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Photoperiodism, melatonin and the pineal:
it’s only a question of time
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1 98.39 Photoperiodism, melatoninandthe pineal. Pitman, London (Ciba Foundation Symposium117)
pl-

Notably absent from the participants at this symposium on Photoperiodism,
Melatonin and the Pineal is a present-day Copernicus or Galileo, and yet
it is to astronomy that we must turn if we are to understand one of the basic
dilemmas faced by all forms of life on our planet. Our days and our seasons
are determined by two entirely independent astronomical events, and yet
both circadian and circannual rhythms have profound effects on every living
organism. How can these two independent rhythms be timed, so that their
different biological consequences can be anticipated and prepared for in
advance? In the Economy of Nature, has one clock been found that will
predict both events with precision? What is the mechanism that makes this
clock tick? How does it time the days, and the years?

It is as well to be reminded at the outset of the astronomical origin of
the events with which we are dealing (Thomas 1982). The length of a day
represents the time taken for the earth to complete one revolution about
its vertical axis. But since the sun regulates the hours of daylight, what we
are really concerned with from a biological standpoint is the time that it takes
for the earth to rotate once with respect to the sun. Since the earth is orbiting
the sun whilst it rotates, the relative positions of earth and sun are constantly
changing, and a solar day corresponds to a rotation of the earth through
about 361°.

A year represents the time it takes for the earth to orbit the sun. But
once again, biologically speaking, it is the timing of the seasons that is impor-
tant. Since the seasons of the year are determined by the angle of tilt of
the earth’s axis with respect to its plane of rotation about the sun, and the
earth is slowly wobbling, or precessing, about this axis, a tropical year, mea-
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sured as the time between successive spring equinoxes, is 365.24219879 days,
or about 20 min shorter than the true crbital time, which is referred to as
a sidereal year.

What clocks was man able to devise to measure time? Perhaps the easiest
events to monitor were the annual summer and winter solstices, when the
sun rises and sets furthest to the north or south, and reaches its greatest
or least angle in the sky at midday. Stonehenge, on Salisbury Plain, is one
of the greatest megalithic monuments apparently oriented around the summer
solstice, and it was constructed in about 2800 8.c. (Daniel 1980).

Absolute measurement of the time of day presented a more formidable
problem (Lloyd 1968). The Egyptians used shadow clocks to record the passing
of the daylight hours, and water clocks or clepsydrae for the night hours.
The best example of the latter comes from the temple of Karnak; it was
of the outflow variety, with its inner surfaces graduated for the hours of the
night, with variations to take into account the seasonal differences. The water
outflow from such clepsydrae was usually guarded by an effigy of Thoth,
the baboon (Papio cynocephalus), God of the night hours. Simple outflow
clocks were used in classical times in the law courts of Greece and Rome
to limit the length of speeches, and the Saxons measured time by means
of a bowl with a hole in the bottom which sank in a prescribed time when
placed in a bath of fluid. Graduated candles, shielded from draughts, were
another popular device, but they all measured time in arbitrary units, and
man lacked an exact standard, transferable from place to place.

The first true clocks, driven by water, represented a notable advance, and
a Chinese example has been found dating back to the eighth century A.D.
The first weight-driven clocks had to await the development of a device that
would prevent them from unwinding instantaneously. The first of these, known
as the verge escapement, was developed in Western Europe at the end of
the 13th century. It was not until about the middle of the 15th century that
the driving force of weights was replaced by the unwinding of a coiled spring.
But it was Galileo’s discovery of the isochronism of the pendulum, which
would swing with a constant frequency determined by its length, regardless
of the amplitude of the swing, that paved the way for Christian Huygens,
the Dutch physicist, to incorporate the pendulum as the timing mechanism
for a clock in 1657. This, coupled with William Clement’s brilliant design
of the anchor escapement, resulted in the development of the grandfather
clock, whose 39-inch pendulum with its precise one-second beat could keep
time to within a few seconds a day. The subsequent development of tempera-
ture and pressure compensation devices in the 18th and 19th centuries resulted
in clocks that could keep time to within a hundredth of a second per day;
now, we are perhaps approaching the ultimate with the caesium atomic clock,
which has an error of less than 0.00001 s/day.
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Man’s ability to measure the time of day with increasing precision has not
helped in the timing of a year, which for convenience must be composed
of a finite number of days. Thus today we have the lunar calendar of Islam,
based on 12 lunar months or 354} days to the year and hence bearing no
relationship to the solar calendar. Then there are luni-solar calendars, such
as the Jewish calendar with its 12 lunar months and an additional month
added seven times in each 19-year cycle to bring it back in step with the
solar cycle. The Western world has adopted the solar Gregorian calendar,
first promulgated by Pope Gregory XIII in March 1582 as a variant of the
earlier Julian calendar, introduced by Julius Caesar on 1 January 45 B.C.;
the seventh month of our year is still named in Caesar’s honour. The Gregorian
calendar, with its leap years, and the suppression of leap years in 1700, 1800,
1900, 2100, 2200 and 2300 (but not in 2000), results in a mean calendar year
of 365.2425 days, a close approximation to the tropical year of 365.2422 days.

Animals have solved the problem of timing the days and the years in a
far more ingenious fashion. They have opted for a very imprecise 24 h clock,
that in the absence of any entraining cues from the environment free-runs
with a periodicity of about 25 or 26 h. This circadian clock is apparently located
in the suprachiasmatic nuclei of the hypothalamus, and is normally entrained
to 24 h by daily photoperiodic cues from the environment, such as dawn or
dusk, which are perceived by the retina and transmitted to the suprachiasmatic
nuclei via the retinohypothalamic tract. During the hours of darkness, nerve
impulses pass from the suprachiasmatic nuclei to the pineal gland via the
cranial sympathetic nervous system, and B-adrenergic stimulation of the pinea-
locytes causes them to release their principal secretory product, the hormone
melatonin, into the systemic circulation. We now know that hamsters and
sheep are able to determine the progression of the seasons by sensing the
duration of the nocturnal elevation in melatonin concentrations. This ‘hour-
glass effect’ has enabled them to exploit their circadian clock to time seasonal
circannual events.

The central problem of how to time the days and the seasons of the year
is well illustrated in Ph. Galle’s 1574 engraving The Triumph of Time, thought
to be from one of the lost works of Pieter Bruegel the Elder (Fig. 1). Father
Time, represented by Saturn, is seen as the central figure, eating his child—a
reminder of the destructive nature of time. In his left hand he holds aloft
a serpent, biting its tail, an illustration of the endless cycles of time. Saturn
is riding in a chariot which also carries the globe, encircled by the signs of
the zodiac, representing the motion of the stars in our firmament, against
which man has always measured time. The chariot is drawn by two horses,
one bearing the symbol of the Sun, and one the Moon, Although Nicolai
Copernicus had put forward his heliocentric view of the universe in his bril-
liant treatise De revolutionibus orbium coelestium, published in 1543, this
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was regarded as a heresy by the Catholic Church, and was suppressed. It
even led to Galileo’s downfall in 1633 for having promoted Copernican views
in his great work Dialogo dei Massimi Sisterni of 1632. So perhaps the lunar
horse was added to give the engraving a measure of religious respectability.

Growing out from the globe is the Tree of Life, its leafless branches on
the left representing autumn and winter, and the foliage on the right, spring
and summer. The problem of the measurement of time is central to the entire
composition, for in a fork of the tree there is a weight-driven clock, its hammer
poised to strike the hours. Significantly, the clock lacks a pendulum, since
this engraving was made a century before the discoveries of Galileo, Huygens
and Clements. Immediately beneath Saturn can be seen an alternative form
of timekeeping, an hourglass.

The theme of the changing seasons is taken up in the background of the
picture. To the left, we have an autumnal equinoctial gale, with those mackerel
skies and mare’s tails that make tall ships carry small sails. To the right,
there is the tranquillity of spring; birds fly high, the windmill’s sails are
unfurled, and in the village square men and women dance around a maypole,
an ancient fertility ritual. But whereas Alfred, Lord Tennyson may have been
correct when he said that in the spring a young man’s fancy lightly turns to
thoughts of love, there is no evidence to suggest that humans are in any
sense seasonal breeders. If tropical Africa was the cradle of human evolution,
as all the recent archaeological evidence suggests, there would have been
no advantage for our early ancestors to restrict their births to certain seasons
of the year; none of the great apes do so, even to this day. Perhaps man’s
colonization of the temperate and polar regions of the globe has been too
recent, and our ability to control our environment so successful, that seasona-
lity of reproduction has never had occasion to evolve. Furthermore, it should
be remembered that spring matings are only appropriate for mammals with
short gestation lengths, like many of the rodents, or long gestation lengths
of about a year, like horses and camels, enabling their offspring to be born
in time to profit from the summer. Spring matings would be most inappropriate
for humans, since they would result in winter births.

To complete the picture, we must return to the foreground, with its symbo-
lism of the progression of time. The wheels of Time’s chariot are mandala,
archetypal Hindu symbols of completeness, and as time passes they crush
the artifacts of man’s making beneath them, destroying all things, even the
books of scholars. The procession of life is succeeded by death, the great
reaper. But all is not lost with death, for last of all comes a Cherubim, mounted
on an elephant, trumpeting perhaps the ultimate triumph of wisdom accumu-
lated over time.

We need to be constantly reminded of the many incredible physiological
adaptations that animals have developed to cope with seasonal environmental
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extremes. Since reproductive fitness is the ultimate key to the survival of
a species, we have naturally tended to orient our studies of circannual rhythms
around the reproductive system, but this cannot function in isolation. It
requires the support of other body systems, such as those concerned with
the ingestion and digestion of food, metabolism, thermoregulation, migration
and behaviour. Nowhere is this better illustrated than in the case of the Emper-
ior penguin, Aptenodytes forsteri, which breeds in Antarctica between the
latitudes of 66 °S and 77 °S, probably the most extreme environment colonized
by any bird (Le Maho 1977). It is the largest of all the penguins, with a
body mass of 20-40kg, and is remarkable for the fact that it has chosen to
lay its single egg, incubate it, and hatch the chick during the depths of an
Antarctic winter, when the average minimal ambient temperature is around
—48°C, and the average daily wind speed may reach 40 m/s! It is probably
the only bird, and certainly the only penguin, to have opted for winter nesting,
a strategy forced upon it primarily by the seasonal changes in the sea ice
which constitutes its nesting ground. That it can cope successfully with such
an incredibly harsh environment is testimony to the phenomenal powers of
adaptation of its physiological life-support systems, and is an indication that,
in Nature, all things are possible—given time.

The penguin’s year begins at the start of the Austral summer in November,
when the sea ice begins to break up, and air temperatures range from —5
to +1°C. In the ensuing months, all the birds in the colony undergo their
annual moult, although for any one bird the process only lasts for 30-40
days. During this time, the birds are confined to the unbroken sea ice, or
to islands along the Antarctic coast. They must starve, because lacking both
buoyancy and insulation they could never survive the plunge into the icy
waters in search of their food. As a result, they show an abrupt weight decline
from 35 kg to about 20 kg. Although their thermal insulation against the chill
summer winds is severely reduced during the moult, accounting for the drastic
loss of weight, the effect is somewhat mitigated by the fact that the old feathers
remain attached to the new ones until the latter are about 1cm long.

Their moulting complete, the Emperors go to sea for two to three months
to feed on the rich summer harvest of krill and fish, accumulating body fat
and protein against the rigours of the oncoming winter. They are known to
dive as deep as 265m and stay submerged for as long as 18 min in search
of their prey, and by the end of the summer, when in peak bodily condition,
they will weigh about 40kg, of which 10 kg is fat.

In the beginning of March, the seas start to freeze once more, and by
the end of the month, they are covered by ice. The Emperors then depart
south, seeking their traditional rookeries which are located on permanent
sea ice around the shores of the Antarctic continent; the largest rookery con-
sists of about 100000 birds at the height of the breeding season. This southward



IT'S ONLY A QUESTION OF TIME 7

migration is an amazing sight, the birds marching in single file, occasionally
tobogganing down slopes, at speeds of no more than 2km/h for 100km or
more to reach their chosen destination. It has been calculated that they utilize
about 1.5 kg of their precious fat reserves in a 200 km walk.

After arrival at the rookery, courting and copulation take place in late
April, and at the beginning of May each female lays a single egg that weighs
about 450g. By this time, since the female has also been fasting for 40-50
days, she has lost about 25% of her body weight, and so it is imperative
that she returns once more to the open sea to replenish her depleted energy
reserves, leaving the task of incubation exclusively to the male. He carefully
positions the egg on the upper surfaces of his feet, covering it from above
with a pendulous flap of skin, the brood pouch, and balancing himself on
his heels and his tail with his feet off the snow. Thus encumbered, the male’s
mobility is severely impaired. Should an egg fall off the flippers, it must be
recovered instantly, since it would soon freeze, killing the developing chick.

The key to survival in this forbidding, benighted environment is huddling.
The incubating males huddle close together in groups of up to 1000 birds
as protection against the howling Antarctic gales, and this has necessitated
the abandonment of all territorial behaviour—a male’s only defended territory
is his brood pouch. The huddles move very slowly down-wind, as the exposed
birds in the rear and on the flanks creep to the front, seeking greater protection.
Huddling can almost halve the rate of depletion of the fat reserves, thus
doubling the bird’s powers of endurance.

The male incubates the egg for about 65 days, from the beginning of May
to mid-July, enduring a fast that lasts for a total of about 115 days; during
this time, he loses about 40% of his body weight. By the time the chick
hatches, the male is near to the limits of his powers of endurance, and his
survival, and that of the chick, depend on the timely return of his mate from
her fishing expedition. He is able to sustain the newly hatched chick for a
few days with penguin’s milk, an oesophageal secretion similar to pigeon’s
milk, but then the female must take over the feeding, regurgitating the undi-
gested catch from her stomach. The male goes back to the sea to feed, returning
in August, while the female broods the growing chick until it acquires the
ability to thermoregulate on its own, when it may be abandoned in a huddle
of other chicks for up to three months whilst its parents are away feeding.
The chicks moult in the summer, replacing their down with feathers, and
eventually leave the rookery to enter the sea in December or January, although
their parents may continue to feed them at irregular intervals until they are
about a year old. They will not begin to breed until they are four to six
years old.

This exhausting life cycle of fast and feast, migration and starvation is criti-
cally dependent on the correct timing of a host of physiological responses
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to meet the changing demands of the harshest environment in the world.
We cannot be sure how the Emperor penguin times these events with such
precision, but photoperiod must surely be the signal. The incredible life history
of this bird should therefore serve as a stimulus to all of us to search far
more widely for effects of photoperiod on other bodily systems, such as those
involved in nutrition, metabolism, thermoregulation and behaviour.

There is now increasing evidence that in mammals such as hamsters, ferrets,
sheep, deer, horses, mink, skunks, voles and wallabies, all seasonal breeders,
the pineal is involved in the timing of reproductive events. Is melatonin simply
a timing hormone, exerting its effect indirectly by regulating the circadian
and circannual rhythms of secretion of other hormones such as prolactin and
the gonadotropins, or does it have direct effects of its own, for example on
hair pigmentation or gonadal activity? Where and how does it act? Can it
exert a feedback effect directly on the suprachiasmatic nucleus, the presumed
site of origin of all circadian rhythms including that of melatonin itself? There
is certainly growing evidence to suggest that, in birds, rats and even humans,
exogenous melatonin may be able to re-entrain disturbed circadian activity
rhythms.

We have come a long way in our understanding since Herophilus of Alexan-
dria first proposed in the third century B.c. that the pineal gland was respon-
sible for controlling the flow of memories from the fourth ventricle into more
anterior parts of the brain, or Rene Descartes (1677) thought of it as the
seat of the soul and Edmond King (1686) associated pineal calcification with
schizophrenia, late in the 17th century. Aaron Lerner first isolated melatonin
from the pineal in 1958 (Lerner et al 1958), and yet it is only within the
last decade that we have accumulated solid experimental evidence to accord
melatonin its true role—the Hormone of Darkness, the Hourglass of Time.
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Mammalian pinealocytes: ultrastructural
aspects and innervation
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Department of Anatomy, Johannes Gutenberg University, Saarstrasse 19-21, D-6500 Mainz,
Federal Republic of Germany

Abstract. In the mammalian pineal gland it is notoriously difficult to relate structure to
function. The pineal-specific cells, the pinealocytes, contain only inconspicuous numbers
of secretory granules, and the variable amounts of smooth and rough endoplasmic reticulum
also do not point to a particular function. In addition to these widely known cellular
components, pinealocytes contain organelles, the so-called ‘synaptic’ ribbons, histophysio-
logical studies of which provide important insights into the structural and functional com-
plexity of the organ. As synaptic ribbons may be involved in neuronal functions of
pinealocytes it is notable that these organelles are structurally heterogeneous, Ribbons
fall into at least two categories; rod-like (RSR) and sphere-like (SS) structures. RSR
and SS usually do not lie within the same pinealocyte profile and appear to be regulated
by different mechanisms. It is conceivable that they are important components of the
biological clock system. These findings are related to our knowledge of the innervation
of the mammalian pineal gland and to electrophysiological characteristics of pinealocytes.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 9-22

At first sight, the histological structure of the mammalian pineal gland is
not very exciting. The gland consists of only two major cell types, pinealocytes
and immature astrocytes. Occasionally, the pinealocytes are arranged in folli-
cles surrounding narrow or wide spaces. The gland is richly innervated by
postganglionic sympathetic nerve fibres, most of which are found in the peri-
vascular spaces of capillaries. In addition, pinealopetal fibres of central origin
are present (cf. Vollrath 1981). Observed under the light microscope the
pineal-specific cells, the pinealocytes, lack prominent and differential staining
properties. Special staining reactions such as silver impregnation are necessary
to demonstrate their complete outlines. Then it becomes apparent that pinea-
locytes are nerve cell-like, consisting of a perikaryon and an unknown number
of cytoplasmic processes. The large, pale nucleus with its prominent nucleolus
is also reminiscent of a large ganglion cell. As cytoplasmic basophilia is vir-

9
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tually non-existent, there is no satisfactory explanation for the high metabolic
activity of pinealocyte nuclei.

At the ultrastructural level it is also difficult to relate structure to function.
In most mammalian species investigated the pinealocytes contain few granules
that can be regarded as morphological correlates of secretory products, and
the circadian behaviour of the few dense-core vesicles present does not support
the assumption that they contain melatonin. According to Juillard & Collin
(1980) dense-core vesicles act as storage sites for serotonin. Pinealocyte peri-
karya house a prominent Golgi apparatus and relatively small amounts of
smooth and rough endoplasmic reticulum. In some species cisternae of the
endoplasmic reticulum contain flocculent material which may represent a form
of secretory substance. Highly pleomorphic mitochondria tend to form clusters
reminiscent of the ellipsoids of inner segments of photoreceptor cells. That
the pinealocytes are responsible for the conversion of serotonin to melatonin
has been demonstrated histochemically by showing that it is these cells that
contain serotonin (Bertler et al 1963) and melatonin (Freund et al 1977),
and not the astrocyte-like interstitial cells.

When we probe deeper into the morphology of the gland it is sobering
to see that there are many features (microtubular sheaves, mitochondria with
plate-like and tubular crests, subsurface cisternae, ‘synaptic’ ribbons, unusual
gap junctions etc.) which cannot be interpreted yet in terms of function. Should
we eventually clarify the functional meaning of these unusual features we
may have to revise the current pineal concept. The aim of this paper is to
focus on the important unresolved problem of why mammalian pinealocytes
are equipped with processes, and to consider some implications.

Why are mammalian pinealocytes equipped with processes?

It is generally accepted that mammalian pinealocytes are phylogenetically
derived from pineal photoreceptor cells. In lower vertebrates pineal photo-
receptors are similar to retinal cones and show outer and inner segments
as well as synapses with afferent pinealofugal nerve fibres. During phylogenesis
the outer segments regress as do the pinealofugal nerve fibres, but the synaptic
ribbons of the afferent synapses persist. In view of the phylogenetic regression
and the current concept that it is the function of mammalian pinealocytes
to synthesize melatonin and to release it into the systemic circulation, both
the shape of the pinealocytes and the architecture of the gland are surprising.
As beautifully demonstrated by Del Rio Hortega, human pinealocytes are
equipped with long cytoplasmic processes. Comparable processes are present
in all mammalian species investigated ultrastructurally. When we compare
these process-bearing cells with the pineal photoreceptor cells of lower verte-
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brates it is difficult to envisage that mammalian pinealocytes represent
regressed photoreceptor cells. Instead it appears that mammalian pinealocytes
are highly differentiated cells similar to nerve cells, the processes of which
receive messages and pass on signals. A puzzling feature is that, although
the possible morphological correlates of pineal secretory products are particu-
larly prominent in terminal swellings of pinealocyte processes in many mam-
malian species, only a few terminals are close to blood vessels. Instead, the
perivascular spaces are filled with large bundles of postganglionic sympathetic
nerve fibres. In fact, according to recent quantitative studies in the rat, 91.1%
of the nerve fibres have a perivascular location, the remainder lying between
pinealocytes (A. Meyer & L. Vollrath, unpublished work 1985). It is enigmatic
that sympathetic nerve fibres predominate in the perivascular spaces since
the nervi conarii reach the pineal gland independently of blood vessels, as
separate nerves. Apparently sympathetic fibres join the blood vessels secon-
darily. In view of what we know about the functional interrelationships of
pinealocytes and blood vessels on the one hand and sympathetic nerve fibres
and pinealocytes on the other, it would be logical to envisage a gland in
which most pinealocyte processes terminate in the perivascular spaces to
release their secretory products directly into the systemic circulation. The
sympathetic nerve fibres, on the other hand, should lie predominantly among
pinealocytes. Why the reverse applies is a challenging problem. As many
pinealocytes lie distant from the function-regulating sympathetic nerve fibres,
the question arises of whether they have structures that they may use for
intercellular communication.

Intercellular communication of pinealocytes

Two structures have to be considered: gap junctions and ‘synaptic’ ribbons.

Gap junctions

Gap junctions are known to be responsible for electrical and metabolic coup-
ling of adjacent cells. In the pineal gland they have been little investigated.
The few detailed studies show that gap junctions in the pineal are most interest-
ing structures exhibiting a number of unusual features. First, they are not
universally present as illustrated by their absence from the pinealocytes of
Syrian hamsters (Huang et al 1984). Secondly, in those species in which they
have been found (rat: Taugner et al 1981, guinea-pig: Huang & Taugner
1984) most of them are unlike typical gap junctions. In organs other than
the pineal, freeze-fracture studies reveal that gap junctions are macular struc-
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tures consisting of densely packed particles termed ‘connexons.’ In most gap
junctions in pinealocytes the junctional particles form (1) interrupted rows
that consist of a single layer of connexons, (2) uninterrupted rows of double-
row connexons or (3) ring-like or honeycomb-like structures in which the
connexons are arranged in one to five layers surrounding a connexon-free
central area (‘fenestrated gap junctions’). Although the basic structure of
these gap junctions is well known, we have an incomplete picture of their
precise location both within the pinealocytes and within the parenchyma.
In both rat and guinea-pig pineal glands they are most readily seen in pinealo-
cytes forming follicles. Here they occupy the collicular area near the wide
or rudimentary lumens. In guinea-pigs they have also been seen in pinealocyte
processes. However, nothing is known about their presence in pinealocytes
not forming follicles. From the available results one can only conclude that
electrical coupling of pinealocytes is apparently not present in all mammalian
species. In those species in which gap junctions are present, electrical coupling
may occur in certain areas of the pineal only.

