadian and circan-
nual rhythms). The time of acrophase of the biorhythms at the different endo-
crine organs is fairly variant. This review summarizes the rhythmic function of
the THS-thyroid, gonadotrophic-gonadal and ACTH-adrenocortical systems.
Pineal gland plays an integrative role in the regulation of rhythmic function
of the endocrine system. The melatonin secretion of this gland also reveals
conspicuous circadian and circannual rhythms both in mammals and in birds.
Mammalian pineal is functional only if its peripheral sympathetic innervation
from the superior cervical ganglion is intact. In contrast, melatonin secretion
and its circadian rhythm is also maintained in birds under isolated conditions
(explanted into an in vitro superfusion system). The 24 hours period time of
melatonin circadian rhythm can not be changed by light impulses. The phases of
the circadian rhythm, however, can be turned by changing the time of environ-
mental light-dark phases. The wavelength of the artificial light used for reversal
of circadian rhythm is an important factor. The development of the entrainment
and synchronization of the circadian melatonin rhythm in birds is independent
of the rhythmic day-night changes in environmental lighting condition.

The differences in the main elements of the biological clock between mammals
and birds are discussed.

Already in 1966, the Nobel prize winner Axelrod apostrophized the pineal gland in the title of one
of his papers, as a “biological clock” [1]. On the other hand, in the last 30-35 years, it was recognized
that the majority, nearly all of the physiological processes have rhythmic character, like heart beat,
breathing, food intake, sleep-wakefulness etc. Nearly 30 years ago, a volume edited by Kawakami [2]
and written by 23 contributors (including one of the authors of this review ) devoted to the research of
biological rhythms was bearing the title: “ Biological Rhythms in Neuroendocrine Activity”. In many
of these rhythmic functions, pineal gland plays the role of a pacemaker, biological clock or regulator.
Therefore, it seemed to be interesting to study the rhythmic hormone secretion of the pineal gland
itself, and the biological clock character of this organ regulating the rhythms of other organ systems
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or functions (reproduction, orientation of migrating
birds etc.). Being authors interested in comparative
endocrinology, this aspect, especially similarities and
differences between mammals and birds, will also
be involved in this short survey. This problem was
recently summarized in more details in a short mono-
graph of the authors [3]

Among many other properties, the most character-
istic parameter of the different biorhythms is the pe-
riod time. It varies between seconds or milliseconds till
a year or even ten years (“circadecennial rhythms”)
[4]. The most thoroughly investigated rhythms are
the circadian and circannual biorhythms. Therefore,
the experimental work of the authors, consequently
the main task of this mini-review, deals primarily with
these two types of rhythms.

It would be impossible to deal with all types of
rhythmic physiological functions within the frame of
such a short survey. Therefore, we have to restrict the
scope of this mini-review to the endocrine biorhythms,
or to rhythms closely related to endocrine functions.

Endocrine biorhythms

All endocrine organs have parallel at least circadian
and circannual rhythms of their hormone secretion.
Table I. schematically comprises the best known en-
docrine rhythms pointing out the time of acrophase
of the given rhythm. Anterior pituitary is not listed in
this table, since the rhythmic secretion of the different
trophic hormones is mentioned at the corresponding
different peripheral endocrine systems.

Probably the circadian rhythm of adrenocortical
hormone (ACTH ) secretion was the most widely stud-
ied among all endocrine biorhythms. Daily rhythm of
different parameters of adrenocortical function was
studied in a wide variety of species such as birds [5,6 ],
mammals [7,8] and man [9, 10].

Besides many other parameters, blood corticoste-
roid determination seems to be the most reliable, and
is the most frequently investigated parameter of the
circadian rhythm of the ACTH-adrenocortical system.
Corticosterone [8,11] cortisol [12,13] and deoxycorti-
costerone secretion [14] or corticosterone binding ac-
tivity [15] equally show well defined circadian rhythm.
Authors generally agree that the acrophase of the
circadian rhythm of adrenocortical hormone secretion
is at the beginning or first half of the dark phase. On
the ground of concordant data of the literature, it is
now a general rule, equally in clinical diagnostics and
in animal experiments, that blood samples for adre-
nocortical hormone determinations should be taken
exactly at the same time of the day. The acrophase of
the circannual adrenocortical rhythm is in the short
day phase of the year (Nov.—Jan.) [16].