‘Synaptic’ structures

In some sensory organs afferent synapses are characterized by the presence
of peculiar structures, the so-called synaptic ribbons (SR). Each consists of
a rod-like, plate-like, ring-like or solid-sphere-like electron-dense centre sur-
rounded by electron-lucent synaptic vesicles 40-60 nm in diameter. It has been
suggested that it is the function of the central core-structure to channel the
surrounding synaptic vesicles to the presynaptic membrane. Similar synaptic
structures are present in mammalian pinealocytes. Here they are functionally
enigmatic as afferent synapses are absent. Currently two hypotheses are pre-
vailing. One is that the function of SR is similar to that in other organs,
i.e. that they are involved in intercellular communication, not between neur-
ons, but between adjacent pinealocytes (cf. Vollrath 1973). Another view
is that they regulate the number of B-adrenoceptors of pinealocytes, e.g.
by internalizing parts of the receptor-bearing cell membrane (King & Dough-
erty 1982). As the number of SR changes under various physiological and
experimental conditions (cf. Vollrath 1981), it has been suggested that SR
may be devices for establishing intrapineal circuits, similar to neuronal circuits,
between pinealocytes (Vollrath & Huss 1973). It should be recalled that the
present concept of secretory pineal organs ‘runs the chance of excluding the
still potent possibilities that . . . sensory information gathering or other strictly
neural functions may be accomplished by the machinery contained in paren-
chymal pineal organs’ (Wurtman et al 1968). In view of this possibility we
are studying SR in detail, and recent results have indicated that they are
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highly complex organelles; their day/night rhythms and changes in number
illustrate how little we know about the structure and function of the mamma-
lian pineal gland.

It is now clear that pineal SR show a regular 24 h rhythm characterized
by low SR numbers during day-time and high numbers at night. Recently
it has become apparent that in some species the structural complexity of SR
has a functional counterpart. In the Chinese hamster rod-like SR (RSR) and
round-oval SR were found to have the commonly observed day/night rhythm,
whereas ring-like SR were more abundant during day-time than at night (Mat-
sushima et al 1983). Subsequently, an ‘inverse’ day/night rhythm was also
found in guinea-pigs, for solid round SR, the so-called ‘synaptic’ spherules
(SS) (Vollrath et al 1983). More detailed studies have revealed that SS show
prominent inter-species differences. They are commonly found in guinea-pigs
(Vollrath et al 1983) and rabbits (Martinez Soriano et al 1984), but are rare
inrats (Karasek & Vollrath 1982, Kosaras et al 1983). A detailed topographical
analysis of RSR and SS in guinea-pigs has revealed that the two types of
organelle are usually not present within the same pinealocyte profile and,
perhaps even more important, occupy different parenchymal domains (L.
Vollrath, and A. Meyer & L. Vollrath, unpublished work). Our working
hypothesis is that RSR and SS may be present in different types of pinealo-
cytes, previously characterized electrophysiologically (guinea-pig: Semm &
Vollrath 1980, rat: Reuss & Vollrath 1984). In the guinea-pig, RSR-bearing
pinealocytes may correspond to cells that are electrophysiologically highly
active at night and relatively inactive during the day, whereas the SS-containing
pinealocytes may be those that are electrically highly active during the day
and relatively inactive at night. In accordance with this assumption, RSR-
bearing and nocturnally active pinealocytes have been found in the rat pineal,
but SS are rare and diurnally active pinealocytes have not been detected (Reuss
& Vollrath 1984).

That RSR and SS may play a pivotal role in pineal function is suggested
by results obtained in vitro (L. Vollrath et al, unpublished work 1985). The
aim was to assess to what extent the daily changes of RSR and SS numbers
may be influenced by intrapineal melatonin and serotonin concentrations.
Rats were killed at different times of day and night (1300 h, 1700 h and 0100 h)
and their pineal glands were removed and cultured for different lengths of
time with or without melatonin or serotonin added to the incubation medium.
The glands were processed for electron microscopy and RSR and SS were
counted in an area of 20 000 um? pineal tissue. The results show that melatonin
affects SR numbers only at certain times of the 24 h cycle and that melatonin
and serotonin affect RSR and SS differently. Melatonin added in the afternoon
or in the morning has no effect on RSR numbers. It increases RSR numbers
when given during the first half of the night, when RSR numbers normally
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increase. Serotonin given in the morning depresses RSR numbers and
increases SS numbers. These findings suggest that melatonin and serotonin
may play a role in regulating RSR and SS numbers, at least under in vitro
conditions. Should the indole amines play a similar role in vivo, then interest-
ing possibilities for the function of the pineal gland as a biological clock open
up. The time of day could be morphologically encoded in the form of RSR
and SS numbers and, as RSR and SS numbers change with a 24 h rhythm,
the varying RSR/SS ratios could make the clock fairly precise. Another possi-
bility is that night-active and day-active pinealocytes could stimulate or inhibit
each other, form circuits etc.

A detailed topographical analysis of RSR, SS and gap junctions, assisted
by injections of tracers into pinealocytes, may be extremely valuable for under-
standing how pinealocytes communicate with each other and how this intercel-
lular communication relates to the function of the pineal as a whole. At the
same time there is the question of how the structural and functional complexity
of the pinealocytes relates to the innervation of the gland.

Innervation of pinealocytes

There is now ample morphological and electrophysiological evidence that the
mammalian pineal gland is not exclusively sympathetically innervated. Pinea-
lopetal fibres of central origin reaching the gland via the commissures are
also highly developed.

Sympathetic innervation

This type of innervation has been clearly defined, both morphologically and
functionally. The fibres originate in the superior cervical ganglia (SCG) of
the sympathetic trunk, continue in the internal carotid nerve and enter the
pineal gland as nervi conarii (Zigmond et al 1981, Bowers et al 1984). Their
importance for the regulation of melatonin synthesis has been demonstrated
by biochemical studies after sympathectomy (cf. Vollrath 1981) or electrical
stimulation of the SCG (10Hz, 1h), the latter leading to an approximately
50-fold increase of serotonin N-acetyltransferase (NAT) activity (Bowers &
Zigmond 1980, 1982). That we are far from fully understanding the influence
of the sympathetic nerve fibres on mammalian pinealocytes has recently been
demonstrated by studying the electrical properties of rat pinealocytes after
electrical stimulation of the SCG (Reuss et al 1985). Some pinealocytes did
not appear to be influenced by SCG stimulation, a second group responded
with enhanced electrical activity and in a third group electrical activity was
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depressed. In view of the continuing controversy about whether NAT or hy-
droxyindole O-methyltransferase (HIOMT) is the rate-limiting enzyme for
melatonin synthesis, and the lack of a clear-cut day/night rhythm of HIOMT,
in contrast to NAT, it is relevant to recall that as early as 1972 Heller reported
that preganglionic electrical stimulation of sympathetic nerves resulted in an
increase of pineal NAT activity but a decrease of HIOMT activity. These
experiments should be repeated in the light of what we currently know about
the two enzymes and the sympathetic innervation of the pineal gland. More-
over, immunocytochemical studies should be done to localize NAT and
HIOMT and to find out whether they are indeed present in the same pinealo-
cytes.

Central innervation

That nerve fibres reach the pineal gland via the habenular and posterior com-
missures has long been known (cf. Vollrath 1981). However, it is only with
modern neurobiological techniques available that it is becoming apparent that
these fibres may be of functional importance. As this evidence has been thor-
oughly reviewed by Mpller & Korf (1984), only a brief description is given
here. Lesion and horseradish-peroxidase studies have revealed that central
pinealopetal nerves fibres originate in diverse brain regions including the habe-
nular, paraventricular and suprachiasmatic nuclei as well as the preoptic area,
amygdala, olfactory centres, lateral geniculate bodies and the sites of origin
of the stria medullaris. From a functional point of view it is important to
note that the central fibres contain a variety of peptides such as oxytocin,
vasopressin, luteinizing hormone-releasing hormone, vasoactive intestinal
polypeptide and substance P. Interestingly, the fibres are unevenly distributed
in the gland, some lying in the periphery and others in the centre. How this
relates to a possible subdivision of the parenchyma into cortex and medulla
is an open question. It is also not known whether the neuropeptides contained
in the nerve fibres are released into intrapineal blood vessels and/or whether
they act locally, e.g. by regulating pinealocyte function. Other important un-
resolved issues are whether the electrophysiological differences between
pinealocytes are due to differences in their innervation, i.e. sympathetic versus
central, and what role a possible parasympathetic innervation plays.

Conclusions

Using modern neurobiological techniques we are finding that the structure
and function of the mammalian pineal gland are more complex than previously
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thought. In particular it is becoming apparent that a conceptual approach
that probes the possible neuronal nature of mammalian pinealocytes is very
promising. Because of their unusual structural features, mammalian pinealo-
cytes may become highly favoured objects of research for morphologically
oriented cell biologists.
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DISCUSSION

llinerovd:What percentage of pinealocytes contain spherules and what per-
centage ribbons? And how do these percentages correlate with the numbers of
light-active and dark-active cells?

Volirath: In the guinea-pig about 50% of these synaptic structures are
ribbons and 50% are spherules, but this depends greatly on the time of day.
Whether all pinealocytes contain ‘synaptic’ bodies is an open question. There
are large inter-species variations; for instance, in the rat, in contrast to the
guinea-pig and rabbit, there are normally very few spherules in the pineal. We
don’t yet know how many cells are electrically active during the day and how
many are nocturnally active because it is not possible to record from a large
number of pinealocytes to estimate percentages. I wish we had a simple way of
telling after 10 min of recording whether a cell is day-active or night-active.

Short: Were your unit recordings from single cells after excision from the
animal or were they in situ recordings?

Vollrath: In situ recordings. We made rather few because it is not possible to
record from many cells over long periods of up to 26 h.

Tamarkin: Have you applied melatonin to the pineal while you are recording
from cells in situ?

Vollrath: Not during long-term recordings, but we have applied melatonin by
microiontophoresis during short-term recordings (Semm et al 1981a). There
are different kinds of pinealocytes: some are depressed by melatonin, others
are activated and some show no response. There is also a difference between
responses during the day and those at night. During night-time fewer pinealo-
cytes are stimulated and more are inhibited.

Reiter: You suggest that serotonin and melatonin may be involved in regulat-
ing the number of synaptic ribbons. In normal light/dark cycles the number of
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synaptic ribbons increases during darkness, but the number also increases with
constant light exposure. However, in constant light serotonin and melatonin
concentrations are relatively stable and don’t show rhythms. How do you
reconcile this with a change in the number of synaptic ribbons?

Vollrath: It is premature to be dogmatic about these results. We might expect
pineal glands in vivo to atrophy under continuous illumination, but they do not
(L. Vollrath, unpublished work, guinea-pig). In fact the pinealocytes look as
active as ever, so I am not prepared to extrapolate yet from our in vitro results
to the situation in vivo. The increases of ribbon numbers at night and under
continuous light are compatible if one assumes that ribbons are stimulatory.
Under a light/dark cycle they are thought to enhance melatonin secretion at
night, and under constant light they are high in number perhaps to overcome
the light-induced depression of melatonin formation.

Klein: 1don’t see thatitis incongruous that synaptic ribbon numbers increase
both in constant light and at night. The increase during darkness could simply
be an effect of light that takes about 12 h to be expressed.

Zucker: Do you have any idea what, if anything, the pineal gland does in the
guinea-pig?

Vollrath: No.

Zucker: In the 1930s Young and collaborators maintained guinea-pigs in
constant light for months at a time and found no effects on reproduction of
females. The animals had normal oestrous cycles and delivered young (see
Young 1969, p 36).

Vollrath: And we have found that continuous illumination has no effect on
testicular weight (L. Vollrath, unpublished work).

Turek: Could you comment on the central nervous system innervation of the
pineal gland? Is the pineal stalk the main pathway into the pineal from the
central nervous system in rodents?

Vollrath: One should be careful when using the word ‘stalk’ because people
think of the pineal stalk in different terms. In the rat the pineal stalk is between
the deep pineal and the superficial pineal, but in the guinea-pig it is the
connection between the habenular nuclei and the pineal, below the habenular
commissure (Semm et al 1981b, Schneider et al 1981). In the rat the central
innervation comes via the habenular and posterior commissures into the deep
pineal and then through the stalk to the superficial pineal.

Turek: We have looked at the reproductive response of the hamster in a
variety of different photoperiods and conditions after lesions of the deep
pineal, and we have found no effect, even after making massive lesions that
probably obliterated much of the central nervous system innervation of the
pineal.

Short: What does pineal stalk section do to pineal function?

Vollrath: This has not often been done. Quay (1971) found a reduction in size
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of the superficial pineal after stalk sectioning, and minor changes with respect
to phase-shifting of locomotor activity.

Menaker: In sparrows stalk section does nothing to the function of the pineal
in supporting circadian rhythmicity (Zimmerman & Menaker 1975).

Lewy: Isit possible that there is a visual input to the pineal through the direct
central innervation?

Vollrath: From the anatomical point of view it is quite feasible. Mgller &
Korf (1983) have recently shown connections between the lateral geniculate
body and the pineal gland, and this indicates very clearly that there may be
diverse inputs from the visual system, via the brain and not only via the
sympathetic nervous system.

Bitman: What is the effect of superior cervical ganglionectomy on the
peptide content of the pineal? This might tell us whether the peptides come
from the brain or the superior cervical ganglion or are endogenous to the
pineal.

Vollrath: This has not been studied in detail yet, but some of these peptides
are still present after superior cervical ganglionectomy (Rgnnekleiv & Kelly
1984), indicating that they definitely come from the brain directly through the
stalk.

Bittman: Unless they are made in the pineal.

Vollrath: 1 don’t think so, since the neuropeptides are apparently restricted
to axons.

Rollag: Have you found any morphological correlate that would distinguish
the deep pineal component, so prevalent in rodents, from the superficial
component? Is there any morphological difference that would suggest different
functions for these two components?

Vollrath: The cell nuclei are smaller in the deep pineal than in the superficial
pineal (Boeckmann 1980) and there are more astrocytes (Hewing 1981); there
are only slightly fewer synaptic ribbons per unit area (Hewing 1980, 1981), so
from a morphological point of view we do not see many large differences.

Rollag: In the deep pineal gland, but not in the superficial, pinealocyte
processes project into the cerebrospinal fluid (CSF), penetrating the ependym-
allining. Do you think this particular relationship between the deep pineal and
the CSF is significant?

Vollrath: I'm quite sympathetic towards the idea that there is some sort of
communication between the CSF and pinealocytes. This does not fit into our
current concept of pineal function, but the idea is worth exploring carefully.
Maria Hewing (1984) has shown that in the hamster the contact area between
the deep pineal and the third ventricle changes with the season, so this area may
be functionally very important.

Menaker: You have emphasized communication among pinealocytes, but is
there any physiological evidence for this?
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Vollrath: Only very few pinealocytes seem to come into direct contact with
the sympathetic nerve fibres, so I think there must be some form of com-
munication.

Menaker: That’s interesting because in birds of course there is physiological
evidence for such communication.

Goldman: You commented that your observations do not seem to fit with
our current ideas about the pineal. Isit the sparse innervation of a gland that we
think is totally driven by the nervous system which seems inconsistent to you?

Vollrath: The location of the nerve fibres does not fit our present concept,
but there are a number of other things. Day-active pinealocytes are puzzling
(Semm & Vollrath 1980), and although continuous illumination has been
reported to depress melatonin formation (cf. Vollrath 1981), we see no atrophy
of guinea-pig pinealocytes (L. Vollrath, unpublished work).

Goldman: Although we think of melatonin as the functional product of the
pineal, the gland also exhibits a rhythm in serotonin levels with higher concen-
trations during the day, so the activity that you see during the day may be
related to that. The sparse innervation might also be simply explained. In lower
vertebrates the pineal has an endogenous oscillatory property, and one would
expect connections between pinealocytes. Perhaps innervation is less impor-
tant in these animals. In making use of the pineal system that they inherited
from lower vertebrates, mammals perhaps did not require a dense innervation
because communications between cells could magnify the effects of the neuron-
al input.

Vollrath: It’s quite possible.

Klein: On the basis of the gap junction studies you mentioned and Taugner’s
observation of a basement membrane ‘insulation’ around groups of pineal cells
(Huang & Taugner 1984, Huang et al 1984, Taugner et al 1981), it appears that
we should think of the mammalian pineal gland as being organized into plastic
bags containing interconnected grapes (pinealocytes), with only one or two
cells at the open end of each bag communicating with the sympathetic nervous
system and the gap junctions amplifying the initial response.

Vollrath: Yes, but before we can be certain that the pineal functions like a
bag of grapes we must look at the exact topography of the gap junctions and the
synaptic ribbons.

Klein: 1 agree, and I’'m wondering why nobody has injected Lucifer yellow
into pineal cells. It is an elegant technique because you can not only map the
distribution of connecting cells but also quantitate changes in the degree of
communication, which I think we will see in the pineal gland. I've always
suspected that some kind of communication is going on from our in vitro
studies. We work with both individual cells and whole organs. The dose-
response data we get with cyclic nucleotides in individual cells are tight and
smooth over several orders of magnitude; the curves are highly reproducible
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with very small standard errors. However, the organs are frustrating to work
with because each one shows an all-or-none response. We may have two organs
from the same group of animals treated identically in the same dish, but one will
show a complete response and the other will show no response. We have always
wondered whether only a few cell clusters or areas have to be activated to turn
on the whole gland.

Volirath: We have been planning to inject dyes into single cells for some time
because we would like to correlate the electrical activity of single pinealocytes
with the length and course of the processes.

Klein: You mentioned that the histology of the pineal does not hold great
interest because there are few unusual features, but I think that interest in this
topic will increase as new antisera become available. Antisera against several
retinal proteins of special interest have been prepared; one is the S-antigen and
another is the intra-photoreceptor retinoid-binding protein which has now
been found in high concentrations not only in the monkey retina but also in the
pineal gland (Rodrigues et al 1965). Another interesting and unusual protein
involved in phototransduction is transducin. Some has been purified from the
bovine retina by Bob Somers at the National Eye Institute, and highly specific
antiserum against the a-subunit of transducin, which was originally found only
in the retina, has been prepared by Peter Giershick and Allen Speigel (National
Institute of Arthritis, Diabetes, and Digestive and Kidney Diseases). Theo van
Veen (University of Lund), Horst Korf (University of Giessen) and I have
started to look at pineal organs with this antiserum and have found that all
vertebrate photosensitive pineal organs contain the a-subunit in photoreceptor
outer segments. These new specific immunohistochemical tools may be valu-
able not only in identifying pineal cells but also in tracing pineal processes out
of the deep pineal area.

Vollrath: 1 think immunocytochemical studies are going to be very impor-
tant. You have recently shown that the retinal S-antigen is not evenly distri-
buted in the pineal in some mammalian species (Korf et al 1985). In some
species you see lots of immunoreactive cells in the periphery and it isinteresting
that we find more sympathetic nerve fibres between the pinealocytes in the
periphery than in the centre of the organ. It may turn out that wherever there is
direct innervation there is a different type of pinealocyte.

Klein: A correlate of the idea that there are different cells in the mammalian
pineal gland may be the observation that the autoimmune damage to the pineal
gland caused by injecting retinal S-antigens appears to occur predominantly in
certain areas high in S-antigen. Igal Gery’s group in the National Eye Institute
has studied this and has also looked at the damage caused by injection of the
retinoid-binding protein, which produces similar results. Accordingly, there
may be important regional differences between pinealocytes.



22 DISCUSSION

REFERENCES

Boeckmann D 1980 Morphological investigation of the deep pineal of the rat. Cell Tissue Res
210:283-294

Hewing M 1980 Synaptic ribbons in the pineal system of normal and light deprived golden
hamsters. Anat Embryol 159:71-80

Hewing M 1981 Topographical relationships of synaptic ribbons in the pineal system of the vole
(Microtus agrestis). Anat Embryol 162:313-323

Hewing M 1984 Seasonal variations in the cerebrospinal fluid-contacting area of the pineal gland in
the golden hamster (Mesocricetus auratus). Anat Embryol 169:91-96

Huang S-K, Taugner R 1984 Gap junctions between guinea-pig pinealocytes. Cell Tissue Res
235:137-142

Huang S-K, Nobiling R, Schachner M, Taugner R 1984 Interstitial and parenchymal cells in the
pineal gland of the golden hamster Mesocricetus auratus: a combined thin section freeze
fracture and immunofluorescence study. Cell Tissue Res 235:327-338

Korf H-W, Mgller M, Gery I, Zigler JS, Klein DC 1985 Immunocytochemical demonstration of
retinal S-antigen in the pineal organ of four mammalian species. Cell Tissue Res 239:81-85

Mgller M, Korf H-W 1983 The origin of central pinealopetal fibers in the Mongolian gerbil as
demonstrated by the retrograde transport of horseradish peroxidase. Cell Tissue Res 230:273-
287

Quay WB 1971 Dissimilar functional effects of pineal stalk and cerebral meningeal interruptions on
phase shifts of circadian activity rhythms. Physiol & Behav 7:557-567

Rodrigues M, Gaskins R, Wiggert B, Redman M, Chader G 1965 Immunocytochemical localiza-
tion of intraphotoreceptor retinoid binding protein in the primate retina and pineal gland.
Invest Ophthalmol & Visual Sci 26(suppl):340

Rennekleiv O, Kelly MJ 1984 Distribution of substance P neurons in the epithalamus of the rat: an
immunohistochemical investigation. J Pineal Res 1:355-370

Schneider T, Semm P, Vollrath L 1981 Ultrastructural observations on the central innervation of
the guinea-pig pineal gland. Cell Tissue Res 220:41-49

Semm P, Vollrath L 1980 Electrophysiological evidence for circadian rhythmicity in a mammalian
pineal organ. J Neural Transm 47:181-190

Semm P, Demaine C, Vollrath L 1981a Electrical responses of pineal cells to melatonin and
putative transmitters. Evidence for circadian changes in sensitivity. Exp Brain Res 43:361-370

Semm P, Schneider T, Vollrath L 1981b Morphological and electrophysiological evidence for
habenular influence on the guinea-pig pineal gland. J Neural Transm 50:247-266

Taugner R, Schiller A, Rix E 1981 Gap junctions between pinealocytes: a freeze fracture study of
the pineal gland in rats. Cell Tissue Res 218:303-314

Volirath L 1981 The pineal organ. Springer-Verlag, Berlin

Young WC 1969 Psychobiology of sexual behavior in the guinea pig. In: Lehrman DS et al (eds)
Advances in the study of behavior. Academic Press, New York, vol 2:1-110

Zimmerman NH, Menaker M 1975 Neural connections of sparrow pineal: role in circadian control
of activity. Science (Wash DC) 190:477-479



Photoperiodism, melatonin and the pineal

Editors: David Evered and Sarah Clark
Copyright © Ciba Foundation

Circadian rhythms and photoperiodism

MARTIN C. MOORE-EDE* and MARGARET L. MOLINE+t

*Harvard Medical School, Department of Physiology and Biophysics, 25 Shattuck Street, Boston,
Massachusetts 02115, and fInstitute of Chronobiology, Department of Psychiatry, The New York
Hospital-Cornell Medical Center, 21 Bloomingdale Road, White Plains, New York 10605, USA

Abstract. The circadian timing system plays a critical role in the regulation of seasonal
modifications in reproductive function. By detecting and transducing changes in the day-
length (photoperiod), the neural substrates of the circadian system, including the supra-
chiasmatic nuclei of the hypothalamus, trigger reproductive activity or quiescence at the
appropriate seasons of the year in photoperiodic species. The circadian system also plays
a role in the expression of endocrine changes that occur with seasonal breeding. Surges
in luteinizing hormone secretion in female hamsters, for example, are either expressed
daily during reproductive quiescence or suppressed on three out of the four days of the
cycle during the breeding season. By such mechanisms a daily timer can be used in the
regulation of cyclic events of much longer period.

1985 Phoioperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117} p 23-37

Of all the rhythmic processes that are observed in living organisms, the most
precisely regulated are those which are used to measure and predict periodic
changes in the environment. These ‘circa-rhythms’ (circadian, circatidal and
circannual) are generated by internal pacemaking systems which are synchro-
nized to their periodic counterparts in the outside world. Two of the classes
of circa-rhythms (circadian and circannual) rely for their synchronization on
changes in the illumination of the environment with either the time of day
or the season of the year. In this paper we discuss an elegant economy of
nature whereby the same neural substrates are used for detecting and process-
ing temporal information on these two different time scales.

The characteristics of the 24 h day—night cycle of environmental illumination
that are important to timekeeping processes are its period (cycle length),
its phase (timing of dawn and/or dusk), the photoperiod (hours of light per
day) and the intensity and wavelength of the incident light. Of primary impor-
tance to the synchronization of the circadian timing system are the period
and phase of the daily light-dark (LD) cycle, while the circannual system
utilizes the photoperiod to ensure synchronization to the season of the year.
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Synchronization to environmental day—night and seasonal cycles is essential
to survival, especially in temperate zones. Since the nocturnal and day-time
environments differ in illumination, temperature, food supplies and predators,
many species have developed highly specialized temporal niches so that they
tend to be better adapted to activity either during the night or during the
day. Similarly, in temperate zones, the environmental conditions can vary
markedly with the season of the year. While only some species show dramatic
behavioural responses such as hibernation, many species synchronize breed-
ing, and therefore the birth of their offspring, to the most advantageous time
of year for survival.

Photoperiodism in mammals

That the photoperiod is the most important environmental factor controlling
seasonal breeding was not appreciated until relatively recently (Ortavant et
al 1964, Turek & Campbell 1979). On the basis of length of gestation period,
photoperiodic species can be classified as long-day or short-day breeders.
Animals such as the sheep and goat with moderately long gestation periods
begin to breed as daylength decreases (Hafez 1950, Ortavant et al 1964).
The breeding seasons of mammals with very short gestation lengths such as
hamsters (Bruce & Hindle 1934), mice (Petterborg & Reiter 1980) and some
species of rats (Everett 1942) begin as daylength increases. Horses, with very
long gestation lengths, are also long-day breeders (Frost & Zucker 1983).
In both long-day and short-day breeders, there is a critical amount of light
that determines whether an animal becomes and/or remains reproductively
competent or whether it becomes anoestrous (or aspermatogenic). In long-day
breeders, the critical stimulatory photoperiod length must be exceeded for
oestrous cycles to persist, while in short-day breeders, the environmental LD
cycle must not exceed the critical photoperiod. This critical photoperiod
requirement can be quite stringent. In the adult male hamster for example,
a long-day breeder, Gaston & Menaker (1967) reported that at least 12.5h
of light per 24 h were required to maintain testicular weight and full spermato-
genesis; 12 h of light per day were not sufficient. Once an animal is exposed
to a photoperiod that does not meet the critical length, regression of the
testes or anoestrus ensues irrespective of the length of the non-stimulatory
photoperiod. In female hamsters, blinding (Reiter 1968) was as effective as
LD 10:14 (Seegal & Goldman 1975) in causing anovulation.

Reproductive photoperiodism appears to be a genetic trait. Granados (1951)
reported that hamsters had been selected for breeding at the NIH hamster
colony on the basis of their ability to breed during the usual period of anoestrus
(November to May). In this way, the seasonality trait was bred out of the
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hamsters. In the rat, the inbred DA strain, but not the Vanderbilt strain,
is responsive to alterations in photoperiod (Everett 1942). In sheep, the
duration of the breeding season is related to the latitude and altitude of the
origin of the breed (Hafez 1950). The most restrictive breeding season has
been observed in ewes whose ancestral origin was in the mountains of Scotland
and Wales, while the longest occurred in merino sheep from Spain. Latitude
of origin also appears to influence reproduction in the deer mouse (Dark
et al 1983).

Although photoperiodism does not seem to be important for human repro-
duction, many clinical reports suggest that some psychiatric disorders have
photoperiodic components. Studies of patients in Europe and the United
States have shown a seasonal increase in the number of psychiatric admissions
for affective disorders (mania and major depression), with a peak in spring
(Parker & Walter 1982). A subpopulation of bipolar manic-depressive patients
becomes depressed as photoperiods shorten toward winter and manic when
photoperiods lengthen toward spring (Rosenthal et al 1984). That photoper-
iodism is involved in the affective disorder of the latter group of patients
is suggested by the observation that extending the photoperiod artificially
with bright lights leads to clinical improvement.

Mechanisms for measuring environmental photoperiod

There are several features of the LD cycle that could be used to measure
the environmental photoperiod. The detected characteristic of the LD cycle
could be the duration of light (or dark), a change in the number of hours
of light per day, or the presence of light at a critical phase during the 24h
day. This question has been addressed in mammals by four techniques: (a)
by housing animals in resonant light cycles, (b) by pulsing animals with light
at different phases of the day, (c) by driving the period of the circadian system
to values other than 24 h and (d) by exposing hamsters to ‘skeleton’ photoper-
iods. These studies have indicated that Biinning’s hypothesis (1936) that the
endogenous circadian system is responsible for daylength measurement is cor-
rect. Photoperiodic reproductive responses are triggered by light falling at
a critical phase of the circadian cycle that normally lies within the hours of
darkness during the extended nights of late autumn and winter.

‘Resonance’ light cycles consist of a fixed short photoperiod coupled to
intervals of darkness of different durations (i.e. 6:18, 6:24, 6:30, etc.) (Turek
& Campbell 1979). The light stimulus falls at different phases of the circadian
day depending on the particular resonance cycle. If the photoperiodic system
was sensitive to light at critical phases and not to the duration of the light,
some of the resonance cycles would be interpreted as stimulatory photo-
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periods. This hypothesis has been supported by the results of studies using
resonance cycles in hamsters, each dealing with a different facet of the photo-
periodic response. Male hamsters transferred from a stimulatory photoperiod
to a regimen of four resonance cycles with a 6h photoperiod had regressed
testes when light did not coincide with the period of time during which the
animals were active in their subjective night (Elliott et al 1972). After male
hamsters had regressed in another experiment, precocious recrudescence
(resumption of reproductive function) was induced with 6 h photoperiods that
illuminated animals during their active phases (Stetson et al 1975). Thus,
whenever light fell on a specific phase of the circadian day, the limited photo-
period supported reproductive competence.

Resonance photoperiods have also been used to study reproductive activity
in sheep, an example of short-day breeders (Almeida & Lincoln 1982). The
testes of rams exposed to LD 16:8 regressed within 16 weeks. Resumption
of function occurred more quickly following exposure to LD 8:40 than to
LD 8:28, presumably since only the former was interpreted as a short day,
even thought both photoperiods provided 8 h of light. Thus, in both long-day
and short-day breeders, light falling within a critical phase stimulates the
photoperiodic response.

A critical period of photosensitivity within the circadian day has also been
examined through the use of timed light pulses. Hoffman & Melvin (1974)
and Rudeen & Reiter (1980) housed male and female golden hamsters in
LD cycles consisting of 15 min of light every 6 h, repeated four times. Under
this environmental regimen animals did not have regressed testes, while con-
trol hamsters exposed to the same 1 h photoperiod once every 24 h did regress.
One (or more) of the 15 min pulses appears to have fallen on the photosensitive
period. In male Djungarian hamsters, 1 min of light in the middle of the
dark phase of LD 8:16, a non-stimulatory photoperiod, was sufficient to induce
testicular growth (Hoffmann 1979). Even less light may be required than
1 min. Earnest & Turek (1984) exposed male hamsters to 10s of light every
two, four or seven days during the dark phase and significantly prevented
gonadal regression.

The ability of light pulses to entrain the circadian timing system to light
cycles with periods other than 24h (T-cycles) has been used to determine
the width of the photosensitive period during the circadian day (Elliott 1976).
Because the phase of entrainment is a function of the period of the applied
T-cycle, it is possible to vary the phase at which the entraining light pulse
falls on the rest—activity cycle of the animal. When 1 h light pulses were applied
at the beginning or end of the daily active phase (i.e. during the phase of
the cycle that is illuminated during the long days of summer but is in darkness
during the short days of winter), the testes of the hamsters no longer regressed.
When the light pulse fell during subjective day, however, regression occurred.



CIRCADIAN RHYTHMS AND PHOTOPERIODISM 27

The duration of the photosensitive phase was calculated to be slightly less
than 12h, close to the critical photoperiod length that supports continued
testicular function.

‘Skeleton’ photoperiods have also been used to determine the circadian
components of the photoperiodic response. In female hamsters, two 1 h expo-
sures to light separated by 12h of darkness mimicked a 14 h photoperiod
and were sufficient to maintain ovarian cycles (Goldman & Darrow 1983).

The results of the resonance, light-pulse and T-cycle studies and experiments
with ‘skeleton’ photoperiods demonstrate that the circadian timing system
is involved in photoperiodic time measurement. A more direct approach in
determining the role of the circadian system is to lesion the suprachiasmatic
nuclei (SCN), the hypothalamic pacemakers which are directly innervated
from the retina by the retinohypothalamic tract, and which have been demon-
strated to be important in generating many of the observed circadian rhythms
in physiological function (Rusak & Zucker 1979).

After SCN lesions, male hamsters* retained functional testes even when
they were housed in constant darkness (Stetson & Watson-Whitmyre 1976),
blinded or exposed to short photoperiods (Lehman et al 1984). If male ham-
sters had undergone gonadal regression previously, SCN lesions restored testi-
cular weight (Rusak & Morin 1976). SCN lesions in male hamsters also pre-
vented an increase in sensitivity to the inhibitory effects of testosterone on
the release of luteinizing hormone (LH) after regression in LD 6:18 (Turek
et al 1980, Turek et al 1983). Although these effects of SCN lesions are similar
to those of pinealectomy (Morin et al 1977), Rusak (1980) demonstrated that
the two procedures were not equivalent. In pinealectomized male hamsters,
exogenous melatonin implants induced testicular regression, while similar
implants in SCN-lesioned animals did not. These results suggest that SCN
lesions may induce a wider spectrum of deficiencies than pinealectomy.

Lesions of the hypothalamic paraventricular nuclei (PVN), like SCN lesions,
will prevent the effects of blinding or exposure to short photoperiods in male
hamsters (Lehman et al 1984). The PVN lesions may interrupt projections
from the SCN that are involved in the photoperiodic response. Alternatively,
the PVN may be associated with the effects of the pineal on reproduction,
since PVN lesions disrupt circadian pineal function to a greater extent than
SCN lesions do. Clearly, more work is required to elucidate the role of differ-
ent hypothalamic nuclei in photoperiodism.

* Similar lesions in female hamsters produce persistent vaginal oestrus (no cycles), so the role
of the SCN in photoperiodism is difficult to confirm in females.
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Hormonal basis of reproductive photoperiodism

Once a photoperiod has been ‘interpreted’ as non-stimulatory, changes in
hormone secretion ensue. Because the circadian system plays a key role in
the timing of endocrine signals for reproduction, its role in seasonal breeding
extends beyond the measurement of photoperiods. Take, for example, the
four-day oestrous cycles in hamsters. On the day of pro-oestrus, the circadian
system is responsible for discrete and precisely timed surges of LH, follicle-
stimulating hormone (FSH) and prolactin several hours before the onsets
of behavioural oestrus and locomotor activity (Stetson & Anderson 1980,
Moline 1981). The gonadotropin surges (1) cause ovulation 8-10h after the
LH surge on the early morning of oestrus, (2) lead to production of luteal
progesterone (which in part serves to terminate the surges) and (3) stimulate
a new wave of follicular maturation. As the follicles mature during dioestrus
I and II, oestradiol is produced. As the serum titres of this hormone increase,
there is positive feedback on LH release so that peak levels of oestradiol
in pro-oestrus lead to the gonadotropin surges. Then the cycle repeats.

During the photoperiodic season of reproductive quiescence, the hormones
associated with the normal four-day cycle in hamsters show changes in their
patterns of secretion. Gonadotropins and progesterone exhibit daily diurnal
patterns, and oestradiol and prolactin levels fall. Thus, in anoestrous hamsters,
serum LH and FSH levels were elevated during the afternoon on a day selected
at random in LD 10:14 (Bridges & Goldman 1975, Seegal & Goldman 1975,
Bridges et al 1976, Bittman & Goldman 1979, Goldman & Brown 1979).
Moline (1981) measured LH surges in anoestrous hamsters over three days
and confirmed that the surges occurred daily and were lower in magnitude
than those that occurred once per four-day cycle during stimulatory photoper-
iods. In addition, a change in phase of the LH surge occurred so that the
‘regressed’ surge began closer to activity onset than the pro-oestrous surges
either in stimulatory photoperiods or after short-term exposure to non-stimula-
tory photoperiods (before regression occurred). These diurnal changes did
not require the presence of the ovaries (Bridges & Goldman 1975, Seegal
& Goldman 1975, Moline 1981) or the adrenal glands (Bittman & Goldman
1979). These results suggest that the potential for daily surges in gonadotropin
release was being expressed because the facilitating effects of oestradiol
needed to obtain the pro-oestrous LH surge were not required in short photo-
periods (Norman 1975).

In males of many seasonal breeding species, serum gonadotropin levels
also fall during seasonal quiescence. These mammalian species include the
lynx, bontebok, spring hare, thar, cheetah (Millar & Aehnelt 1977), mongoose
(Soares & Hoffman 1980), snow-shoe hare (Davis & Meyer 1973), ram (Lin-
coln et al 1977) and hamster (Berndtson & Desjardins 1974, Tamarkin et
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al 1976, Turek et al 1976, Goldman & Brown 1979, Jackson et al 1984).
A sex difference has been observed in the thythm of LH and FSH; in the
regressed male hamster these hormones do not exhibit diurnal fluctuations
(Turek et al 1976, Goldman & Brown 1979, Albers et al 1984). The decrease
in serum LH in regressed males is not due to a decrease in the response
of the pituitary to exogenous LH-releasing hormone (Pickard & Silverman
1979, Jackson et al 1984).

The changes in hormone rhythms after exposure to non-stimulatory photo-
periods appear to be the result of altered interactions between LH and oestra-
diol in females or LH and testosterone in males. In both sexes, the response
to gonadectomy is reduced and the hypothalamus becomes more sensitive
to inhibitory feedback by steroids. Castrating regressed male snow-shoe hares
(Davis & Meyer 1973) or hamsters (Turek et al 1975, Tamarkin et al 1976,
Pickard & Silverman 1979, Ellis & Turek 1980, Tate-Ostroff & Stetson 1980)
did not uniformly produce an increase in LH levels or a change in the pattern
of LH release. Thus, the castration response (i.e. increased LH levels after
gonadectomy) was attenuated (Turek et al 1983). Turek (1982) has shown
that serum FSH levels rise rapidly from their suppressed values during regres-
sion in castrated male hamsters when the animals are exposed to a single
long day, thus emphasizing the inhibitory effects of short photoperiods on
gonadotropin release. The hypothalamic—pituitary LH-release mechanism
also becomes more sensitive to the inhibitory effects of testosterone on LH
release after exposure to short photoperiods. Less testosterone was required
to suppress LH levels in the hamster (Tamarkin et al 1976, Turek 1977) and
rat (Wallen 1980) in short photoperiods. These results suggest that the hypo-
thalamus of the male may become more sensitive to the inhibitory effects
of gonadal steroids during regression.

In female hamsters, the daily LH surges during anoestrus apparently do
not require the facilitating effects of oestradiol or progesterone. Since the
surges persist in the absence of both the ovaries and the adrenal glands, the
major steroid-producing organs, the surges cannot be explained by a super-
sensitivity to the facilitating effects of oestradiol in low concentrations (Bitt-
man & Goldman 1979). This does not imply, however, that the animal has
become insensitive to the steroid hormones. Moline (1981) placed silastic
implants of oestradiol benzoate into regressed female hamsters housed in
LD 6:18 and showed a significant suppression of the daily LH surges within
two days of exposure to the exogenous oestradiol. In contrast, the same dose
of oestradiol facilitated LH surges in ovariectomized hamsters housed in long,
stimulatory photoperiods (LD 14:10).

The effects of gonadal steroids on LH have also been examined in
sheep. Although oestradiol could stimulate LH release during anoestrus or
during the breeding season within a given time interval, the rise in LH concen-
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trations was much smaller during anoestrus (Land et al 1976). Scaramuzzi
& Baird (1977) observed that the frequency of LH pulses was decreased during
anoestrus and attributed their finding to a hypersensitivity to oestradiol. In
ovariectomized ewes, continuous-release implants of oestradiol decreased LH
to undetectable levels during the anoestrous season but did not suppress LH
concentrations as much during the breeding season (Legan et al 1977). Similar
studies of castrated rams with testosterone implants showed comparable sea-
son-dependent effects of LH release (Lincoln & Almeida 1982). During the
transition periods between anoestrus and breeding, the response to oestradiol
was intermediate. These results suggest that a change in response to the inhibi-
tory effects of gonadal steroids may account for seasonal breeding in sheep
(Bittman et al 1983, Karsch et al 1980).

In summary, the circadian system fulfils two critical roles in reproductive
photoperiodism in many mammalian species. First, it measures the photoperiod
length so that, by a mechanism as yet not completely understood, an animal
caninterpret the environmental photoperiod as stimulatory or non-stimulatory.
Second, it provides timing signals for hormone rhythms such as the gonadotro-
pin surges. Although there are profound changes in these hormonal rhythms
during seasonal quiescence as the result of alterations in the hypothalamic—
pituitary-gonadal axes in both sexes, the circadian system provides time cues
for reproductive cycle events which are expressed daily during seasonal quies-
cence in some species or are selectively suppressed to generate oestrous cycles
of several days in length.
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DISCUSSION

Short: You said that you didn’t really think that photoperiodism was impor-
tant for reproduction in humans, but Bob Edwards (1981) has shown that the
timing of the LH surge is markedly circadian, starting in 75% of women in the
morning. That is strong evidence for a circadian rhythm in the timing of
ovulation.

Follett: It may well be that the LH surge in women is dependent in part upon
a circadian oscillator and, if so, the precise phase-angle will probably be
influenced by photoperiod, but that is not quite the same as the reproductive
cycle being driven photoperiodically. In this last situation changing daylength
fundamentally alters the way in which LH and FSH are secreted.

Short: Certainly nobody has yet shown conclusively that by changing time
schedules you can interfere with ovulation, although we do know that in people
who frequently travel in an east-west direction ovulation is inhibited, and the
effect is greatest if the time-zone change is in the preovulatory phase of the
cycle (Preston et al 1973).

Follett: 1 would not argue with the proposition that upsetting the circadian
system may cause reproductive failure, but I would differentiate that from
regulation of the reproductive cycle by seasonally based changes in daylength,
which may or may not act through the circadian system.
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Menaker: Yes. It is important to distinguish between photoperiodism, which
really means seasonal breeding controlled by daylength, and circadian involve-
ment. But it is interesting that, because the phase of the circadian system is
sensitive to daylength, possession of that mechanism makes it possible for a
species to become seasonal very easily if it is not already. People have not paid
enough attention to the variability among species and the ease with which these
control mechanisms can be turned on and off by natural selection.

Moore-Ede: It’s interesting that in humans Edwards found that the success of
artificial implantation was far higher in late evening than during the rest of the
day. At one time he had four successful implants out of a total of 79 and all four
occurred in a two-hour interval between 2200 h and midnight (Elliott 1979). I
think that this, coupled with results showing that the timing of the LH surge is
remarkably precise, suggests that the human system is very much dependent on
circadian phase, but I agree that it is not photoperiodic in the true sense of the
word, in terms of being seasonally modulated.

Short: So how do we interpret the Ehrenkranz (1983) data on seasonal
reproduction in Eskimos?

Zucker: Part of the seasonality may be due to social and cultural practices.
As Ehrenkranz points out, in the Labrador settler population men traditionally
spent long periods alone trapping between October and December. This could
impose seasonal cycles, and consequently the correlation between the duration
of photoperiod and the timing of births may not reflect a causal relation.
However, Ehrenkranz (1983) thinks it unlikely that there is a cultural basis to
the seasonal birth cycle of the Labrador Eskimo population and instead impli-
cates seasonal changes in food availability, daylength and temperature.

Short: And the peak number of births seems to be at the wrong time, March,
to be of adapative significance.

Herbert: 1 think it is time we questioned the standard explanation of circa-
dian involvement in photoperiodism. You mentioned the Biinning hypoth-
esis, which we have accepted for a long time, and all the experiments are
consistent with it. They are also consistent with another interpretation. If we
assume firstly that the mammalian pineal gland acts as an interval timer, and
that the duration of its output signal is important, and secondly that there must
be a melatonin-free period of some critical length between two interval signals,
we can explain many experiments in a different way. Night-interruption experi-
ments, ahemeral experiments and T-cycle experiments can all be explained by
the effect of light interrupting the continuity of the melatonin signal. If this is
right, then we have an hourglass mechanism in the mammalian neuroendocrine
system for determining photoperiodism, and we should look upon the idea of
external coincidence differently.

Moore-Ede: 1t is certainly an intriguing idea and it is interesting that there is
now some debate about what is controlling the sleep-wake cycle for example,
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and whether we are dealing with something that, although not quite an hour-
glass mechanism, is certainly a relaxation oscillator process. But you would
have to think about what the role of the suprachiasmatic nuclei would be
if you are not going to use circadian phase information.