Less conspicuous but still characteristic is the
circadian and circannual rhythm of the TSH-thyroid
system. The circadian rhythm of this system was
equally investigated in mammals [17,18] and in birds
[19, 20]. Many parameters, like TSH and T4 blood
levels, thyroidal iodide uptake, mitotic rate of the
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thyroidal epithelial cells, were equally determined by
these authors. The acrophase of the circadian rhythm
of thyroid-hormone blood levels is in the light phase of
the day [17, 21].

However, there are some differences, especially
in the time of acrophase, in the circadian rhythms
between the diurnal and nocturnal active species
(human: [22, 23], rat: [17, 21]). Circannual thyroid
rhythm has its acrophase in the winter months (Nov.-
Dec.) in the albino rat [24].

Somewhat more complicated is the rhythm of the
gonadotrophic-gonadal system. Many mammalian spe-
cies and the majority of birds, reptiles and amphibia
belong to the so-called seasonally breeding species. At
these animals, the circannual rhythm of the gonado-
trophic-gonadal system is the most conspicuous (See
for references, mammals: [25], birds: [26]). Female
receptivity (ovulation) and male sexual activity (sper-
matogenesis, sexual behavior) equally have a longer
phase of sexual quiescence and a seasonally returning
sexually active phase.

The time of acrophase (sexually active period) var-
ies between ample limits, according to the length of
pregnancy and the habitat (e.g. northern or southern
hemisphere) at the different species. There is no space
here to enter into the discussion of rhythm regulation
of reproduction in the arctic [27, 28] and tropical [26]
bird species. This interesting question has been re-
cently surveyed by the authors in a Chapter of a short
monograph [3].

To the so-called cyclic breeders belong quite differ-
ent mammalian species (laboratory white rat, horse,
human being). The length of the cycle shows wide
varieties between the species (rat: 4 days, horse; 20-25
days, man 28 days). Since the exact time of ovulation
is individual within the given population of the cyclic
breeder species, therefore, males are steadily in sexual
activity to be able to fertilize females becoming recep-
tive in any day of the year.

The circadian rhythm of gonadotrophic-gonadal
system is less conspicuous, still existing at these spe-
cies; e.g. LH-release, consequently ovulation is at the
early afternoon hours at the albino rat, sexual behav-
ior at the diurnal or nocturnal species etc.

There are many data, available in the literature,
indicating that pineal gland plays a crucial role in the
timing and maintenance of the circadian as well as of
the circannual endocrine biorhythms. Pinealectomy or
melatonin treatment significantly alter both the circa-
dian and the circannual iodo-hormone concentration
of the thyroid gland. [24]. Pineal gland significantly
influences also the occurrence and timing of the sexu-
ally active period in the seasonally breeding mammals
(Syrian hamster: [299] birds: [30]). Sexual rhythm is
considerably changing also in the cyclic breeder albino
rat following manipulations on the pineal gland (See
for references: [31, 32]).

Rhythmic pineal melatonin secretion, being in the
focus of this short survey, will be discussed in the next
chapter.
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Orientation of the migratory birds is very probably
strictly related with the circannual rhythm of the en-
docrine system. Therefore, it seems to be interesting to
mention briefly also this aspect as a special example of
circannual biorhythms.

The original assumption that young birds learn the
route of migration from the parents was later formu-
lated that it is a genetically coded property of the dif-
ferent avian species. In the last few decades, evidences
were brought that earth magnetic fields serve for the
orientation of migratory birds.[33]. It was shown that
pineal gland is involved in the elicitation of migratory
behavior (“Zugunruhe”) and orientation capacity of
the pied flycatcher [34]. Although, this question is far
from satisfactorily be solved, it can be taken as a veri-
fied fact that pineal gland is a crucial factor in the elici-
tation of migratory behavior, probably by other circan-
nual rhythmic endocrine mechanisms. Earth magnetic
fields might serve as “road sign” for orientation.