Bittman: In several animals photoperiodism could involve a hybrid system in
which there is a circadian generation of the signal, which could fully account for
the results of resonance experiments, and a separate mechanism for measuring
the duration of the melatonin signal, which could be based on an interval timer.
In some situations, for example in poikilotherms, the animal does not really
‘want’ to have a temperature-compensated system and it may be advantageous
to have an interval timer that does not have some of the properties that a
circadian system does. Linking two timers together to give a hybrid between
pure circadian and pure hourglass mechanisms for measuring daylength may
confer a selective advantage (Silver & Bittman 1984).

Moore-Ede: In several species circadian systems have the property of con-
ditionality, where combinations of high or low light intensity and temperatures
outside a permissive range appear to stop the circadian pacemaker. This has
been best documented in unicellular organisms like Gonyaulax but it is not
inconceivable that the circadian system of invertebrates could display this
sort of behaviour.

Follett: If the pineal is indeed the primary transducer of photoperiodic signals
and if it is driven from the suprachiasmatic nuclei through a circadian rhythmic
system, then one suspects that by definition photoperiodic time measurement
is driven in part by circadian mechanisms.

Herbert: 1 am certainly not denying the involvement of the circadian system.
All I am saying is that it is not involved in the way we thought it was in the
coincidence model.

Follett: My only worry about our belief that circadian rhythms are involved in
photoperiodism comes from those clearly negative experiments which many of
us have carried out. For example, David Ellis and I free-ran hamsters in
constant darkness and then gave them a single 15 min light pulse every five days
at different circadian times. This was done very carefully indeed but none of the
schedules induced gonadotropin secretion!

Zucker: Published results support what you found. Butler & Donovan (1971)
have shown that in guinea-pigs surgical isolation of the suprachiasmatic nuclei,
which presumably eliminates normal circadian organization, is consistent with
continued oestrous cycles. It appears one can dissociate oestrus from the
circadian system. In rhesus monkeys also, normal circadian organization is
unnecessary for provoking cyclic ovulation. I don’t think that it is appropriate
to talk in general or blanket terms about the mammalian pineal gland in relation
to seasonal reproduction; for example, mammals that have true circannual
organization can dispense with the pineal gland completely and still have
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appropriate seasonal oestrous cycles, as has been shown in ground squirrels
(Zucker 1985).

Hoffmann: None of these species is photoperiodic; there is no evidence for
photoperiodicity in the rhesus monkey or in the guinea-pig. But in photo-
periodic mammals there is evidence for a circadian signal that is translated by
an hourglass mechanism.

Turek: None of the new melatonin results are in disagreement with the
original Biinning hypothesis. This hypothesis states that the circadian system
is somehow involved in photoperiodic time measurement. The ‘sensitive phase’
in the Biinning hypothesis may be the time during which melatonin is sec-
reted. We are only now starting to link physiological mechanisms with the
formal analysis of photoperiodic time measurement. Biinning’s hypothesis
makes no attempt to delineate physiological mechanisms.

Follett: Another point worth making is that the pineal melatonin story does
not seem to apply to photoperiodism in birds. However, the circadian system
may be involved in photoperiodic time measurement in birds and we can show a
sensitive phase during the middle of the night (see Follett et al, this volume). So
although both the mammal and the bird fit Biinning’s original hypothesis they
may use completely different physiological mechanisms.

Herbert: That was my point. The formal properties fit, but when you look at
the mechanisms they are different. Once you start talking about periods of
sensitivity to light you are making an assumption about the nature of the neural
mechanism, but it seems to me that this assumption is not justified any more. 1
disagree with Fred Turek; I think Biinning’s hypothesis and the alternative
explanation I suggested are compatible only on the descriptive level but not
when you get into the mechanisms.

Zucker: But we cannot contradict the statement that in all photoperiodic
species the pineal is the transducer.

Herbert: 1 agree.

Lewy: Dr Moore-Ede, in your hamsters on short days was there a phase-
advance in the LH surge?

Moore-Ede: No, on short days the LH surge became phase-delayed before
the animals stopped cycling. Subsequently the LH surge occurred on a 24 h
cycle instead of a 96 h cycle.

Lewy: And what was the T of these animals?

Moore-Ede: About 24.5 h.

Lewy: Could you comment on the relationship between the phase—response
curve of an organism and the circadian change in phase position as daylength
changes? Would you disagree with the proposition that animals with T greater
than 24 h would phase-advance as the days get longer and phase-delay as the
days get shorter?

Turek: You can’t make any prediction unless you know something about the
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shape and amplitude of the phase-response curve. You cannot predict phase-
angle changes only on the basis of t.

Lewy: But would you say there is a relationship between the amplitude and
shape of the illuminated portion of the phase-response curve and the animal’s
T?

Turek: No. There is no reason to think that they are necessarily correlated.

Moore-Ede: But an animal whose T is greater than 24 h would have to use its
phase—-response curve more often to phase-advance than to phase-delay.

Turek: But that does not tell you what its shape is.

Lewy: It tells you that the area under the illuminated advance portion of the
curve is relatively large compared to the area under the illuminated delay
portion.

Moore-Ede: Remember how malleable the phase-response curve actually is.
Jeffrey Elliott (personal communication) has shown major changes in the
amplitude and width of the curve in different photoperiods.

Lewy: But there is a certain logic to expecting a shift in circadian phase
position at different times of the year according to which portions of an animal’s
phase-response curve are being illuminated.

Turek: You can take an animal whose phase-response curve has a particular
shape and entrain that animal to daylengths that are either longer than its
free-running period or shorter. Yet the phase-response curve may be similar in
waveform under both conditions.
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Abstract. Mammalian pineal function appears to be controlled primarily through the release
of noradrenaline from the terminals of nerves whose cell bodies lie in the superior cervical
ganglia. This is the final segment of the following neural pathway: retina— retinohypothala-
mic projection — suprachiasmatic nuclei — paraventricular nuclei — intermediolateral
cell column — superior cervical ganglia — nervi conarii — pineal gland.

Noradrenaline acts on pinealocytes through a- and B-adrenoceptors in an atypical man-
ner. 3-Adrenergic activation is an absolute requirement for the stimulation of both cyclic
AMP and cyclic GMP production, and by itself produces a sixfold increase in the former
and a twofold increase in the latter. a-Adrenergic activation potentiates the B-adrenergic
stimulation of cyclic AMP production 10-fold, and that of cyclic GMP production about
200-fold.

The mechanism of a- and B-adrenergic interaction is being examined, and progress
is being made in understanding the adrenergic control of cyclic AMP. It appears that
a-adrenergic agonists act through the a;-subclass of adrenoceptors to stimulate phospholi-
pid turnover and the production of a breakdown product of phosphatidylinositol, diacylgly-
cerol. This compound promotes the association of protein kinase C with membranes,
which leads to the marked phosphorylation of one protein. The precise identity of this
protein remains a mystery. This interaction leads to a larger cyclic AMP response but
does not appear to be involved in the mechanism of potentiation of the cyclic GMP res-
ponse. Changes in chronic neural stimulation produce reciprocal changes in the magnitudes
of cyclic AMP and cyclic GMP responses. Chronic denervation results in a supersensitive
cyclic AMP response and nearly complete disappearance of the cyclic GMP response.
This is termed ‘see-saw’ signal processing.

All the available evidence indicates that melatonin production is regulated by cyclic
AMP. This nucleotide not only increases the activity of serotonin N-acetyltransferase
(more correctly called arylalkylamine N-acetyltransferase) but also stabilizes the enzyme
and prevents its inactivation.

1985 Photoperiodism, melatonin and the pinenl. Pitman, London (Ciba Foundation Sym-
posium 117) p 38-56

The mammalian pineal gland evolved from a well-differentiated photorecep-
tive organ in lower vertebrates, a functional third eye (Collin 1971, Dodt

38
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1973, Oksche 1984). However, the mammalian gland does not have the capa-
city to respond directly to light. Rather, light controls it through a system
which includes the lateral eyes, central and peripheral neural structures and
neurochemical transduction mechanisms within the gland, which have re-
placed the photochemical transduction mechanisms of light-sensitive pineal
organs. Although there have been evolutionary changes in the way in which
light controls the pineal gland, all vertebrates appear to synthesize melatonin
rhythmically on a 24 h basis. This paper is about the system responsible for
the precise rhythmic synthesis of melatonin in mammals, the mammalian mela-
tonin rhythm-generating system (Fig. 1).
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FIG.1. The mammalian melatonin rhythm-generating system. A schematic representation of
the system which generates the circadian rhythm in melatonin synthesis. NE, noradrenaline;
cyclic AMP , adenosine 3',5'-cyclic monophosphate; Tp, tryptophan; SHTp, 5-hydroxytrypto-
phan; SHT, 5-hydroxytryptamine (serotonin); HIAA, 5-hydroxyindole acetic acid; HTOH, 5-
hydroxytryptophol; N-AcSHT, N-acetylserotonin; DiAG, diacylglycerol. The question marks
indicate unproved hypotheses. Modified from Klein et al (1981a).
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FIG. 2. The conversion of tryptophan to melatonin.

Melatonin synthesis

Melatonin is synthesized from circulating tryptophan as follows: tryptophan
— hydroxytryptophan — serotonin — N-acetylserotonin — melatonin (Fig.
2) (Klein et al 1981a). The main perturbation causing the daily rhythm in
melatonin synthesis is the increase in the rate of N-acetylation of serotonin
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FIG. 3. Rhythms in indole metabolism in the rat pineal gland. The metabolic pathway from
5-hydroxytryptamine to melatonin is on the left. The daily variations in the concentrations of

metabolites and activities of enzymes are on the right. The shaded portion indicates the dark
period of the lighting cycle.

(Fig. 3). The enzyme responsible for this step, arylalkylamine N-acetyltrans-
ferase (EC 2.3.1.87) or serotonin N-acetyltransferase (Voisin et al 1984),
increases in activity at night 70-fold to 100-fold in the rat (Klein & Weller
1970) but to a lesser degree in some other species (Namboodiri et al 1985).
This increase is regulated by a photoneural mechanism.

41
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The neural pathway
Retinohypothalamic projection

Light acts on the pineal gland through the retina (Klein & Weller 1972).
The effects of light are mediated by a monosynaptic pathway from the retina
which leaves the optic nerves at the level of the optic chiasm and terminates
in the suprachiasmatic nuclei (SCN). This retinohypothalamic pathway, which
was the subject of some debate among pioneering neuroanatomists, was
proved to exist unequivocally by Robert Moore, who traced the pathway
in a number of mammals by injecting radioactive amino acid labels into the
eye, and tracing their transport to the SCN (Moore & Lenn 1972, Moore
1973).

The SCN

The SCN, which are located at the base of the hypothalamus where it contacts
the optic chiasm, are of special importance in the rhythmic function of the
mammalian pineal gland. These structures contain the circadian timing system
which controls pineal and other rhythms. The SCN are remarkable because
they continue to oscillate on a24 h basis (£0.5 h) in animals that are maintained
in constant darkness or are blind (Klein & Moore 1979, Reppert et al 1981b).
Thus, the clock is autonomous, not a simple reflection of the environmental
lighting cycle.

The effects of light on the melatonin rhythm-generating system are properly
thought of as effects on the SCN. Although the SCN can function in a cyclic
manner autonomously, environmental lighting has strong effects on the clock,
as reflected by changes in pineal N-acetyltransferase activity and melatonin
production. These effects can be discussed usefully as three seemingly separate
functions. First, light can reset the clock, and shift it forward or backward
(Reppert et al 1981a, Illnerova & Vanecek 1982b). This is important for keep-
ing the clock entrained to the environmental lighting schedule, and ensures
that an animal’s activity schedule is optimally synchronized to the environmen-
tal lighting cycle. Second, light can alter the duration for which the clock
is stimulating the pineal gland and other functions it controls. Elegant work
by Helena Illnerova and Jiri Vanecek with the pineal gland has provided
compelling evidence that the SCN clock is actually composed of two dependent
clocks, and the degree to which their pineal stimulatory periods overlap is
determined by the environment (Illnerova & Vanecek 1982a). Long nights
appear to allow the clocks to drift apart, so that the pineal gland will be
stimulated for a longer period than in animals kept in short nights. A third
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effect of light is rapidly to terminate the neural stimulation of the pineal
gland (Klein & Weller 1972). This results in a rapid decrease in N-acetyltrans-
ferase activity and melatonin production (Namboodiri et al 1985).

SCN — pineal gland

The neural pathway from the SCN to the pineal gland passes first to the
paraventricular nuclei and then, perhaps by a single monosynaptic projection,
through the brain to the intermediolateral cell column of the spinal cord (Klein
et al 1983a). Synaptic connections are made there with preganglionic cell
bodies which innervate the superior cervical ganglia of the sympathetic chain.
Nerve cells in the superior cervical ganglia send projections back to the brain
via the inferior carotid nerve and nervi conarii, which pass along the surface
of the hypothalamus and then, with the tentorium cerebelli, to the pineal
gland (Moore 1977).

Trans-synaptic regulation of the pineal gland

The transmitter regulating the pineal gland is noradrenaline, which is released
at night, in response to stimulatory signals originating in the SCN, from the
dense network of fibres pervading the tissue (Brownstein & Axelrod 1974).
These fibres are rarely seen to form distinct terminals. Rather, it appears
that the transmitter is released into the perivascular space and diffuses to
the surface of pineal cells.

The neural network in the pineal gland also controls the level of adrenergic
agonists in the extracellular space in a less obvious but equally important
way. Sympathetic nerves can take up and concentrate, like a sponge, catechol-
amines which diffuse from the circulation into the perivascular pineal space
(Kvetnansky et al 1979). This protective effect has been well demonstrated
in experiments in which highly stressful treatments, known to elevate concen-
trations of circulating catecholamines, have little effect on the pineal as long
as the uptake process is normal. However, when uptake is blocked or if the
nerves are removed, stress has profound stimulatory effects on pineal function
(Parfitt & Klein 1976).

Adrenergic regulation of melatonin production

Noradrenaline is a mixed a- and B-agonist, and can act via a;-, -, B;- and
B-receptors. The a;- and B;-adrenoceptors on pinealocytes have been fully
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characterized (Auerbach et al 1981, Sugden & Klein 1983), and both are
important in the regulation of the best-studied indicators of pineal function,
including cyclic AMP, cyclic GMP, N-acetyltransferase and melatonin produc-
tion (Klein et al 1983b, Vanecek et al 1985).

Cyclic AMP
Noradrenaline increases the cyclic AMP concentration 60-fold in pinealocytes

(Strada et al 1972). It activates adenylate cyclase through an action on 8-
adrenoceptors. This activation, which is mediated by GTP-binding adenylate
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FIG. 4. Agonist-stimulated increases in the concentrations of (A) cyclic AMP (cAMP) and (B)
cyclic GMP (cGMP). Pineal cells were incubated (100000 cells, total volume 500 wl) for 15 min
at 37°C with the indicated concentrations of noradrenaline (NE), phenylephrine (PE), isoprena-
line (ISO) or ISO + PE (1 pM). Each point is the mean for triplicate samples assayed in duplicate.
Vertical lines represent the SEM; where not shown, the SEM is smaller than the symbol (Vanecek

etal 1985).

cyclase stimulatory protein in the membrane, results in a 10-fold increase
in cyclic AMP levels 10 min after stimulation; the effect gradually disappears
as a result of desensitization mechanisms (Vanecek et al 1985).

Noradrenaline also acts through a;-adrenoceptors to potentiate the effect
of B-adrenergic stimulation on cyclic AMP levels (Vanecek et al 1985). This
results in a 10-fold to 20-fold further increase in the production of cyclic AMP
(Fig. 4). Interestingly, ay-adrenergic activation by itself does not alter cyclic
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AMP concentrations. The time course of the stimulation of cyclic AMP pro-
duction is similar to that seen with pure B-adrenergic stimulation (Fig. 5).

The a;-adrenergic mechanism through which noradrenaline acts to poten-
tiate the effect of B-adrenergic stimulation on cyclic AMP levels appears to
involve phospholipids. Noradrenaline stimulates phosphatidylinositol turn-
over (Berg & Klein 1972); it has been found that this involves a;-adrenoceptors
(Smith et al 1979). For a long time this remained the only known effect of
a;-adrenergic agonists.

More recently, evidence has been presented indicating that a product of
the increased phosphatidylinositol turnover, diacylglycerol (DG), is probably
a second messenger mediating the a-adrenergic potentiation of g-adrenergic

10.0F T L 10.0 T T LA R
A B
3.0 4 30 .
NE
z 1.0 1S0 1z '°r 7
2 +PE 2 4 NE
] 2
a a
2 0.3 S0 e 0.3 >
-~ - PE
E N 3 :
<] 1] [<] .
g 01 #~ & 0.1
£ prs £
o
s s
< o.03H &.— g o.03 X
PE
001 4 o0.017 N
1S0 |<
0.003} 0.003} .
1 1 1 1 1 1 i -+ 1 1 1 J i 1 H s
0 10 20 30 40 50 60 180 O 10 20 30 40 60 60 180
TIME (min)

FIG. 5. The time course of accumulation of (A) cyclic AMP (cAMP) and (B) cyclic GMP (cGMP)
after treatment of cultured pinealocytes with (—)-noradrenaline (NE, 10 pM), (—)-isoprenaline
(18O, 10 uM), phenylephrine (PE, 10 uM), or (—=)-ISO (10uM) + PE (10uM). See legend to
Fig. 4 for further details (Vanecek et al 1985).

stimulation of adenylate cyclase (Sugden et al 1985b). It has been found that
a synthetic diacylglycerol, 1-oleoyl-2-acetylglycerol, mimics the effects of a;-
adrenergic stimulation. In addition it has been found that phorbol esters,
tumour-promoting agents which have some structural analogy to DG, mimic
the potentiating effect of the a-adrenergic agonist phenylephrine (Fig. 6).
Phorbol esters act to promote membrane association of a calcium- and phos-
pholipid-dependent protein kinase (protein kinase C). Both phorbol esters
and phenylephrine promote membrane association of protein kinase C in
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pinealocytes (Sugden et al 1985b). The association of protein kinase C is
thought to bring the enzyme in close association with a substrate, and in
this manner to initiate phosphorylation of a membrane protein involved in
regulating cyclic AMP generation.

] VT T T T T
B
- A
// 3
, .
/ % g
NE\Y A g
- 7 H0.5 gg
/ CON // +PMA, +PDD ]
+PDBu 7 £
- lISO )B" £ !é .
*CON - 0
1 A' 1 1 1 1 1 1 &4 1 | i 1
o 9 8 7 ) 5 0 9 8 7 6 5
—Log Drug

FIG. 6. Potentiation of B-adrenergic cyclic nucleotide responses by phorbol esters (A, cyclic
AMP; B, cyclic GMP). Pinealocytes (10° cells per tube) were treated for 15 min with (—)-isoprena-
line (ISO, 10-*M) either alone or in combination with 4-8-phorbol 12-myristate 13-acetate
(PMA), 4-B-phorbol 12,13-dibutyrate (PDBu) or 4-a-phorbol 12,13-didecanoate (PDD). The
dose-response curve to (—)-noradrenaline (NE) is shown for comparison. CON, control. Phorbol
esters (Sigma) were added as concentrated solutions (100x) in ethanol. All points represent
the mean + SEM of three samples. The lack of error bars indicate that the SEM was less
than the area covered by the symbol (Sugden et al 1985b).

The site of potentiation of B-adrenergic stimulation of cyclic AMP produc-
tion by a-adrenergic agonists appears to be after B-adrenoceptor activation,
because potentiation can be produced by phenylephrine in cells treated with
cholera toxin, which acts on the adenylate cyclase regulatory protein (J. Vane-
cek et al, unpublished work). Similarly, phorbol esters potentiate the effects
of cholera toxin. The potentiating mechanism might involve only the enhanced
activation of adenylate cyclase. Alternatively, inhibition of phosphodiesterase
might be involved.

Cyclic GMP

Cyclic GMP, whose concentration is elevated 400-fold in pinealocytes by nor-
adrenaline, is regulated in a manner somewhat similar to cyclic AMP (Fig.
4) (Vanecek et al 1985). B-Adrenergic activation is a requirement, and a-
adrenergic stimulation, which by itself has no significant effect, potentiates
B-adrenergic stimulation. However, there are some marked differences. First,
whereas $-adrenergic stimulation produces a 10-fold increase in cyclic AMP
levels, it produces only a twofold increase in those of cyclic GMP. Second,
whereas a-adrenergic potentiation produces a sevenfold to 10-fold increase
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in cyclic AMP concentrations, it produces a 200-fold increase in those of
cyclic GMP. Thus, stimulation of cyclic GMP production by noradrenaline
is quantitatively more dependent on a-adrenergic activation.

Most details of the regulation of cyclic GMP are unknown. However, it
is interesting to note that the protein kinase C mechanism does not appear
to be involved (Sugden et al 1985b). Perhaps the increased phospholipid turn-
over stimulated by noradrenaline yields, in addition to DG, a second messenger
which acts on cyclic GMP levels. It should be noted that the function of
cyclic GMP in the pineal gland is a mystery and no evidence is available
indicating that it participates in the regulation of melatonin production or
in any other function. However, because the regulation of this cyclic nucleotide
is so different from that of cyclic AMP, these comments on cyclic GMP are
included.

Subsensitivity and supersensitivity in cyclic nucleotide responses: see-saw signal
processing

A fascinating feature of the pineal gland is that there are reciprocal changes
in the magnitudes of cyclic AMP and cyclic GMP responses produced by
changes in chronic neural stimulation (Deguchi & Axelrod 1973, Klein et
al 1981b). Following long periods of stimulus deprivation, produced by keep-
ing animals in constant lighting or denervating the pineal gland, the cyclic
AMP response increases twofold, an example of denervation supersensitivity.
This is similar to what is generally seen in neural and hormonal regulation.
In contrast, the pineal cyclic GMP response exhibits the opposite, a denerva-
tion subsensitivity. Following constant light, superior cervical ganglionectomy
or decentralization, the cyclic GMP response to noradrenaline falls from a
nearly 80-fold increase in concentration to less than a fourfold increase. The
combined effects of a supersensitive cyclic AMP response and a subsensitive
cyclic GMP response are termed ‘see-saw’ signal processing.

The importance of this has not been established. However, it has potentially
important implications because it shifts the pineal gland between a mono-
and a bi-cyclic nucleotide second messenger system. Assuming that each regu-
lates different processes, one can imagine that the two cyclic nucleotides
might be responsible for turning on and off different hormone systems. Cyclic
AMP, as detailed in the following section, controls melatonin production.
Cyclic GMP might regulate another hormone.

Cyclic AMP regulation of indole amine metabolism

All the available evidence indicates that melatonin production is regulated
by cyclic AMP (Klein & Weller 1973, Klein et al 1978). This compound appears
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to be responsible for causing large increases in melatonin production by
increasing N-acetyltransferase activity. This also decreases the tissue content
of serotonin and serotonin oxidation products. The increase in serotonin N-
acetylation leads to an increase in the concentration of N-acetylserotonin.
This elevates melatonin production by a mass-action effect. The increase in
melatonin production leads to an increase in the release and circulating levels
of melatonin.

Serotonin N-acetyltransferase

Serotonin N-acetyltransferase has been thought to be similar to liver arylamine
N-acetyltransferase (EC 2.3.1.5), an enzyme that has broad substrate specifi-
city. However, this has recently been found to be incorrect (Voisin et al
1984). Serotonin N-acetyltransferase, which has also been termed indolamine
N-acetyltransferase, is more properly called arylalkylamine N-acetyltransfer-
ase (EC 2.3.1.87). It has been found to have narrow specificity for arylalkyla-
mines (aromatic compounds having a primary amine on a side-chain), e.g.
phenylethylamine and serotonin, and little activity towards arylamines (aro-
matic compounds with amines on the ring), e.g. phenetidine and phenylamine.

In the rat and sheep pineal gland there is both an arylalkylamine N-acetyl-
transferase, which is involved in controlling indole amine metabolism in
general and melatonin synthesis specifically, and an arylamine N-acetyltrans-
ferase, which is present at unchanging levels, and probably acts as a detoxifica-
tion mechanism, acetylating amines (Voisin et al 1984).

The regulation of rat pineal arylalkyl N-acetyltransferase activity has been
studied in cell and organ culture and in whole animals. All available evidence
indicates that it is regulated by cyclic AMP (Klein & Weller 1973). Cyclic
AMP has two distinct effects on the enzyme. First, it stimulates activity through
a mechanism involving the synthesis of new protein and new mRNA. It has
not been established whether this involves new synthesis of the enzyme and
N-acetyltransferase mRNA. It is possible that it actually reflects the induc-
tion of an activating enzyme which might recycle existing N-acetyltransferase
molecules (Klein et al 1981a).

The second effect of cyclic AMP is to stabilize N-acetyltransferase and
prevent inactivation (Klein et al 1978). This stablilization is not thoroughly
understood, but available observations point to the possibility that a redox
mechanism is involved, which might maintain a critical thiol group on the
enzyme in a reduced state. If the thiol group undergoes thiol:disulphide
exchange with a disulphide compound, the enzyme is rapidly inactivated (Klein
& Namboodiri 1982). It is interesting that some disulphide-containing peptides
are far more potent inactivators than others. Of the peptides tested, insulin
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has been found to be the most potent (Namboodiri et al 1981). It is possible
that there is a specific inactivation peptide in the pineal gland, with high
specificity towards N-acetyltransferase, and that, in the presence of a critical
concentration of cyclic AMP, this peptide is maintained reduced in an inno-
cuous dithiol form. When cyclic AMP falls below a critical level, this peptide
could be oxidized and converted into a potent inactivating disulphide com-
pound.

A possibly related aspect of the regulation of N-acetyltransferase is the
strong requirement for cellular hyperpolarization. Hyperpolarization is caused
by adrenergic agonists, and if prevented by low concentrations of ouabain,
stimulation of the enzyme is blocked (Parfitt et al 1975). Perhaps hyperpolari-
zation is related to the redox state of the cell, and hyperpolarization acts
on the activation/inactivation mechanism.

Final comment

The description of the mammalian melatonin rhythm-generating system pre-
sented is based primarily on studies in the rat. When tested in other mammals,
the main features of the system are found to apply: there is a nocturnal increase
in melatonin synthesis, the neural pathway appears to include the SCN and
superior cervical ganglia and there is evidence for adrenergic regulation of
melatonin production. However, variations do exist. We have found that the
shapes of the curves for the nocturnal increase in melatonin production in
the sheep, the rhesus monkey, the rat and the hamster are different (Reppert
et al 1979, Tamarkin et al 1979, 1980, Namboodiri et al 1985). There are
marked differences in the kinetic characteristics of the rat and sheep pineal
serotonin N-acetyltransferase (Voisin et al 1984). There appears to be a greater
dependency in the sheep upon a-adrenergic stimulation than in the rat (Sugden
et al 1985a), where B-adrenergic stimulation seems to be more important.

Comparative physiological and biochemical studies of the melatonin
rhythm-generating system certainly indicate differences exist among species.
It would be of interest to determine how these differences have evolved and
have enabled each species to adapt to its photic environment and to survive,
and what the selecting factors were.
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DISCUSSION

Bittman: I'd like to comment on the question of the equivalence of lesions of
the suprachiasmatic nuclei (SCN) and paraventricular nuclei (PVN) and their
consequences for the pineal. We found that lesions to either SCN or PVN
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interrupted the photoperiodic testicular response of the Syrian hamster (Leh-
man et al 1984). However, when we looked at the melatonin content of glands
from lesioned animals at the time when we expected melatonin levels to peak
(i.e. 3-5 h before lights were due to come on) we found a significant difference:
although both lesions significantly reduced the melatonin content relative to
non-lesioned or sham-lesioned controls, SCN lesions produced a 50% reduc-
tion whereas the lesions of the PVN resulted in a much more dramatic decline,
which we interpreted as a probable absence of the melatonin rise. We are now
processing brains to analyse a study in which we killed groups of animals every
4h to compare the effects of SCN and PVN lesions. Perhaps these lesions are not
completely equivalent; although destroying either the SCN or the PVN will
eliminate the normal phasing and rhythmicity of pineal indole synthesis, the
absolute levels of melatonin might be affected to different extents.

Turek: We too have found that lesions of the PVN abolish the short-day
response (Pickard & Turek 1983), as do knife cuts between the SCN and PVN
(Inouye & Turek 1985). However, knife cuts about a millimetre dorsal to the
PVN also abolish short-day-induced testis regression. These cuts may have
severed fibres connecting the PVN to the spinal cord, but it is also possible that
melatonin is acting back on the area of the brain dorsal to the PVN, or that
projections from the SCN actually pass dorsal to and through the PVN en route
to the spinal cord. Watts & Swanson (1984) have reported that there are few
terminals from the SCN in the PVN; instead, projections from the SCN pass
dorsally beyond the PVN and actually terminate in the thalamic paraventricu-
lar nucleus. The fibres may run through the PVN but few seem to synapse
there.

Klein: I think that studying gonadal regression in PVN-lesioned animals and
implying a direct involvement of the pineal gland is dangerous. You don’t know
whether the lesions are directly affecting the normal hypothalamic control of
the gonads or whether they are acting via the pineal gland.

Bittman: You need to do the appropriate controls. But I agree that you can
compromise pineal function and photoperiodism with lesions in different
places and perhaps be doing it in diffeent ways. Others lesions may alter
melatonin responsiveness, steroid feedback or gonadotropin secretion
mechanisms. If you look carefully enough you can see the pineal is not behav-
ing in the same way in animals with these different brain insults.

Klein: Another important point to consider in lesion studies is the impressive
ability of the brain to compensate for lesions. In the monkey as few as 5% or
3% of SCN cells can do the job of the whole nucleus. We were surprised to see
nearly normal rhythms in monkeys with seemingly complete SCN lesions and
we had to go back to search for surviving SCN cells, which we found only by
identifying labelled neural projections from the eye (Reppert et al 1981). One
must make sure that any lesions made are complete before drawing conclu-
sions.
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Zucker: 1think we need to clarify what we mean by recovery of function after
brain lesions. As far as I know there is no evidence for recovery of function
after SCN ablation; what you are implying is that there is great redundancy in
the system and that a very small number of cells may be capable of mediating
the function of the entire nucleus.

Klein: Don’t you get compensation?

Zucker: No. Mosko & Moore’s results (1979a,b) suggest that damage to the
SCN within the first few days of life produces effects comparable to the effects
of lesions in the adult animal. The early insult is the one that creates a situation
most conducive to recovery of function, but even in this case there is no
evidence for sparing or recovery of function.

Illnerovda:When only B-adrenoceptors in the pineal are activated, you get a
sixfold to eightfold increase in cyclic AMP concentration; a-adrenergic sti-
mulation causes about a 10-fold further increase. However, the effects of
a-adrenergic stimulation on N-acetyltransferase (NAT) activity may not be so
pronounced. It seems that stimulation of §-adrenoceptors gives about a 30-fold
or 70-fold increase in NAT activity, but a-adrenergic stimulation causes only
about a twofold to fourfold further increase. When NAT activity has attained
only about one-tenth of its maximal night-time value during its evening rise, the
melatonin concentration has already reached 60-70% of its maximum (Illner-
ové et al 1983). There may be a cascade: you don’t need maximal cyclic AMP to
get maximal NAT and you don’t need maximal NAT to get maximal melatonin.
What is the physiological significance of this?

Klein: 1t’s true that 10% activation of NAT is enough to get full melatonin
production (Wheler et al 1979). However, although we can get pretty good
stimulation of NAT without full stimulation of cyclic AMP, I’'m not sure if it is
correct to say that we can get maximal NAT activity without maximal stimula-
tion of cyclic AMP. This is not clear and we have not been sufficiently in-
terested in the question to pursue it in detail. It is difficult to study because you
are comparing two different time courses: cyclic AMP peaks before NAT. The
question arises of how much cyclic AMP is required, and when, to produce a
specific level of NAT at a particular time. We think that the early spike in cyclic
AMP may be important for turning on the machinery leading to an increase in
NAT activity, but that lower levels of cyclic AMP are required to maintain
NAT in an active form. Another enigma is that the shape of the time course of
the NAT response appears to depend on dose and other factors. For example,
we have found that as we increase the dose of noradrenaline we reach a
maximum response, as measured at a single time, 6 h after the start of drug
administration. However, higher doses appear to produce smaller responses.
This probably reflects acute subsensitization; we don’t know if it is at the
receptor level, the cyclic AMP level or the NAT level and we don’t know if it is
due to early events or late events. Also, we think the response to lower doses
may peak earlier than the response to middle doses of agonists.
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The physiological significance of this is not at all clear to me. What is clear is
that we are ignorant of a lot of the details of the adrenergic regulation of
melatonin production. Although significant strides have been made in under-
standing the major characteristics of the system, there is still alot to be learned.
I have postponed these questions until we have better tools to study NAT,
including molecular probes to use to measure the components of the mechan-
ism regulating enzyme activity. My feeling is that measuring enzyme activity is
not direct enough. My co-workers and I have been working on these tools; they
are hard to make.

Ilinerova:When studying the increase in cyclic AMP levels as a function of
isoprenaline concentration you get a biphasic curve, with a plateau after which
cyclic AMP concentrations start to rise again and a-adrenoceptors probably
begin to be activated too as a result of high concentrations of isoprenaline.
When rats are maintained under 12 h light:12 h dark, the curve depicting the
evening NAT rise as a function of time may be also biphasic (Illnerovd &
Vanécek 1982). At first, following a lag period after lights-off, the curve goes
up quite quickly; there is then a half-hour plateau and after this it goes up again.
It may be that, at the beginning when not much noradrenaline is released, only
B-adrenoceptors are stimulated to induce and activate NAT, and that only after
enough noradrenaline is released are the a-receptors also stimulated and the
enzyme activated further. Is anything known about the affinity of B- and
a-adrenoceptors in the pineal towards noradrenaline?

Klein: We have characterized the receptors for a-agonists in the sheep and
the rat pineal, so we know a lot about them (Sugden et al 1985, Sugden & Klein
1984); their affinity for noradrenaline is about 100-fold greater than for isopre-
naline. But I can’t see how these receptors have anything to do with the unusual
time course you see. You are proposing that one receptor is activated first and
the other one only after a lag in time. However, we know that there is an
immediate response for both receptors and we have never seen any lag
(Vanécek et al 1985). Even when we see no response or observe subsensitivity
we cannot explain the results on the basis of a time lag. It is just that the
quantitative response is lower. I think there must be another explanation for
your biphasic curve; perhaps the first increase reflects the presence of small
amounts of the required mRNA and the second the synthesis of new mRNA.

Rollag: 1 was struck by your observation that levels of cyclic AMP and cyclic
GMP go up together in response to noradrenaline. You have interpreted your
experiments in terms of the regulation of cyclic nucleotide generation, but 1
assume you are just measuring content. If transducin, which affects cyclic
nucleotides via phosphodiesterase, is present in these cells, perhaps you are
regulating cyclic AMP by degradation rather than by generation.

Klein: We have not found transducin in the mammalian pinealocyte, but only
in the photosensitive pinealocytes of lower vertebrates. None-the-less, we have
been thinking about phosphodiesterase involvement in adrenergic control
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mechanisms and have done a number of experiments designed to implicate it in
the acute adrenergic regulation of cyclic nucleotides. These have not yielded
evidence indicating phosphodiesterase is involved.

Reiter: 1 subscribe to the notion that noradrenaline is the neurotransmitter,
and yet in several species, including the human and the Syrian hamster, it is
notoriously difficult to stimulate either NAT activity or melatonin production
in the pineal or to increase blood levels of melatonin with isoprenaline. You
could argue that isoprenaline is not a specific -agonist, but we have subse-
quently tried to do the same thing with noradrenaline in the hamster and have
failed. What do you think the reason is for these repeated failures?

Klein: Giving an animal noradrenaline is a naive way to stimulate the pineal
gland. The nerves in the pineal act as a sponge for noradrenaline; they will
rapidly take up and destroy any noradrenaline coming in. That is why you don’t
get an effect.

Reiter: If you remove the SCN there are no nerves left, and you might even
expect the receptors to be supersensitive. We have done this a dozen times but
we have still not been able to stimulate pineal melatonin production with any
drugs. Additionally, isoprenaline is not taken up by the nerve endings.

Klein: Under those conditions my explanation is invalid and I really don’t
know why you get no response. The time course of the response is long in the
hamster but I’'m sure you have taken that into account. As you know, we have
been able to stimulate melatonin production in the hamster pineal gland with
isoprenaline (Tamarkin et al 1979).

Reiter: In that particular experiment the day-time levels of melatonin were
30-40 pg per pineal gland, which is relatively low, and they went up to 170 pg
per gland in response to two injections of isoprenaline. That is a stimulation,
but we would anticipate that normal values of about 100 pg per gland should go
up to around 800-1000 pg per gland if we were dealing with the rat. We have
repeated the experiments exactly, thinking that we were doing something
wrong, but we have not been able to confirm the results.

Arendt: Depending on how we sample, we can observe very high frequency
spiking of plasma melatonin concentrations in the sheep, and I think you can
see this in some of Eric Bittman’s records as well. Is this explicable in terms of
your cascade effect?

Klein: How fast are your spikes?

Arendt: Every 2 min in some sheep. We take samples every 30 s.

Klein: Is this in the day-time?

Arendt: No, at night.

Klein: This is very interesting because the half-life of melatonin is almost that
short.

Arendt: That’s right. These concentration profiles don’t look a bit like the
pharmacokinetics of melatonin given intravenously, but perhaps the high
intravenous doses used are not comparable.
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Klein: In sheep we can, under some circumstances, get large changes in
melatonin levels without large changes in measurable NAT activity (Nam-
boodiri et al 1985). We can’t explain this. There may be a very rapid activation
of hydroxyindole O-methyltransferase, or an activation of NAT that we do not
see after we homogenize the tissue. Or the concentration of circulating melato-
nin could change rapidly if the circulation through the pineal gland was sudden-
ly cut off.
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Abstract. The reproductive cycle of photoperiodic species is driven by seasonal changes
in daylength. The pineal gland transduces photic information into an endocrine signal.
The duration of the nocturnal bout of melatonin secretion is a direct indicator of night-
length. The circadian rhythm of melatonin production is driven by a multisynaptic pathway
from the suprachiasmatic nuclei (SCN), via the parvocellular portion of the paraventricular
nucleus to the preganglionic sympathetic neurons of the thoracic spinal cord. The melatonin
signal acts as an interval timer. The cellular basis of the detection of the signal is unknown.
The site of detection is possibly within the anterior hypothalamus. The SCN are not
essential components of the system that responds to the pineal interval timer. Photoperiod
and the pineal melatonin signal have pronounced effects on the function of endogenous
opioids, which are probably related to changes in the neuroendocrine mechanisms that
regulate gonadotropin release.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 57-77

Seasonal changes in daylength are used in two major ways to ensure that
the offspring of photoperiodic mammals are conceived (and hence born) in
the most opportune season. Firstly, they stimulate reproductive activity at
the optimum time and, secondly, they suppress reproduction in unfavourable
seasons. We have argued that species differ in their use of these two neuro-
endocrine mechanisms to time their breeding seasons (Hastings et al 1985a)
Some, such as the hamster, seem to depend principally upon the inhibitory
effects of daylength to terminate periods of fertility, whereas others, for exam-
ple ferrets, have a reproductive cycle driven mainly by the stimulatory effects
of daylength upon the gonadal axis. It is probable that most species use ele-
ments of both control mechanisms, although their relative importance will
differ depending upon the particular requirements of the environmental cycle
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and reproductive strategy (Herbert 1981). A consequence of these various
seasonal strategies is that species differ in relation to the effects of a particular
photoperiod upon the gonadal axis. Sheep, for instance, are brought into
breeding condition by shortening photoperiods, whereas hamsters are driven
out. A coherent account of the neuroendocrine basis for these findings must
take into account such inter-species variability.

Removal of the pineal or disruption of its afferent autonomic innervation
abolishes photoperiodic control of reproduction under both natural and artifi-
cial photoschedules. Pinealectomized animals may remain permanently in one
breeding condition or display recurrent cycles of fertility unrelated to the
photoperiod. Any study of the neural mechanisms responsible for photoper-
iodism thus resolves into two questions. Firstly, which neural pathways trans-
mit information about the duration of photoperiod to the pineal gland?
Secondly, how is the signal, emitted by the gland, read by the brain and
interpreted into changes in the rate of release of gonadotropic hormones by
the anterior pituitary?

The signal from the pineal

We support the hypothesis that the duration of the nocturnal pulse of melato-
nin secretion is the indicator of daylength. This is supported by strong experi-
mental evidence from both sheep and rodents showing (1) that the duration
of endogenous nocturnal melatonin production increases as the photoperiod
shortens (Fig. 1) (Hoffmann 1981, Kennaway et al 1983, Roberts et al 1985a)
and (2) that programmed infusions of exogenous melatonin may drive the
gonadal axis, provided that the pulses are of an appropriate duration, irrespec-
tive of the time of day when they are given (Carter & Goldman 1983, Bittman
1984). It seems to be essential that the period of exposure to melatonin be
uninterrupted if it is to be read effectively as a long night (short day); light
falling on the retina immediately suppresses melatonin production, interrupt-
ing the long-night signal and leading to a long-day response. This physiological
model of photoperiodic time measurement incorporates features of the earlier
internal and external coincidence models used to explain the relationship
between daily and photoperiodic rhythms, but has the advantage of being
open to experimental test. It is now possible to interpret the results of the
effects of pulses of light given during subjective day or subjective night accord-
ing to whether they interrupt the continuity of the melatonin signal, rather
than whether they coincide with some other presumed internal event. These
points are discussed more fully by Hastings et al (1985a).

On these grounds, it appears that the pineal functions as an interval timer.
Interval timers are well established as important control mechanisms in other
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types of neuroendocrine regulation (Silver & Bittman 1984), for example
in the induction by oestrogen of either the mid-cycle surge in luteinizing hor-
mone (LLH) secretion or lordosis behaviour in females. The important differ-
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adult male Syrian hamsters exposed to long or short photoperiods for eight weeks. SD, short
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ence between these steroid effects and those of melatonin is that it appears
that melatonin concentrations have to be elevated continuously to be read
as a single period of darkness, whereas oestradiol can be given in separate
injections, provided they are not spaced too far apart. This distinction may
be more apparent than real. The tissue half-lives of the two hormones may
be very different; furthermore, if oestrogen induces an intervening process
which decays only slowly, then it might be that this is the process that has
to continue without interruption. Melatonin may have a more direct effect
upon whatever mechanism it is that requires a continuous signal.

There is a second parallel between the actions of melatonin and those of
gonadal steroids on the brain. Although long bouts of melatonin secretion
signal short days, it is essential that the bouts should be separated by intervals
during which melatonin production is very low or even absent. The mainte-
nance of continuously high levels of melatonin by release from subcutaneous
capsules implanted into intact animals appears to block the detection of the
endogenous melatonin signal. The reproductive axis operates a default system,
often, though not always, behaving as if the animal were pinealectomized
(Reiter et al 1974, Hoffmann 1981, Lincoln & Ebling 1985). Thus, if the
melatonin signal is to be interpreted accurately by its target site, it would
appear that there must be a period free of the compound. It is not known
whether this period also has a critical duration.

These observations allow us to specify the properties of the neural system
that reads the melatonin signal from the pineal. Similar features apply to
the steroid-sensitive neural system, as indicated by studies of the ability of
single pulses of oestrogen to trigger a positive feedback on LH production,
and hence the LH surge, and by the timing of steroid administration required
to induce sexual receptivity in female rodents.

Distinguishing neural pathways regulating circadian rhythms from those
regulating photoperiodic rhythms

Besides pinealectomy (or superior cervical ganglionectomy), two other proce-
dures reliably prevent photoperiodic responses: optic enucleation (including
section of the optic nerves) (Herbert 1981), or bilateral lesions of the supra-
chiasmatic nuclei (SCN) (Rusak & Morin 1976). This suggests that the retino-
hypothalamic tract is a major afferent pathway for photoperiodic information.
Since much evidence now indicates that the same pathway is critical for the
photic regulation of circadian rhythms, it is clear that there is an anatomical
as well as functional overlap between the neural pathways controlling circadian
and photoperiodic effects. The daily activity/rest cycle, a widely used marker
of the circadian clock, shows photoperiod-dependent changes in the relative
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duration of its two phases, indicating that a component of the circadian control
system (perhaps the SCN) also transmits information of a photoperiodic
nature.

There is both behavioural and neurochemical evidence in favour of separ-
able subunits in the circadian system that are responsive to either ‘lights-on’
or ‘lights-off’ (Pittendrigh & Daan 1976, Ralph & Menaker 1985). Interactions
between such units may be the basis of the photoperiodic component of the
circadian signal. Since the pineal is driven by the circadian control system,
such a dual oscillator model for the circadian clock could explain how nocturnal
melatonin reflects both circadian (time of day) and photoperiodic (duration
of night) variables (Illnerova & Vanecek 1982). In this model, where circadian
information and photoperiodic information are integrated in one signal, the
pineal differs little from any other effector driven by the circadian system.
The alternative model is that the pineal gland receives photoperiodic informa-
tion that is not present in the signal controlling the circadian effector mecha-
nism.