Nature, mechanism and neural control of
the circadian pineal melatonin secretion
in mammals and birds.

There is a principal difference in the nature and
regulation of pineal melatonin secretion between
mammals and birds. Consequently, the regulatory
mechanisms of the circadian rhythm of pineal mela-
tonin production is also different between the two
classes of animals.

Mammalian pineal is functional only if its periph-
eral sympathetic innervation from the superior cervi-
cal ganglion is intact, and its neuronal contact with the
lateral eyes has been preserved [1, 35, 36].

Therefore, rat pineal explanted into a superfusion
chamber, is capable only for a basal secretion rate of
melatonin. This low basal secretion is independent
of the environmental light-dark changes [37, 38].
However, these denervated mammalian pineals react
with a high melatonin peak to norepinephrine (a sym-
pathetic neurotransmitter) or to Vasoactive Intestinal
Polypeptide (VIP) administration, also independently
of the light-dark phases [32, 39]. Figure 1.

In contrast, chicken pineal has kept its full
melatonin secreting capacity and circadian rhythm
explanted into a superfusion system [40], Figure 2.
The 24 hours period time of melatonin circadian
rhythm can not be changed by light impulses. Shorter,
6-6 hours light-dark rhythms, or continuous darkness
were ineffective. However, continuous illumination re-
sulted in an attenuated amplitude of the daily rhythm
tending to be stabilized in a steadily higher level of
melatonin secretion. Figure 3.

In contrast to the very stabile period time, the
phases of the circadian rhythm of pineal melatonin
production can be turned by changing the time of
environmental light: dark phases. Keeping explanted
chicken pineals in a reversed environmental light-
ing schedule, the daily melatonin rhythm was also
reversed with acrophase in the actual dark phase Fig-
ure 4 [41].

The wavelength of the artificial light, used for rever-
sal of circadian rhythm of pineal melatonin secretion is
also an important factor. As shorter the wavelength is,
as quicker the reversal of the phases of the melatonin
rhythm can be obtained. The most effective was blue,
less effective green, and red light was ineffective in this
respect [42] Figure 5.

The light reactivity of the avian pineal explanted
into a superfusion system was thoroughly investigated,
and principally similar results were obtained by Taka-
hashi et al, [43].

The development of the entrainment and synchro-
nization of the circadian melatonin rhythm in birds
is independent of the rhythmic day-night changes in
environmental lighting conditions. Chickens hatched
under continuous illumination from the very first day
of incubation, and newly hatched chickens were kept
also in continuous light, the circadian rhythm of pineal
melatonin secretion was completely normal. The light
reactivity of the explanted pineals of the “illuminated”
chickens (continuous light exposure, reversed light
schedule etc.) was the same as that of the normal
chickens [41].

Experimental input other than light, such as ambi-
ent temperature, moisture, food availability etc. might
also influence circadian rhythm of pineal activity
equally in reptiles [44, 45], birds [46, 47] and mammals
[48]. Earth magnetic field is important in inducing
seasonal migratory behavior in migrating birds [34,
49]. On the other hand, Wiltschko and Wiltschko [50]
reported that pineal gland plays also an integrative
role in inducing migratory behavior. In our superfusion
experiments, however, artificial changes in the envi-
ronmental magnetic fields failed to influence circadian
melatonin secretion on chickens (Csernus and Faluhe-
lyi, unpublished data).

On the ground of all these investigations, the fol-
lowing conclusions can be drown concerning the differ-
ences of the machinery of the biological clock, regulat-
ing rhythmic melatonin secretion in mammals and in
birds.

The main elements of the biological clock in mam-

mals are:

1. The input channel of the biological clock is formed
by the retina of the lateral eyes and by the visual
pathways [36, 51-53].