Recent immunohistochemical evidence shows that the microstructure of
the SCN is not homogeneous. The nuclei have been divided into dorso-medial
and ventro-lateral components on the basis of the distribution of neurons
containing various neurotransmitters including substance P, vasopressin and
vasoactive intestinal peptide (VIP), and also the distribution of 5-hydroxytryp-
tamine-containing terminals from the raphe and terminations of the retinohy-
pothalamic tract (Card & Moore 1984). Therefore, there may be regions within
the SCN that are specialized for either photoperiodic or circadian information,
and dissociation of circadian and photoperiodic information may occur within
the nuclei. Alternatively, the specifically photoperiodic component of the cir-
cadian signal destined for the pineal may separate from the rest of the circadian
signal at a point distal to the SCN. Nevertheless, in both of these models,
the pineal would be qualitatively different from the other circadian effector
systems. Photoperiodic effects observed in other circadian rhythms such as
the activity/rest cycle would be attributed to a secondary action of the pineal
upon them (S. M. Armstrong & J. Redman, this volume).

There is a dorsally directed pathway from the SCN to the paraventricular
hypothalamic nucleus (PVN), and electrolytic lesions in the area of the PVN
prevent both the gonadal response to altered photoperiods and the nocturnal
rise in melatonin concentrations (Pickard & Turek 1983, Lehman et al 1984).
The PVN is not a homogeneous structure; the medial parvocellular part
receives the input from the SCN, whereas the lateral parvocellular area pro-
jects to the intermediolateral cell column (IMLT) of the spinal cord in which
lie the preganglionic autonomic neurons (Sofroniew et al 1981). Both are
distinct from the magnocellular part, which projects to the posterior pituitary.
It is therefore interesting that neurotoxic lesions of the lateral parvocellular
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PVN, sparing both the magnocellular region and fibres passing through the
nucleus, also inhibit the nocturnal melatonin surge in the pineal (Fig. 2).
Presumably, photoperiodic information reaching the medial parvocellular
PVN is relayed to the lateral part by intranuclear connections before being
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FIG. 2. Pineal melatonin content of adult male Syrian hamsters maintained under 16L:8D (lights-
off at 1500h, lights-on at 2300 h), and killed at 1300 or 2100 h. Animals were intact or received
electrolytic or neurotoxic lesions (7.5 wg N-methyl aspartic acid (NMA) in 0.5 pl phosphate buffer)
of the hypothalamic paraventricular nucleus one week before being killed. M. H. Hastings,
unpublished data.

transmitted to the spinal cord. Electrophysiological recordings show that oxy-
tocin can suppress neuronal firing in the IMLT (Gilbey et al 1982). It is there-
fore possible that oxytocin-containing fibres that project to the cord from
the PVN transmit the inhibitory effects of light on melatonin production. How-
ever, in view of the inhibitory effect of lesions of the PVN upon pineal melato-
nin production, it seems likely that PVN neurons also exert a stimulatory
effect upon the sympathetic innervation of the pineal.

The SCN have also been suggested as a site of melatonin action. However,
bilateral SCN lesions do not prevent the gonadal response to melatonin: regi-
mens of administration that are effective in pinealectomized hamsters remain
so after destruction of the nuclei (Bittman et al 1979). Thus, the neural system
that reads the pineal signal does not lie in the SCN, despite claims that melato-
nin implants into these nuclei suppress reproduction. Neurotoxic lesions of
the anterior hypothalamus, which spare the SCN, nevertheless prevent short
photoperiods from inhibiting reproduction in male and female hamsters (Table
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TABLE 1 Reproductive condition of adult Syrian hamsters exposed to 8h light:16h dark for
10 weeks

Males Females
Experimental Mean testis Displaying Displaying
treatment weight (g) + SEM n oestrous cyclicity anoestrus
None 0.41+0.05 9 0 10
Pinealectomy 2.54+0.22 5 — —
Unilateral AHAX 0.37+0.02 14 0 15
Bilateral AHAX 2.75+£0.17 6 10 0

Animals were intact, pinealectomized or received neurotoxic lesions of the anterior hypothalamic
nucleus (AHAX). Pinealectomized female hamsters were notincluded in the study. After Hastings
et al (1985b).

1) (Hastings et al 1985b). Both circadian and oestrous rhythms remain intact
in such animals, showing that the SCN are functionally unimpaired and that
appropriate lesions in the hypothalamus may disrupt photoperiodic effects
without altering other systems under circadian control. To determine whether
such lesions interfere with the input to the pineal or with the interpretation
of the melatonin signal, it will be necessary to examine the response of such
lesioned hamsters to exogenous melatonin.

In conclusion, the major role for the SCN in photoperiodism probably
resides in the essential part these nuclei play in the generation and entrainment
of circadian rhythms. Damage to the SCN disturbs photoperiodic responses
only because melatonin release is dependent upon a circadian signal.

Neurons detecting melatonin

The cellular mechanisms responsible for detecting melatonin are unknown.
Given the lipophilic nature of melatonin, it seems likely that all areas of
the brain will be exposed to the indole as a consequence of its secretion
into the systemic circulation (as is the case for steroids). Attempts have there-
fore been made to identify melatonin-sensitive neurons as evidence of the
hormone’s site of action. Neurons within the hypothalamus have been shown
to be electrically responsive to melatonin, and the response pattern may vary
with time of day (Demaine 1983).

However, it is unclear whether melatonin acts directly upon excitable cell
membranes. Reports of specific saturable binding sites have not been substan-
tiated and it is possible that, as with the lipophilic steroids, regulation of
neuronal activity may be mediated via the cytoplasm or nucleus. It is perhaps
interesting to consider the phylogenetically primitive role of melatonin in
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the control of pigment migration within chromatophores and photoreceptors.
Such effects are exercised via the microtubule system of the cell. This action
may be modified in the neuron to control the passage of transmitter vesicles
or other structures along the axon. The requirement for persistent, repeated
exposure to melatonin to induce neuronal change may be related to such
an effect.

B-Endorphin-containing neural systems and the pineal

Although the site and mechanism of action of melatonin remain uncertain,
there is no doubt that photoperiodic regulation leads to changes in activity
of the pulse generator controlling the release of luteinizing hormone-releasing
hormone (LHRH) (Lincoln & Short 1980). Recent evidence from non-photo-
periodic species implicates the B-endorphin-containing neurons of the arcuate/
periventricular area of the hypothalamus as regulators of LHRH pulse fre-
quency (Grossman & Rees 1983). Unlike other opioid systems, which are
distributed widely throughout the central nervous system, most neurons contain-
ing B-endorphin (and its associated family of peptides derived from pro-opio-
melanocortin) are restricted to the medio-basal hypothalamus, a well-known
site of steroidal feedback. Infusions of -endorphin into the cerebral ventricles
suppress both gonadotropin secretion and the display of sexual behaviour
(Kinoshita et al 1980, Meyerson & Terenius 1977). The first effect is synergistic
with that of testosterone; the second is not reversed by it. Two questions
follow from these findings. Firstly, is the B-endorphin system involved in the
action of the pineal on reproduction, since the effects of opioids bear at least
a superficial resemblance to those of inhibitory photoperiods? Secondly, if
this is so, is such a system specific to pineal-mediated effects, or can it be
influenced by other neural mechanisms suppressing reproduction? This is
important because there are many other circumstances that call for reproduc-
tive inhibition for longer or shorter periods (for example social subordination,
sexual immaturity, pregnancy and lactation) and they may operate via a final
common pathway.

A role for B-endorphin in photoperiodic regulation is intimated by the obser-
vation that gonadal regression in the Syrian hamster is associated with changes
in the amount of this peptide within the hypothalamus (Roberts et al 1985a).
In photostimulated animals, 8-endorphin levels in the anterior hypothalamus
(AHA) and medio-basal hypothalamus (MBH) remain constant throughout
24 h. In photoinhibited animals, a marked increase in B-endorphin levels in
these areas occurs, particularly in the early dark phase (Fig. 1). Levels in
the pre-optic hypothalamus do not show a significant response to daylength.
Anincrease in AHA and MBH levels of 8-endorphin is also seen in pinealecto-
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mized animals exposed to long days but given thrice daily injections of melato-
nin, which induce gonadal regression (Fig. 3). These results indicate a role
for the pineal melatonin signal in determining regional hypothalamic B-endor-
phin levels, which may be related to control of the gonadal axis.

6 POA
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FIG. 3. Tissue content (mean £ SEM) of B-endorphin in preoptic (POA), anterior (AHA) and
medio-basal (MBH) hypothalamus of pinealectomized adult male Syrian hamsters maintained
under 16L:8D. Animals received thrice daily injections of saline or melatonin for eight weeks.
*P<0.05, **P<0.01 (¢ test). A. C. Roberts, unpublished data.

Another way of testing endogenous opioid function is to observe the effect
of drug-induced receptor blockade, although it is important to bear in mind
that several populations of opioid receptors exist and pharmacological agents
may have a wide spectrum of activity. Nevertheless, it is well established
that administration of the opioid receptor blocker naloxone can induce surges
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in LH release in both rodents and primates. Such findings have been taken
to indicate a tonic suppression of gonadotropin release by the endogenous
opioids. Acute administration of naloxone or the benzomorphan antagonist
MR 2266 (which is said to have particular affinity for the « receptor) to photo-
stimulated hamsters leads to surges in LH secretion (Roberts et al 1985a,b).
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FIG. 4. Serum luteinizing hormone levels (mean + SEM) of adult male Syrian hamsters 20 min
after a subcutaneous injection of saline or a dose of the opioid receptor antagonist naloxone
or MR 2266. Animals were maintained in 16L:8D or 8L:16D for eight weeks prior to sampling.
After Roberts et al (1985b) and M. H. Hastings, unpublished data.

However, the same dose ranges of naloxone or MR 2266 do not result in
the release of ILH in the photoinhibited animal (Fig. 4). Similar results for
naloxone have been reported for sheep out of breeding condition (G. A.
Lincoln, personal communication). In hamsters, either removal of the pineal
gland or development of photorefractoriness after exposure to an inhibitory
photoschedule for 20 weeks restores sensitivity to naloxone in animals main-
tained in short daylengths (Fig. 5). Thus, insensitivity to opioid receptor
blockade correlates with photoinhibition of the reproductive axis, not with
photoperiod. Under such conditions, peripheral steroid production by the
gonads is at a low level. However, maintenance of high titres of steroids
in photoinhibited animals does not restore their sensitivity to naloxone (Fig.
5). The effect of photoperiod upon opioid function is therefore a pineal-
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mediated (and presumably melatonin-dependent) central effect, independent
of peripheral steroid levels.

Taken together, do these results suggest an enhanced suppression by endo-
genous opioids of LHRH release in the photoinhibited animal? It is not clear
how far the tissue levels of a neuropeptide can be extrapolated to indicate

FIG. 5. Serum luteinizing hormone levels (mean + SEM) of adult male Syrian hamsters 20 min
after a subcutaneous injection of saline (open bars) or naloxone at 5 mg/kg body weight (shaded
bars). Animals were maintained in 16L:8D or 8L:16D for eight weeks or 8L:16D for 20 weeks
(photorefractory group) prior to sampling. Animals were intact, castrated, castrated with subcuta-
neous implants of testosterone (T) or pinealectomized (PX). *P < 0.05 vs. saline (analysis of
variance and post hoc Duncan’s test). After Roberts et al (1985b).

its release rate; for example, alterations in the pattern of LHRH release can
undoubtedly occur without obvious fluctuations in the amounts assayable in
the hypothalamus. In view of what we know of their endocrine effects, elevated
hypothalamic B-endorphin levels might plausibly be taken to indicate heigh-
tened activity during gonadal inhibition by appropriate photoperiods. How-
ever, opioid blockade in such circumstances might then be expected to
discharge extra quantities of gonadotropins, since an inhibitory mechanism
would be counteracted. The converse is found. It may be, of course, that
chronic inhibition of the LHRH pulse system, such as that occurring during
several weeks of exposure to inhibitory photoperiods, renders it incapable
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of response to the brief stimulus represented by a single injection of naloxone,
or even several injections given a few hours apart. Alternatively, and equally
probably, increased B-endorphin levels may indicate reduced neuronal ac-
tivity. The control of LHRH release normally exerted by B-endorphin in the
photostimulated animal may be suppressed either directly or indirectly through
some intervening process during photoinhibition. Consequently, blockade of
endogenous opioid activity would not be expected to affect the release of
LH.

TABLE 2 Tissue content of S-endorphin-like immunoreactivity in the medio-basal hypothalamus
of adult male Syrian hamsters mantained under 16 h light:8 h dark (A. C. Roberts, unpublished
data)

Group Tissue B-endorphin (pmol/mg protein, mean £ SEM)
Intact 4.03+0.45

Castrated 7.07 £1.36*

Castrated + testosterone 3.84+£0.49

*P<0.05 (analysis of variance and post hoc Duncan’s test).

Animals were intact, castrated or castrated and implanted subcutaneously with testosterone-filled
capsules. The MBH was dissected and B-endorphin-like immunoreactivity measured as described
by Roberts et al (1985a).

How, then, does altered opioid function contribute to the neuroendocrine
basis of seasonal reproduction? The endogenous opioids are intimately
involved in the steroidal regulation of gonadotropin secretion. 8-Endorphin
(as well as morphine) can potentiate the negative feedback effects of steroids
on the pituitary. Experiments on rats suggest that morphine is more effective
in suppressing gonadotropin output in castrated animals given steroids than
in castrates without steroids. Altering the levels of testosterone in photostimu-
lated hamsters has marked effects upon hypothalamic B-endorphin levels.
Castration leads to an increase in tissue content within the MBH. Restoration
of steroid levels after implantation of subcutaneous capsules filled with testo-
sterone blocks this effect (Table 2). There is clearly a close interdependence
of opioid activity and steroid negative feedback.

Enhanced negative feedback can be demonstrated in the photoinhibited
hamster and sheep, and such steroid-dependent effects are held to play a
part in gonadal control by the photoperiod (Turek & Ellis 1981, Karsch et
al 1984). However, since LH output from the pituitary is less in castrated
photoinhibited animals than in their photostimulated counterparts, negative
feedback may not be the only control system altered by light and responsible
for suppressing gonadotropin release (Urbanski & Simpson 1982). Taken
together, these findings indicate that it is the steroid-dependent component
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of seasonal breeding (in so far as this can be clearly separated from the steroid-
independent one) which should be most sensitive to opioid control. We still
lack clear information about whether these two mechanisms, steroid depen-
dent and independent, have separate identities. Their relative contributions
to the photoperiodic control of reproduction are poorly understood, and it
is not known whether these change during the phases of initiation and mainte-
nance of either a breeding or a non-breeding condition. Although an alteration
in the sensitivity to steroidal feedback may be of importance in the initiation
of reproductive quiescence, once this state is established endogenous steroid
levels are very low and steroid feedback may be less important for the main-
tained suppression of gonadotropin release. Consequently, during reproduc-
tive quiescence, the B-endorphin system regulating the release of LHRH may
be inactive. The importance of the opioids in seasonal reproduction may there-
fore lie in the initial period of gonadal regression.

Conclusions

It is apparent that the neuronal activity of the photoperiodic time-measuring
system is exquisitely sensitive to environmental illumination. Photoperiodic
information, processed in parallel with the circadian signal, is relayed to the
pineal gland via the parvocellular portion of the paraventricular nucleus. The
duration of the nocturnal bout of melatonin production acts as a marker of
scotophase, which is read by neurons probably within the hypothalamus. The
cellular basis of this process is unclear. Photoperiodic regulation of the gonadal
axis is exercised via changes in the frequency of the LHRH pulse generator.
The pineal melatonin signal has a dramatic effect upon the role of endogenous
opioids in the regulation of the pulse generator.
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DISCUSSION

Short: The concept of interval timing is very important, but how do you
interpret the inhibitory or stimulatory responses that one sees in animals with
melatonin implants, which are clearly not interval timers in that they are
releasing the melatonin continuously?

Herbert: Because the melatonin release is continuous, in most cases you get
an effect equivalent to pinealectomy.

Zucker: But in some species an implant works as effectively as do timed
injections (Johnston & Zucker 1980).

Herbert: That’s the problem. Most species behave as I've said but there are
one or two exceptions.

Reiter: 1would say that in most species the response to continuously available
melatonin is not equivalent to the response to pinealectomy. Certainly in the
Syrian hamster continuous melatonin availability acts like pinealectomy in
terms of preventing gonadal regression. But in many other species the response
is clearly different, and it depends on whether the animals are long-day or
short-day breeders.

Herbert: One problem is that if you are doing these experiments in intact
animals you also have endogenous production of melatonin. This adds to what
you are giving and you may produce some kind of interval timer if you are not
careful. So I would worry about drawing conclusions unless the animals are
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pinealectomized. Even if they are pinealectomized the situation is complicated
because many circadian metabolic systems, for example those concerned with
the clearance of melatonin, will show dramatic changes. Alcohol, it is said, is
cleared much more rapidly at certain times of day. So you should monitor very
carefully what you think is a continuous melatonin infusion. I would only accept
some of these findings with a degree of reservation.

Zucker: Has anybody satisfied these criteria and found that a pinealecto-
mized animal given a continuous release capsule of melatonin undergoes
gonadal regression?

Turek: If you transfer pinealectomized hamsters with melatonin implants
from short days to long days, testicular growthisinhibited (Turek 1977). Serum
melatonin levels should be constant unless there is a diurnal change in metabol-
ism.

Lincoln: We have given pineal-intact rams continuous melatonin therapy
using a silastic sheet implant, and have measured the blood plasma levels of
melatonin at hourly intervals throughout the day. The levels stay relatively
constant at 200-400 pg/ml with a small increase at night presumably due to
endogenous melatonin secretion. If the implants are introduced into the anim-
als on long days, the reproductive axis, moult cycle, pattern of prolactin
secretion and body weight all respond as normally seen following short days.
However, in the long term the animals behave more like pinealectomized rams,
failing to respond to changes in photoperiod. It is as if the constantly available
melatonin initially signals a short day, but subsequently blocks the interpreta-
tion of the endogenous melatonin signal (Lincoln & Ebling 1985).

We have also given melatonin implants to ganglionectomized rams, which
have little or no endogenous melatonin secretion. The animals were held on
long days, and the implants were left in place for 16 weeks, removed for 16
weeks and then replaced for 16 weeks. The cycle was repeated three times. In
this way it was possible to reintroduce into these animals cyclical changes in the
reproductive and moult characteristics that had been lost in the long term as a
result of ganglionectomy. The removal of the melatonin implant (no melatonin
period) seemed to allow the animals to re-establish their short-day responses to
the continuous melatonin signal.

Hoffmann:Pinealectomy and melatonin implants often have similar effects,
but these effects may differ depending on whether the animals are in long or in
short photoperiods. The species that behaves differently is Peromyscus, in
which melatonin implants induce regression while pinealectomy prevents it
(Lynch & Epstein 1976, Johnston & Zucker 1980, Glass & Lynch 1981). This
species might not use an hourglass mechanism.

Zucker: Melatonin implants also produce significant gonadal regression in
Microtus pennsylvanicus (Dark et al 1983).

Goldman:1t is important to keep in mind that the concentrations of melato-
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nin produced in the blood by the implants used in rodents are 20-fold to
100-fold higher than the peak levels produced by the pineal in normal animals.
It is likely to be a waste of time to try to draw sophisticated conclusions by
comparing the effects of implants, injections, pinealectomy and so on. There
are clearly differences in the way various species respond to a pharmacological
stimulus, but I am not sure that we can learn much from these differences— at
least not until we have a better understanding of normal pineal function.

Herbert: One thing we have forgotten about is the passage of melatonin into
the brain. We all assume that there will be a direct correlation between the
concentration of melatonin that we put into the blood and the concentration of
melatonin in the brain because melatonin is lipid soluble. Let me warn you
against that; it’s not true for several steroids that are very lipid soluble.

Goldman: 1 agree that we should not make any assumptions about the ease
with which melatonin crosses from the blood into the brain. But unless it can be
established that melatonin does not act via the peripheral circulation, we must
assume that treatments that produce very high plasma melatonin concentra-
tions are at least potentially pharmacological.

Rollag: T've injected melatonin into the bloodstream and measured its
appearance in the cerebrospinal fluid (Rollag et al 1978). The two compart-
ments equilibrate within about half an hour.

Reppert: We’ve done similar studies (Reppert et al 1979), measuring melato-
nin in the blood and cerebrospinal fluid of rhesus monkeys, and have also found
that the melatonin quickly equilibrates in the two compartments.

Reiter: According to your studies, when you put hamsters in long nights you
get an apparent prolongation of the melatonin peak, but you also get a higher
peak (Fig. 1, p 59). Why do you select the prolongation rather than the
elevated peak as an explanation for the effects on the reproductive axis? We
have taken Syrian hamsters, kept outdoors all year in an environment presum-
ably reminiscent of their natural habitat, and have looked at melatonin levels at
the equinoxes and solstices, comparing melatonin patterns in animals with
atrophic gonads and in those with normally functioning gonads (Brainard et al
1982). We don’t see a nocturnal ‘shoulder’ like you do, but we do see a higher
melatonin peak in the winter than in the summer. That could theoretically
account for the gonadal changes, so why did you select the prolongation of the
melatonin peak as the important factor?

Herbert: We don’t know enough about the critical variables for melatonin (or
indeed for oestrogen) to be able to evaluate the contributions of duration or
peak to its effects. We don’t even know whether the peak is measured in
absolute terms or only relative to day-time levels. The same problem is being
faced by those studying the LH response and oestrogen. I'm a bit wary of
drawing conclusions from our results because there are problems in estimating
secretion from the pineal on the basis of levels in the gland, and the sampling
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intervals were fairly long. But I am certainly not suggesting that duration is the
only thing that matters.

Bittman: 1 have had the opportunity to measure melatonin in some ewes in
which Gary Jackson at the University of Illinois has performed frontal hypotha-
lamic deafferentation. We have used hourly samples from animals with com-
plete or incomplete cuts and correlated the melatonin patterns with the con-
sequences of these cuts on reproduction (unpublished work). Ewes with com-
plete frontal hypothalamic deafferentation show reproductive activity at in-
appropriate times of year; radioimmunoassay of progesterone indicates that
such animals can ovulate in June and that the negative feedback potency of
oestradiol is no longer driven by photoperiod (Pau et al 1982). When we tried to
correlate this with melatonin patterns, we found to our surprise that it is
difficult to eliminate the night-time rise in melatonin in sheep by complete
frontal hypothalamic deafferentation. The only animals in which the melatonin
rise was eliminated were those with a knife cut that just grazed the caudal
border of the suprachiasmatic nuclei, and this is consistent with some of Reiter
and Sorrentino’s hamster results (Reiter & Sorrentino 1972). What is particu-
larly fascinating is that, although most of the ewes were generating fairly
normal melatonin patterns, they seemed unable to respond to photoperiod.
There are two possible explanations. Frontal hypothalamic deafferentation
may be disrupting circannual rhythmicity or, and perhaps more likely, these
cuts may, without interfering with the melatonin rhythm-generating system, be
severing the link between a melatonin receptor system and the medio-basal
hypothalamus. This second interpretation is consistent with earlier work in the
hamster (Reiter et al 1981).

Moore-Ede: 1 would like to pick up the question of whether the effects of
light in T-cycle experiments could be mediated purely by changes in the
melatonin rhythm. Fred Turek has shown that 1s of light can prevent gonadal
regression in male hamsters if given at the appropriate phase. Could that 1s of
light shut off and thereby sufficiently manipulate the melatonin rhythm?

Hoffmann: One minute can (Illnerova et al 1979, Hoffmann et al 1980,
1981).

Reiter: One second does not.

Turek: But remember that these animals were exposed to 1s of light daily
over a 10-week period, and it is not necessary to photostimulate animals every
day to maintain testicular activity (Earnest & Turek 1983, 1984).

Menaker: We have measured the amount of light necessary for phase-
shifting the locomotor rhythm in golden hamsters (Takahashi et al 1984) and
the amount of light necessary for suppressing melatonin synthesis (D.J. Hud-
son & M. Menaker, unpublished work). The curves that describe these two
relationships are quite different; the amounts of light required differ by 2.5
orders of magnitude. Melatonin synthesis is much more sensitive to light than is
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phase-shifting. If you calculate how much light is necessary to suppress melato-
nin production by 50% and apply this at a time in the circadian cycle when it is
too low in intensity to phase-shift the circadian rhythm, you can affect the
reproductive system and inhibit regression of the gonads without touching the
circadian system at all. In other words, the circadian system free-runs despite
periodic light pulses that suppress melatonin production and affect the repro-
ductive system. You can separate these two things completely.

Moore-Ede: So the answer from the short light-pulse experiments is that it is
plausible to have a mechanism that does not involve the circadian system.

Goldman: We have considered whether the results of T-cycle experiments in
rodents can be explained on the basis of the effects of T-cycles on the melatonin
rhythm. Janet Darrow has used stimulatory and non-stimulatory T-cycles in
Djungarian hamsters and in neither case is there evidence for an acute suppres-
sive effect of light on melatonin secretion (Darrow & Goldman 1985). In both
cases melatonin concentrations began torise only 2 h or 3 h after the light pulse,
but with the stimulatory T-cycle the melatonin pulse only lasted for about Sh or
6 h whereas with the non-stimulatory cycle it lasted 9 h or 10 h. The duration of
the melatonin signal correlated with whether or not the gonads were stimu-
lated, even though there was no indication of an acute effect of light. These
observations would appear to underscore the importance of the circadian
system in the regulation of pineal activity.

Rollag: 1 did similar experiments in Syrian hamsters, and showed that in
T-cycles that stimulated the gonads melatonin production was correlated with
activity onset (M.D. Rollag & M.H. Stetson, unpublished work).

Hoffmann: There are other reports that, in the golden hamster, changes in
the T-cycle involve changes in the duration of melatonin secretion (J.A. Elliott,
unpublished paper, Timberline Symp on Biological Clocks, July 1984). To my
knowledge there is no clearcut evidence in mammals that light can have
photoperiodic effects on reproduction without influencing the melatonin pat-
tern.

Sizonenko: Some of the recent work of Dr Michel Aubert in our laboratory
confirms Dr Herbert’s conclusions about $-endorphin. In our juvenile male rat
model, naloxone does not block the inhibitory action of injected melatonin, but
the [Met’|enkephalin analogue FK-33-824 has exactly the same effect as mela-
tonin (unpublished work). So melatonin may potentiate or mimic the tonic
inhibition of LH secretion by endogenous opioids during sexual maturation.

Herbert: It is important to make a distinction between -endorphin and the
enkephalins. The problem is that it is very difficult to pick out the B-endorphin
receptors without the others. If you infuse B-endorphin into the brain you will
activate all sorts of opioid receptors.

Turek: I'm not sure why you think naloxone is not working through the
steroid feedback system. To look at that thoroughly you have to use many
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different doses, not only of steroids but also of naloxone. For example, you
may not see an effect of naloxone in an intact animal on short days because the
system is so sensitive to the negative feedback effects of steroids that a small
amount of naloxone is not enough to overcome the inhibition.

Herbert: But we went up to three or four times the maximum dose of
naloxone and there was still no release of LH. We thought that perhaps SD
made the dose-response curve shift to the right, but it’s not true. We went up to
an enormous dose of naloxone and nothing happened. We also tried changing
steroid concentrations in photoinhibited animals. We thought that if we repro-
duced the normal concentrations of a reproductively active male hamster, and
steroids were affecting f-endorphin levels, we ought to be able to reconstitute
the effect of naloxone in photostimulated animals. But we couldn’t.

Lincoln: Do high B-endorphin levels in the hypothalamus mean high release
of B-endorphin in the brain and into the portal system?

Herbert: That’s a critical question. There may not be physiologically signifi-
cant release into the portal system because the evidence is against f-endorphin
acting directly on the anterior pituitary. It may act somewhere in the median
eminence. If high hypothalamic levels are reflecting high activity, this would fit
with the known actions of §-endorphin, but the problem is that the effects of
B-endorphin on prolactin are not consonant with its effects on LH in the context
of seasonal breeding. The second problem is that it is difficult to reconcile the
effects of opioid blockade with the effects of high levels of f-endorphin in the
brain unless you make a number of assumptions. This brings us to the much
larger question of what measuring static levels of anything in the brain tells you
about activity. The answer is, very little. For example, you can get marked
changes in LHRH release in hamsters without any alteration in LHRH levels in
the brain. The important change is probably one in pulsatile release patterns,
so there is no real reason why that should be reflected in brain levels of LHRH.

Lincoln: We have tried chronic treatment with naloxone (50 mgi.v. every4h
for seven days) in photoperiodically inhibited sexually regressed rams, with the
idea that opioid suppression might be so profound in the regressed state that it
would be necessary to give naloxone in the long term to override the inhibition.
In our animals photoperiodic inhibition of LH secretion is associated with a
delayed rise in LH after castration, not starting until after 24 h; thus, if an
opioid mechanism is involved in relaying the sex steroid feedback inhibition we
would not expect to see a rapid response to naloxone in the sexually regressed
state. However, we got absolutely nowhere with the chronic naloxone treat-
ment; there was a small increase in LH pulsatility in response to the first
injection, but no response to the second or subsequent injections all the way
through to day 7. There was still a low level of pulsatile LH secretion typical of
the quiescent state, but this was not affected by the naloxone; perhaps animals
become tolerant to naloxone as they become tolerant to opiates like morphine.
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Abstract. The pineal gland, the retinas and perhaps other tissues as well may in some
species produce melatonin that appears in significant quantities in the circulation. In at
least one species, Japanese quail, the circadian rhythm in the levels of circulating melatonin
reflects contributions from both the pineal and the retinas; in other species circulating
melatonin may come exclusively from the pineal or perhaps only from the eyes. Compara-
tive behavioural and physiological data from several bird and lizard species indicate that
retinas and pineal glands fulfil similar endocrine roles. Current evidence suggests that
in iguanid lizards either retinas or pineal glands, but not both in the same species, have
important regulatory influences on circadian organization. This suggests that it should
be relatively easy to influence the melatonin-forming ability of a tissue by natural selection,
an interpretation bolstered by our finding that the ability to synthesize melatonin has
been inadvertently eliminated in the pineal glands of laboratory mice, presumably by
the selection involved in producing inbred strains. The genetics of melatonin synthesis
in mice is briefly discussed.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 78-92

The title of this symposium—Photoperiodism, Melatonin and the Pineal—
suggests that melatonin produced in the pineal gland is unique in some impor-
tant way. I should like to argue that this view is incorrect, that in fact if
one looks broadly among the vertebrates one finds that other melatonin-form-
ing tissues, particularly the retina, are indistinguishable from the pineal in
the biochemistry of melatonin synthesis, in the temporal pattern of melatonin
synthesis, in the effects of light on that pattern and in the physiological function
that they perform. Indeed, viewed from this perspective, the retina and the
pineal gland appear to be so similar that the eyes could well be called the
second and third pineal glands. In an attempt to maintain the distinction
between retina and pineal it might be argued that while the pineal glands
of all vertebrates synthesize melatonin, the retinas of only some species do
so. Even this distinction fails however; in spite of several unpublished attempts

78



EYES—THE SECOND (AND THIRD) PINEAL GLANDS? 79

to measure it, no one has yet reported detecting melatonin in the pineal
glands of Urodeles and, as I shall discuss, the ability of the mouse pineal
to synthesize melatonin can be rapidly abolished by selection.

Although the pineal glands and retinas of vertebrates are indistinguishable
as a whole, each of these organs is nonetheless highly variable among species
even of the same family. In the pineal this variability has been primarily
assessed in terms of function. Pinealectomy of some birds and lizards abolishes
circadian locomotor rhythmicity, while in other species of both classes pinea-
lectomy haslittle or no effect (Menaker 1982, Underwood 1984). Pinealectomy
of the golden hamster (Mesocricetus auratus) stimulates gonad growth, where-
as pinealectomy of the closely related Turkish hamster (M. brandti) inhibits
gonadal function (Carter et al 1982). Perhaps because we know so little about
the endocrine function of the retina, variability in this tissue is usually des-
cribed in terms of its ability to synthesize melatonin. The retinas of some
fish (Gern & Ralph 1979), reptiles (see below) and birds (Hamm & Menaker
1980, Voisin et al 1982, Pang et al 1983, Underwood et al 1984) have been
shown to contain melatonin. Many of these measurements have been made
in such a way that it is reasonable to conclude that melatonin found in the
retina has been synthesized there. In at least one case there is direct evidence
that retinal melatonin enters the blood and accounts for a significant fraction
of circulating melatonin (Underwood et al 1984).

Small amounts of melatonin have been detected by radioimmunoassay in
the mammalian retina by Yu et al (1981); however, other workers have failed
to find measurable amounts. Both hydroxyindole O-methyltransferase
(HIOMT; Cardinali & Rosner 1971) and serotonin N-acetyltransferase (NAT;
Miller et al 1980) have been detected in the mammalian retina. Dubocovich
(1983) discovered that picomolar concentrations of exogenous melatonin
selectively inhibited calcium-dependent release of [PH]dopamine from super-
fused rabbit retina but not from striatum. Her work suggests that in mammals
melatonin acts as a neuromodulator in the retina. If that were its only role
one might expect it to be present in small quantities and be difficult to detect;
this could perhaps account for the discrepancies noted above.

It seems reasonable to conclude that in vertebrates in general retinal melato-
nin plays both a local role as a neuromodulator and/or regulator of photo-
receptor metabolism (Besharse & Dunis 1983) and a classical hormonal role
requiring that it be produced in relatively large amounts and transported to
distant target organs by the circulation. The local role might well be very
common or even universal, while the hormonal role is probably less so. The
possibility that pineal melatonin plays a local role, modulating events within
the pineal itself, has not been investigated; pineal melatonin is known to
play a hormonal role in some vertebrates. Of course pineal melatonin could
act hormonally on the retina as a target and perform the same functions
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(e.g. modulation of dopamine release) that under other circumstances are
performed by retinally synthesized melatonin acting locally. Whatever the
details of its synthesis, its circulatory levels or its particular physiological ac-
tions, and regardless of its source, it is likely that melatonin always acts as
an internal chemical symbol of the external light cycle; wherever it is found
its synthesis oscillates with a daily or circadian rhythm, and with a single
exception (Gern et al 1978) melatonin levels are higher at night than during
the day.

Let us consider melatonin only in its role as a hormone and examine the
evidence for the view that the retina and the pineal are interchangeable sources
of hormonally active circulating melatonin. Pinealectomy of house sparrows
(Passer domesticus) abolishes free-running circadian locomotor rhythmicity.
Several lines of evidence demonstrate that the pineal organ of this bird is
photosensitive and contains circadian oscillators that regulate its synthesis
of melatonin (Menaker 1982). Strong circumstantial evidence supports the
view that the pineal of the house sparrow, and probably of other passerine
birds as well, regulates behavioural rhythmicity by rhythmic secretion into
the circulation of melatonin which acts on hypothalamic target sites (Takahashi
& Menaker 1979, Zimmerman & Menaker 1979).

Pinealectomy of Japanese quail and of pigeons (species which are not closely
related either to each other or to the passerine group) fails to abolish beha-
vioural rhythmicity. However, this rhythmicity can be abolished by removal
of the eyes in addition to the pineal (Ebihara et al 1984, Underwood et al
1984). In quail, Underwood et al (1984) have demonstrated that circulating
melatonin shows rhythmic changes in concentration and that 54% of the night-
time peak comes from the pineal, 33% from the eyes and 13% from unidenti-
fied sources. While quail that have lost either their eyes or their pineal glands
retain robust rhythms in the levels of circulating melatonin, such rhythmicity
is barely discernable when both organs have been removed. Thus the limited
data available for birds suggest that the maintenance of behavioural circadian
rhythmicity depends on rhythmic changes in the concentration of circulating
melatonin, different proportions of which come from the eyes and the pineal
gland in different phylogenetic groups. Why in a particular species one organ
rather than the other has been favoured as a source of melatonin by natural
selection remains obscure.

Additional evidence of the equivalence of eyes and pineal glands comes
from work with lizards. Underwood (1984) has shown that pinealectomy has
profound effects on the circadian locomotor rhythms of three species of iguanid
lizards: in Anolis carolinensis pinealectomy abolishes free-running circadian
rhythmicity; in Sceloporus olivaceus and in S. occidentalis pinealectomy has
a variety of effects on the rhythm including causing period change, splitting
of the rhythm into multiple components, modification of the phase-response
curve for light pulses and arrhythmicity.
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We have cultured the pineal organ of Anolis carolinensis (Menaker &
Wisner 1983) and of S. occidentalis in a superfusion system that allows us
to collect timed samples of superfusate and assay them for melatonin. The
cultured pineal glands of both species produce melatonin with a circadian
rhythm in constant darkness (Fig. 1A & B). Underwood’s data taken together
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FIG. 1. Temporal patterns of melatonin secretion by single, representative cultured pineal glands
of three species of iguanid lizards. The glands were removed from the lizards between hours
11 and 12 and placed in superfused culture in constant darkness (A, Anolis carolinensis; B,
Sceloporus occidentalis; C, Dipsosaurus dorsalis). Note that, while glands from both Anolis and
Sceloporus oscillate, the amplitude of the rhythm is greater in Anolis and its period is shorter
in Sceloporus. Dipsosaurus glands produce large quantities of melatonin but fail to oscillate
in constant darkness (M. Menaker, S. Wisner & D. S. Janik, unpublished work).

with our own suggest that iguanid lizards resemble passerine birds in the
role that pineal melatonin plays in their circadian organization, i.e. the pineal
rhythmically produces melatonin which enters the circulation and acts on
unknown target sites to maintain behavioural circadian rhythmicity. Recently
we have begun experiments with a fourth species of iguanid lizard, Dipsosaur-
us dorsalis (D. S. Janik & M. Menaker, unpublished work). To our initial
surprise, pinealectomy of these lizards had little or no effect on their free-
running circadian locomotor rhythms. Furthermore, when cultured under the
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same conditions as the pineal glands of Anolis and Sceloporus, Dipsosaurus
pineal glands completely fail to oscillate in constant darkness although they
produce large quantities of melatonin (Fig. 1C).

Underwood has measured melatonin in the retinas of Anolis at frequent
intervals throughout the day and night. He finds very low or non-detectable
levels at all times (Underwood, 1985). We have confirmed his report at two
time points (mid-light and mid-dark) and in addition have measured melatonin
at these time points in the retinas of S. occidentalis and D. dorsalis. Only
the retinas of Dipsosaurus contain large amounts of melatonin, as expected,
at night (Table 1). Although our results are preliminary and there are still

TABLE 1 Melatonin content of lizard retinas

Species Midday Midnight

Anolis carolinensis 8.16+2.31(7) 1120+ 0.84(7)
Sceloporus occidentalis 30.43+6.67 (6) 33.66+ 3.91(5)
Dipsosaurus dorsalis 16.29 £ 0.05 (2) 215.65+110.65 (2)

Values given are in pg/retina + SE. Numbers in parentheses are numbers of retinas.

several important pieces of the picture missing, it is hard tc escape the conclu-
sion that Dipsosaurus is an iguanid lizard that happens to get an important
fraction of the rhythmically changing portion of its circulating melatonin from
its eyes (cf. Besharse & Iuvone 1983). If this is true, then bilateral enucleation
should significantly reduce the amplitude of or perhaps abolish the rhythm
in the levels of circulating melatonin and furthermore, either alone or in combi-
nation with pinealectomy, should have profound effects on behavioural rhyth-
micity. In short, while circadian organization in Anolis and Sceloporus closely
parallels that in passerine birds, circadian organization in Dipsosaurus may
well be analogous to that in pigeons and quail. If so, the entire range of
variability discovered so far in birds exists within one group of lizards. Such
variability is phylogenetically incoherent and must be the result of selective
factors that we do not as yet appreciate, acting in response to pressures in
specific environmental niches. Although it is almost certain to have important
ecological meaning, such variability obscures the physiological core of the
vertebrate circadian system; at least in birds and lizards this core probably
involves rhythmic changes in the concentration of circulating melatonin,
whatever its source may be.

If the retinas of some species of iguanid lizards synthesize large amounts
of melatonin rhythmically while the retinas of others synthesize it only at
very low levels or not at all, then perhaps the transition between the two
states is easily made. If so we might expect to find retinas, pineal glands
and perhaps other melatonin-forming organs switching in and out of melatonin
production at the whim of selective forces we have yet to understand. Such
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lability might go a long way toward explaining the inter-species variability
in the effects of pinealectomy on behavioural and reproductive variables that
has plagued the study of this organ since its inception. We have recently
discovered a model system that may help in understanding how selection,
in this case artificial selection, is able to modify rapidly the melatonin-synthe-
sizing capacity of pineal glands and retinas (S. Ebihara et al, unpublished
work).
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FIG. 2. Pineal melatonin content of C57BL mice (filled circles) and of the field-derived strain
(open circles) as a function of time relative to the light cycle on which the animals were held
(diagrammed at the bottom of the figure). Unless shown, the standard error bars lie within
the points (S. Ebihara, T. N. Marks, D. J. Hudson & M. Menaker, unpublished work).

The pineal gland of the commonly used inbred laboratory mouse C57BL/6J
does not synthesize melatonin at any time of the day or night. This is a remark-
able fact especially since melatonin is synthesized in the pineal glands of every
other mammalian species so far examined. On the other hand, wild mice,
that is mice of the same species (Mus domesticus) collected in the field and
bred under laboratory conditions*, hereafter referred to as the field-derived
strain (FDS), synthesize melatonin in their pineal glands with normal rhythmi-
city. Pineal melatonin content in the two strains over the course of 24 h is
compared in Fig. 2.

* About 50 of these mice were collected in granaries in Edmonton, Alberta, Canada, by Dr
Frank Bronson in 1979. Since then they have been maintained under laboratory conditions at
the University of Texas, Austin, with no deliberate selection; they are now in their fifth generation.
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Control of pineal melatonin synthesis in mice is in part genetic as we have
demonstrated by crossing C57 mice to the FDS. The pineal glands of the
F, progeny synthesize about one-quarter of the amount of melatonin at hour
22 (the time of peak synthesis in the FDS) that the pineal glands of their
FDS parents do. Reciprocal crosses give the same result. When the F; progeny
are crossed to the FDS, the pineal glands of all the offspring produce melatonin
(at hour 22) at levels somewhat below those of the FDS. When the F, progeny
are back-crossed to C57 about one-quarter of the offspring produce melatonin
(at hour 22) at roughly the same levels as the F, animals, while the other
three-quarters produce no melatonin. These results suggest that the ability
to synthesize melatonin depends on two independently assorting Mendelian
genes, both of which are homozygous recessive in C57 mice and homozygous
dominant in the FDS. This suggestion is supported by the results of an F,
cross: of the 54 F, mice produced by this cross, 33 had melatonin in their
pineal glands (at hour 22) whereas 21 did not have melatonin. These numbers
give a very good fit (x> =0.51) to the 9:7 phenotypic ratio predicted for a
dihybrid cross on the basis of the above assumptions.

Both of the enzymes involved in the synthesis of melatonin from serotonin
[NAT(EC 2.3.1.5) and HIOMT (EC 2.1.1.4)] are found in the pineal glands
of FDS mice. NAT is rhythmic, with the highest activity at hour 22, whereas
HIOMT activity remains constant throughout the day and night. The activity
of both enzymes is very low or undetectable in the pineal glands of C57 mice;
in the F; animals the activity of both enzymes is about half its level in FDS
mice (Fig. 3).

The genetic and the biochemical data are consistent with, although they
do not prove, the hypothesis that each of two genes involved in the ability
to synthesize melatonin regulates one of the two enzymes critical to this pro-
cess. The hypothesis is supported by our finding of a laboratory strain, NZB,
which shows NAT activity in its pineal but no HIOMT activity or melatonin
synthesis. Our data are incomplete and can be accounted for by other models;
we do not wish at this point in our work to subscribe too earnestly to the
interpretation outlined above. Our results however do make it quite clear
that the selection involved in producing the inbred C57 strain has resulted
in rapid genetic changes that have completely eliminated the melatonin-syn-
thesizing capacity of the pineal glands of these animals. Furthermore, these
events may have occurred often and independently in the production of inbred
mouse strains since we have failed to find melatonin in the pineal glands
of several other strains of laboratory mice (BALB/c, AKR, CAST) and,
in the two strains for which we have some enzyme data (C57 and NZB),
blockage of melatonin synthesis has been accomplished differently. It is hard
to escape the surmise that melatonin reduces the fecundity of mice under
laboratory conditions to a degree that may become apparent to the artificial
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selection process only when it is added to the other reductions in fecundity
produced by vigorous inbreeding. Under these circumstances melatonin syn-
thesis may have been inadvertently eliminated by the hand of the breeder
looking for mice that ‘do well’ in the laboratory.
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FIG. 3. NAT and HIOMT activity in the pineal glands of three genetically different groups
of mice at hour 22. The F, mice are the offspring of matings between C57BL and field-derived
(‘wild’) individuals (S. Ebihara, T. N. Marks, D. J. Hudson & M. Menaker, unpublished work).

There are of course other mechanisms by which selection could alter effec-
tive melatonin production. One of the simplest of such mechanisms would
be to degrade the hormone before it enters the circulation. That may be
occurring in the retinas of chickens, which synthesize melatonin rhythmically
and in large quantities but contribute very little of it to the circulation. This
paradox has been well documented (Pelham 1975, Cassone et al 1983, Reppert
& Sagar 1983); it requires, but has not yet received, explanation. It is especially
puzzling since the retinas of Japanese quail (Galliformes, like chickens) make
melatonin rhythmically and contribute it to the circulation, from which it
appears to exert behavioural effects.

Underwood et al (1984) have measured melatonin production by the quail
retina and compared the amount synthesized by the two eyes with circulating
levels in pinealectomized birds. They conclude that more melatonin is manu-
factured by the retinas than is found in the circulation and that melatonin
must therefore be either stored or metabolized in the eye. Because indefinite



86 MENAKER

storage of the large amounts of melatonin produced by the retinas of chickens
seems unlikely, it is hard to escape the conclusion that this melatonin is
degraded before it reaches the circulation. Surprisingly, experimental tests
of this possibility appear to have been neglected; there are no reports of
searches, with either positive or negative results, for melatonin breakdown
products in chicken retinas.