2. The pacemaker of this clock system is the suprachi-
asmatic nucleus of the hypothalamus. See for refer-
ences: [54].

3. The output channel of this clock system is the sym-
pathetic neural chain and the melatonin producing
cells of the pineal gland.

In contrast, the same three elements of the rhythmic

melatonin secretion, regulating biological clock in

birds, is quite different. All three elements are located

within the pineal gland. Figure 6.

Avian pineal gland has kept its direct light sensitiv-
ity (See for references [55]).

Cells similar in structure to the rod-and cone-cells
of the retina were found in reptilian and avian pineal
gland [56, 57]. A specific opsin (pinopsin), similar to
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the visual opsins of the retina, were
also described in the chicken pineal
[68]. So, the input channel for the
light impulses in this biological clock
system is the pineal gland itself.

The pacemaker. i.e. the central ele-
ment of this clock is also within the
pineal gland. Clock genes, present in
the chicken pineal gland [59, 60]
might be responsible for this function.
Robertson and Takahashi [61] ana-
lyzed the nature of the circadian clock
in cell culture of chicken pineal cells.
A complicated intra- and intercellular
mechanism was suggested by Mess
and Csernus, [62] and Csernus and
Mess [3] explaining the pacemaker
mechanism of the avian pineal gland.

Signal transduction pathways be-
tween the clock and the melatonin
synthesizing enzymes were recently
studied by Csernus and Mess [3].
Chicken pineals were exposed to vari-
ous drugs (forskolin, fluphenazine,
suramin, thapsigargin, nipridin, etc.)
which activate or inhibit known ele-
ments of the intracellular signal trans-
duction. It was concluded that cAMP-
protein kinase-A, calmodulin, nitric
oxide synthase and arachidonic acid-
prostaglandin system participate in
the control of melatonin release from
the avian pineal. These signal trans-
duction mechanisms and the well-
known process of melatonin synthesis
[35] form the output channel of circa-
dian melatonin rhythm.

There are also other considerable
differences between the function and
rhythm of the mammalian and of the
avian pineal gland. Only the two most
characteristic differences will be men-
tioned here.

A single short (few minutes) light
impulse in the middle of the dark
phase causes rapid and significant fall
in the night peak of melatonin release
in the living rat [63] and in the ham-
ster [64]. Similar results were ob-
tained in the living pigeon [65]. In
contrast, the same light impulse failed
to influence the diurnal rhythm of
melatonin output of the superfused
chicken pineal [52, 66] The explana-
tion of this difference needs further
experimental elucidation. It can be
supposed that retinal light reception,
responsible for the main input chan-
nel of melatonin rhythm at mammals
is more sensitive and have more quick
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Figure 1. Melatonin secretion of the perifused rat pineal tissue following exposure to
various neuropeptides for 30 minutes.
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Figure 2. MT release from explanted chicken pineal tissue fragments in vitro. MT
content of consecutive 30 minute fractions from a 5 day experiment are shown. On
the horizontal axis the real time (0 = midnight) is indicated. The perifusion columns
were exposed to normal light-dark environmental illumination cycle (L:D 14:10). Dark
columns represent dark environment. Circadian rhythmic MT release is seen. The peaks
are around midnight.
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Figure 3. MT release from explanted chicken pineals. The experimental setup and the
structure of the figure is similar to that of Fig. 2. This experiment was performed under
continuos illumination. The amplitude of the circadian MT cycle reduces rapidly and
then MT release tends to stabilize at a high level.
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reactivity than the light receptor
cells of the avian pineal.

The other conspicuous difference
between the reactivity of the mam-
malian and avian pineal gland is in
the response to external chemical in-
puts. It is generally known and ac-
cepted since decades that norepineph-
rine, the neurotransmitter of the
postganglionic sympathetic termi-
nals, is the most potent stimulator of
pineal melatonin production in mam-
mals [1, 35]. In contrast, this neu-
rotransmitter is slightly inhibitory in
birds under in vitro circumstances.
[62, 66, 67]. However, an other neu-
rotransmitter (neuro pep tide), VIP, is
stimulatory in both birds [52, 68] and
mammals [38, 39, 69].

Circannual rhythm of pineal
melatonin secretion was also reported
[24]. The highest pineal weight was
measured in rats, kept under natural
environmental lighting conditions,
in the long-day period of the summer
months, June and July. This is the pe-
riod, when a low pineal activity (long-
day) was expected. It was shown,
however, that high pineal weight is
coupled with low pineal activity (See
for references [70]). The acrophase
of the circannual rhythm of pineal
weight and activity widely varies
with species, especially at the season-
ally breeder animals. This aspect was
briefly summarized in the previous
chapter of this survey.

Figure 4. The effects of reversed illumination
on the MT release from explanted chicken
pineals. The experimental setup and the struc-
ture of the figure is similar to that of Fig. 2.
The tissue was exposed to LD 14:10 illumina-
tion cycle, but in reversed phase compared

to the normal light schedule. The phase of

the MT release was completely reversed (180
shift) in two days.

Figure 5. Spectral response of the chicken
pineal gland. MT release from explanted
chicken pineals are shown. The experimental
setup and the structure of the figure is simi-
lar to that of Fig. 2. The perifusion columns
were covered by red (R), green (G) or blue
(B) filters. The intensity of the illumination
was compensated by the light absorption of
the filters - on the surface of the perifusion
columns was 200 lux in each case. Reversed
illumination was applied. Although finally the
MT release was reversed in each case, but the
speed of the reversal was significantly faster
in case of the blue light reveling that the
chicken pineal gland is most sensitive to blue
light.
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Figure 6. Schematic representation of the features of the biological clock in the avian pineal gland.

Conclusions and Summary

The vast majority of physiological functions show
some kind of rhythm with widely different period
times.

Endocrine organs, including pineal gland, have at
least two types of rhythm: circadian and circannual
rhythms.

The rhythmic function (melatonin secretion) of the
pineal gland plays integrative role in the rhythm-
regulation of other organs or organ systems, with
special reference to reproduction.

The “ biological clock “, represented by the pineal
gland, consists of three main elements: input chan-
nel, central clock, output channel.

The mechanism and regulation of the circadian
rhythm of pineal melatonin secretion is principally
different in mammals and birds.

The three elements of the biological clock are lo-
cated in mammals in three different organ systems.
(1) the input channel: the retina and the visual
pathways, (2) the central clock (pacemaker): the
suprachiasmatic nucleus of the hypothalamus, and
(3) the output channel: the sympathetic nervous
system and the pineal gland.

The same three main elements of this clock are lo-
cated in birds in a single organ, in the pineal gland.
Light receptors are the rod-and cone-like pineal
cells (input channel) which are coupled by a com-
plicated biochemical machinery (pacemaker) to the
melatonin producing pinealocytes (output channel).

8 Therefore, denervated (explanted) mammalian
pineal is capable only for a low basal secretion rate
of melatonin, but has lost its reactivity (rhythm).
In contrast, avian pineal, explanted into an in vitro
superfusion system, has kept its circadian rhythm
and its responsiveness to changes in environmental
lighting conditions.

9 The 24 hours period time of the circadian melatonin
rhythm of the chicken pineal gland can not be
altered principally by changes in environmental
lighting conditions. However, the phase of circadian
rhythm can be reversed by reversal of the daily
light: dark cycle.

10 This autonomy of the rhythms and melatonin
producing capacity of the avian pineal gland is not
entrained by rhythmic day-night changes of envi-
ronmental lighting conditions, but this is due to a
genetically coded mechanism.

11 Chickens hatched and kept in continuous light
throughout their lifetime, the circadian rhythm of
pineal melatonin production still develops and is
normally maintained.

12 Experiments, performed on in vitro superfused
chicken pineals, indicate that avian pineal is an
appropriate model for further studying the nature
and character of different rhythmic biological func-
tions.
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