Because retinal melatonin is likely to play a local neuromodulatory role
in addition to its hormonal one, there may well be retinal mechanisms already
in place for its rapid inactivation. Perhaps these mechanisms have been ampli-
fied in the chicken retina by artificial selection during inbreeding. Such selec-
tion may have accomplished, by a different mechanism, the same functional
result that we have reported for the pineal glands of laboratory mice. In
the one case the retina and in the other the pineal may have been inadvertently
eliminated as a functional endocrine organ by artificial selection. These exam-
ples do not exhaust the possible ways in which selection, either natural or
artificial, might modify the melatonin economy of a species. They do suggest
that if new and different patterns of melatonin synthesis become adaptive,
these can be quickly realized. Since the circadian and reproductive responses
of organisms to the particular photic environments in which they live directly
affect their fitness, the observed variability in synthetic patterns and physiolo-
gical effects of melatonin may not be surprising.
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DISCUSSION

Arendt:Four of our apparently perfectly normal human volunteers have no
detectable melatonin. Do you think there is a real disadvantage in that?

Menaker: 1 don’t know how far our observations in mice apply to humans. S.
Ebihara, who is currently working in my laboratory, is very excited about the
correlation between ease of breeding and lack of melatonin in the pineal glands
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of several strains of mice. I asked him why rats, which are also domesticated but
have lots of melatonin in their pineal glands, are nevertheless easy to breed. He
said that in general rats are not highly inbred, and apparently inbreeding makes
it very difficult to maintain strains in the laboratory. It is possible that, if on top
of the difficulties of keeping a highly inbred strain you add melatonin from the
pineal as a reproductive brake on the system, the animals won’t reproduce well.
It is important to look at inbred strains of rats to investigate this.

Turek: The function of the pineal gland is most readily apparent in photo-
periodic species, and indeed most of the papers presented at this symposium on
the physiology of the pineal involve experiments on seasonal breeders. Yet the
neurochemistry and enzymic control of the pineal have primarily been worked
out in the rat, a non-photoperiodic species. Is it possible that the biochemical
pathways that have been worked out in the rat are misleading us about what is
going on in animals that have a functional pineal gland?

Goldman: We must be careful about deciding whether an animal has a use
for its pineal simply on the basis of whether we can demonstrate a photo-
periodic effect on reproduction.

Menaker: 1 don’t think that we can possibly understand the central core of
the vertebrate system without looking at a wide variety of species. As far as we
know mice are completely non-photoperiodic; Bronson (1979) has shown that
they do not respond to light in the field. But we don’t yet know whether light
acutely suppresses melatonin synthesis in the mouse pineal. I wouid not be
surprised if the control mechanisms in the mouse have been pared down to a
very basic level. It may turn out to be a very useful model system.

Vollrath: When I published my results on the day-night rhythm in ‘synaptic
ribbons’ in the pineal (Vollrath 1973), I put forward the hypothesis that these
ribbons are morphological prerequisites for melatonin formation, but I was
very puzzled to find that ribbons are extremely rare in mouse pineal glands. I
am now wondering what these structures look like in wild mice. They could be a
morphological correlate to follow in genetic studies.

Goldman: Is there any particular reason why some of the strains of mice you
mentioned are difficult to breed?

Menaker: I don’t know yet; we have not had enough experience trying to
breed them. Perhaps the babies get cold; the adults may not make nests
properly or keep the babies warm. It is possibly something to do with tempera-
ture regulation.

Tamarkin: We have seen something similar in other strains. We were unable
to detect melatonin in pineal glands from nude mice, which are derived from a
Swiss strain, and there are difficulties in breeding these animals. As in your
mice, the problem is not inability to breed but inability to mother the pups. One
can get around the problem by fostering the pups to other mothers.

Menaker: But we find that the strains that have melatonin are the ones that
are difficult to breed.
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Hinerova:1 would like to comment on breeding behaviour and the pineal in
sitver foxes. At a farm in Siberia silver foxes have been selected since about
1920 according to whether they behave like domestic animals or not. There are
now two groups of animals, one of which is domesticated, but both groups are
raised in exactly the same conditions outdoors with extreme cold during the
winter. Foxes in the domesticated group have partly lost their photoperiodic
behaviour. The wild foxes can breed only during one month, but some of the
domesticated foxes can breed during longer periods or even twice a year. The
foxes selected for their domesticated behaviour have lower pineal weights than
the wild ones (Kolesnikova 1981). It might be interesting to compare melatonin
rhythms in the domesticated and wild groups since many domesticated animals
selected originally on behavioural grounds have lost their photoperiodism.

Hoffmann: 1 am a bit concerned about this correlation between lack of
melatonin and high fertility and I am glad Dr Tamarkin has provided a counter-
example. One can’t generalize at this stage.

Menaker: 1t’s only a correlation at the moment.

Hoffmann: But there are certainly several species that reproduce very well
but that secrete a lot of melatonin.

Menaker: To study this you would have to look within a species, in fact within
a strain, and ask whether the level of melatonin is one of a number of factors
that influence fecundity.

Zucker: So far the discussion has been almost exclusively about artificial
selection, but we now have results from several laboratories showing the same
phenomenon in natural populations of animals (e.g. Dark et al 1983). This is
work on latitudinal gradients and reproduction. In temperate zones the further
north you go the later the onset of breeding and the shorter its duration; in
southern portions of their distribution animals may be reproductive throughout
the year. There is evidence that animals from more southerly latitudes, who
may be reproductive all year in the field, don’t respond to melatonin adminis-
tered exogenously, whereas animals from the more northerly populations do
(Dark et al 1983). So this phenomenon occurs in animals in the field, and is not
just a product of breeding practices.

Menaker: Is there any indication that in those animals selection has been
operating on the production of melatonin?

Zucker: No, but it is worth reiterating that selection is for outcomes and not
for mechanisms. There are probably many different pathways that can produce
the same outcome: in some cases melatonin may not be secreted; in others the
target tissues may not be responsive to melatonin. This occurs in lab rats, which
are not photoperiodic. However, if you do something as bizarre as to remove
the olfactory bulbs from these rats, they become photoperiodic (Nelson &
Zucker 1981).

Tamarkin: With Bob Lynch, we have looked at the white-footed mouse from
different latitudes in the United States (Lynch et al 1982). Bob has studied mice
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from Connecticut that do have a seasonal reproductive cycle and mice from
Georgia that do not. We have looked at the melatonin profiles of animals from
both groups in short and long photoperiods and they are virtually the same.

Short: You North Americans are sitting on an unexploited gold mine in the
white-tailed deer whose distribution extends from New York State down across
the equator to South America. All you need to do to measure its breeding
seasons is to use a pair of binoculars and record what the antlers are doing.
There are no really good data on what happens to breeding season across such a
large range of latitude, and it would be fantastic to look at this in a totally wild
species.

Goldman: There is a difference between these examples and Mike Menak-
er’s. He is working with animals derived from a stock that was already non-
photoperiodic and then lost the capacity to synthesize melatonin as well,
whereas Irv Zucker is talking about animals that are at first photoperiodic but
have demes at certain latitudes that have become non-photoperiodic.

Zucker: We don’t know that. The original stock from which such animals
were derived may have been non-photoperiodic, and as the animals invaded
more northerly zones they may have become photoperiodic. Also, although
mice may not be photoperiodic, they do manifest seasonal breeding in the field
under some circumstances. I don’t know what wild mice Mike Menaker is
using, but some of Bronson’s strains are not that ‘wild’ as they have been in the
laboratory a number of years.

Menaker: The mice we use were collected quite recently, about five years
ago, but even some of the inbred strains still retain melatonin. It is clear that
such changes can be selected for over long time intervals in the field, but our
results illustrate how labile the system is, how easy it is to change a normal
pineal into one that does not make any melatonin at all. It is helpful, for
example, when you consider the variability in retinal melatonin synthesis
among species of lizards because we now know that selection pressures can act
very quickly on melatonin-synthesizing enzymes.

Zucker: It would be very interesting to see whether this correlation with
melatonin levels holds only for reproduction. If you look at end points such as
huddling, development of the pelage or behavioural thermoregulation you
might find that in some circumstances the relation applies and in others it does
not.

Hoffmann: When we breed animals in captivity we automatically select
against reproductive barriers such as photoperiodic reactions. But golden
hamsters, all of which are derived from one litter caught in Syria in 1930 (Adler
1948), have maintained their photoperiodic capacity and their ability to pro-
duce melatonin for over 50 years in spite of this selection. So in some species it
is not that easy to change the genetic structure.

Short: Do your findings on the absence of pineal melatonin in certain strains
of mice also apply to retinal melatonin?
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Menaker: 1 don’t know; we haven’t looked at the eyes yet.

Lewy: It is very tempting to implicate melatonin in at least one of the many
observed retinal and ocular circadian rhythms. In my laboratory, Krauss et al
(1985) have studied intraocular pressure in humans around the clock, and have
documented a night-time decrease; it is not a function of sleep because the
subjects were sleep-deprived. We can abolish the night-time fall in intraocular
pressure with bright-light exposure, which also abolishes the rise in plasma
melatonin concentrations. Although there are other possible explanations,
melatonin may control that particular circadian rhythm. We have looked at
post-mortem specimens of about 30 human retinas and have not been able to
measure any melatonin (G. Krauss, unpublished work). Moreover, with
Duane Denney and others in my laboratory, we have not been able to identify
retinal melatonin in pinealectomized pigmented and albino rats (unpublished
work). We use the gas chromatographic—negative chemical ionization mass
spectrometric assay (Lewy & Markey 1978), which uses deuterated melatonin
as an internal standard (and therefore corrects for recovery) and has a sensitiv-
ity of less than 1 pg/ml. Consequently, if melatonin is playing a role in the
circadian rhythm in intraocular pressure, it may originate in the pineal. The
retina may be a target tissue for the pineal hormone.

Reppert: What experience has anyone else had with measuring melatonin in
the mammalian retina?

Menaker: We have never managed to convince ourselves that the retinas of
any of the mammals we have had in the lab had any melatonin in them.

Reppert: We have found the same. We have measured retinal melatonin
rhythms in a variety of vertebrates (chicks, chameleons, frogs) but in the
mammalian species we have looked at, including cats, several species of rats
(pigmented and albino) and hamsters, we have failed to find much melatonin
(unpublished work).

Pévet:By gas chromatography-mass spectrometry we have demonstrated the
presence of melatonin in the retina of the hamster (Beck & Pévet 1984). We
found between 100 and 200 pmol/retina; this has to be compared with the 2
pmol/pineal, at night, detected in the same animals with the same technique.

Menaker: Considering how sensitive to melatonin Dubocovich (1983) has
found the rabbit retina to be in terms of dopamine release, it would be very
surprising if there were not any melatonin in the mammalian retina. It seems
reasonable that melatonin is made in the retinas of at least some mammals, but
I suspect that the enzymes for chewing it up are different from those in the
pineal. If melatonin operates as a neuromodulator within the retina, then there
isthe same need to get rid of it rapidly as there is to get rid of neurotransmitters.
Perhaps the way people treat pineal glands when they want to measure melato-
nin is not a sufficiently cautious way to treat retinas. If one tried to be very
careful with the retina, its melatonin content might be preserved. We and
others have reported that melatonin from the chicken retina does not get into
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the circulation; after you pinealectomize a chicken you do not measure much
melatonin in the blood.
Reppert: We have found the same thing (Reppert & Sagar 1983).
Menaker: Perhaps this melatonin is broken down in the retina. There is a
tremendous amount of melatonin in the chicken retina; it must go somewhere.
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Abstract. Birds show a circadian rhythm in melatonin secretion and, as expected, the
pattern of output changes with photoperiod. Somewhat surprisingly then, in view of the
mechanisms in mammals, birds do not seem to use this seasonal message in the photoperio-
dic control of reproduction. Some further experiments are needed, however, because
in birds the pineal gland is not the only source of melatonin. Another difference from
mammals is that birds detect the photoperiodic light not with the retina but by brain
photoreceptors, which probably lie in the hypothalamus. An action spectrum for these
receptors has now been obtained for the quail and this shows a peak absorption at 492 nm,
suggesting that the photoreceptor is rhodopsin-based. The sensitivity of the brain receptors
to 500 nm light was calculated at 2 x 10* photons mm~2s~". For light to induce the photoper-
iodic response it must be interpreted by the bird’s clock as a long day. This happens
if the light falls 12-20 h after dawn and coincides with a rhythm of photosensitivity. The
subsequent neuroendocrine response to the light signal is both precise and relatively long-
term. A single 4h light pulse initiates a wave of gonadotropin secretion lasting for 10
days. The light stimulus can be replaced by a brief (2 min) daily electrical stimulus given
to the hypothalamus 10-12h after dawn. Over the next few years it should be possible
to disentangle further the neural processes involved.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 93-105

The pineal gland, melatonin and the photoperiodic response in birds

Birds possess a well-developed pineal gland which, as in mammals, secretes
melatonin in a rhythmic fashion, normally confining both synthesis and release
to the hours of darkness. This rhythm is circadian and is under the control
of at least two clock systems. One lies in the suprachiasmatic nuclei and regu-
lates the pineal via the usual multisynaptic pathway through the superior cervi-
cal ganglion; the other lies within the pineal itself and, whilst present in other
vertebrates, is absent from mammals. When the avian pineal gland is isolated
from all its neural inputs either in vivo or in vitro it is still perfectly capable
of secreting melatonin rhythmically under a light-dark cycle. The relative
importance of these two clock systems in the normal bird is still unresolved
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(see Cassone & Menaker 1984), but together they provide firm circadian con-
trol over the pineal gland. As would be expected from such a circadian-driven
system (Pittendrigh 1981), the melatonin rhythm alters a number of its charac-
teristics (phase, duration and amplitude) as the photoperiod changes and so,
just as in mammals, the melatonin signal delivered into the circulation reflects
closely the prevailing daylength: it is a natural transducer of photoperiod

(Fig. 1).
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FIG. 1. Rhythms of pineal melatonin content (n =6, mean + SEM) in quail killed at different
times through a 24 h period. The quail were on three different photoperiods with light (L) to
dark (D) ratios of 16L:8D, 12L:12D or 8L:16D. Darkness is indicated by the solid black bar.
Redrawn from Cockrem (1983).

Given the fact that the photoperiodic control of reproduction is particularly
highly evolved in birds, it is surprising that birds do not seem to use this
tailor-made seasonal signal to regulate their breeding. Pinealectomy has been
performed on more than a dozen species of birds but, with the possible excep-
tion of the Indian weaver Ploceus philippinus, in no species does the operation
have more than a transitory effect upon reproduction. This applies to all
the major aspects of the avian photoperiodic response: the inhibition of gona-
dal growth under short days; its induction with long days and the regression
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that follows return to short days; the acquisition of refractoriness under long
days and its dissipation with short days. Even when certain aspects are analysed
in detail they are not affected by removal of the pineal gland (e.g. Simpson
et al 1983). Recently it has become clear, though, that in some birds melatonin
is secreted not just from the pineal but also from the retina, and so many
of the earlier experiments must be regarded as flawed. Fig. 2, which has
been taken from Underwood & Siopes (1984), shows that the pineal contri-
butes just over half of all circulating melatonin in Japanese quail; the rest
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FIG. 2. Plasma melatonin levels in Japanese quail exposed to 12L:12D (darkness indicated by
hatched bars). Four groups of quail were studied: intact, pinealectomized (PX), blinded, or
pinealectomized and blinded (PX & blind). Note how melatonin continues to circulate after
pinealectomy. Redrawn from Underwood & Siopes (1984).

comes from the eye. Therefore, to test the hypothesis that melatonin is not
mediating the photoperiodic signal, experiments must be performed with quail
that have been both blinded and pinealectomized. Such an experiment would
be impossible in mammals since the eye is also the photoreceptor for the
photoperiodic response. However, this does not apply in birds (see below)
so the experiment can be undertaken; the results published by Siopes & Wilson
(1974) are summarized in Fig. 3. The long-day photoperiodic response in
blinded, pinealectomized quail is indistinguishable from that in the controls.
Such a result certainly does seem to exclude a role for melatonin in this aspect
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of the quail’s photoperiodic response, a conclusion supported by the absence
of any effects of melatonin injections or implants upon gonadal function (e.g.
Homma et al 1967). We obtained a typical negative result when we injected
melatonin (25 ug) into intact quail at hour 10 after transfer from 8L:16D
(8h light:16 h dark) to 13L:10D. The obvious idea was to mimic a short-day
pattern of melatonin, such treatments being highly effective in both hamsters
(Tamarkin et al 1976) and sheep (Arendt et al 1983). Ovarian mass after
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FIG. 3. The photoperiodic response in Japanese quail transferred back and forth between short
(6L:18D) and long (16L:8D) days over a period of 40 weeks. In this particular experiment repro-
ductive function was assessed by measuring the percentage of male quail showing foaming cloacal
glands. This gland is a secondary sexual character completely dependent upon androgens. Three
groups are shown: intact quail (C), pinealectomized quail (PX) and birds that had been both
pinealectomized and blinded (PX & BL). Redrawn from Siopes & Wilson (1974).

three weeks was 129.8 + 28.7 mg (n = 8) in the control quail and 97.1 = 14.0 mg
(n=8) in those treated with melatonin. Taken together, such experiments
provide more evidence that the regulation of seasonality by pineal melatonin,
which is now known to occur in a range of mammals (rodents, ungulates,
carnivores and marsupials), does not apply to birds.

Two caveats remain. The first is clear from Fig. 3: blinded, pinealectomized
quail cannot regress their testes upon transfer to short days. If this capacity
were only restorable with melatonin, then a role for this hormone would be
discovered. This is unlikely to be the case, however, because blinded quail
that do have a functional pineal also do not undergo gonadal regression on
short days (Siopes & Wilson 1980). As an aside it might be mentioned that
one reason why such quail do not regress is that they may not become photore-
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fractory under long days. Thyroidectomy of quail produces a syndrome remark-
ably similar to that of blinding (Follett & Nicholls 1984), and this has been
interpreted in terms of a need for thyroid hormones to allow the expression
of photorefractoriness (see also Nicholls et al 1984). Could it be that a retinal
photoreceptor is involved in the acquisition of photorefractoriness in birds
even if it is not needed for other aspects of the photoperiodic response? The
second caveat is more speculative. The retinal, pineal and hypothalamic
photoreceptors in birds share a common embryonic origin. Since both the
eye and the pineal are closely associated with mechanisms to secrete melatonin
rhythmically, is it possible that the hypothalamus also possesses this capacity
and that there is a local secretion of melatonin within the brain which influences
the photoperiodic response? This sounds slightly far-fetched, and our efforts
to show a day—night difference in the N-acetyltransferase content of the quail’s
hypothalamus have not been successful, although there is so much of this
enzyme in the brain that local differences may be obscured. The idea may
be worth pursuing, if only because we still remain slightly sceptical of the
view that mammals and birds have fundamentally different photoneuroen-
docrine mechanisms.

The brain photoreceptors involved in the photoperiodic response

The photoreceptors in the brains of birds, first discovered by Benoit over
50 years ago, appear to be the primary receptors both for photoperiodic res-
ponses (review, Oliver & Baylé 1982) and for the entrainment of circadian
rhythms (McMillan et al 1975). The results of implanting single optic fibres
and radioluminous beads into various regions of the brain suggest that the
photoreceptors lie in the hypothalamus, but their exact location is still
unknown. Indeed, a primary problem has been the lack of an adequate action
spectrum that could point the way towards their chemical basis. Experiments
in which birds have been exposed to long days of overhead illumination usually
show that orange/red light is more effective than blue/green at inducing gona-
dal growth (summary by Qishi & Lauber 1973), and this suggests that the
photopigment is maximally sensitive in the region of 600650 nm. This is cer-
tainly possible, but none of the experiments took into account any differential
absorption of the various wavelengths of light as they pass through the skull
and brain tissues to reach the photoreceptors. Work by Hartwig & Van Veen
(1979) showed clearly that in eels red light passes more easily through the
brain than does blue/green, so that when equal intensities of light are applied
overhead different numbers of photons reach the hypothalamus.

In the quail (Foster et al 1985) we have measured the relative absorption
of light over wavelengths ranging between 350 nm and 700 nm using a micro-
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spectroradiometer. Light from a quartz-halogen source was applied via a
2mm bundle of optic fibres to the surface of the skull and the per cent transmis-
sion measured at 10 nm intervals in 12 birds. The shape of the transmission
curve is dominated by absorption of light by haemoglobin and as a result
transmission of wavelengths around 500 nm is about 30 times less than that
of wavelengths around 690 nm. Such quantitative calculations allowed us to
correct for relative absorption and so to ensure that the basal hypothalamus
received the same relative number of photons at any wavelength. This pro-
vided the first prerequisite for determining an action spectrum, but it had
to be combined with a quantitative measure of photoinduction. For this we
used castrated quail that show a rise in luteinizing hormone (LH) secretion
after exposure to a single long day (Nicholls et al 1983). The quail were
normally maintained on short daylengths (8L:16D) and were each fitted with
a small ‘head-cap’ on the surface of the skull to which could be attached
a fibre-optic lead (2mm diameter) from a monochromator. On the day of
an experiment a quail was moved from its cage just before dusk and attached
to the fibre-optic lead for 12 h during which it received monochromatic light
(15 nm half-peak bandwidth) of a particular intensity and wavelength. It was
then returned to its home cage. Blood samples (200 ul) were collected one
day before and three days after photostimulation and the LH concentrations
measured by radioimmunoassay, the difference between the two sets of sam-
ples representing the degree of photoinduction. An individual bird was used
every three weeks and with a batch of 55 castrated quail a regular flow of
experiments could be sustained.

Two types of action spectra were determined. The first tested the photoper-
iodic response at a single intensity of light at the level of the hypothalamus
and used nine wavelengths ranging from 410nm to 650 nm (Fig. 4). A clear
maximum was obtained with light around 500 nm. The second measured the
relationship between light intensity and the degree of photoinduction at four
wavelengths (470, 500, 590 and 650 nm). The four dose-response curves were
parallel, suggesting that only a single photosensitive step is involved. Again
light of 500 nm was the most inductive and was considerably more effective
than orange/red light of 590 or 650 nm. The peak at 500 nm is highly reminis-
cent of the peak sensitivity of a rhodopsin, and since all rhodopsins show
the same general absorption curve, though with differing maxima, it is possible
to use the methods of Dartnall (1975) to obtain a best fit between a rhodopsin
curve and our data points. The curve obtained suggests a rhodopsin with
a maximum absorption at 492nm. Our results, therefore, suggest that the
brain photoreceptors have a rhodopsin pigment with peak sensitivity in the
blue/green region of the spectrum. This seems to apply also to the pineal
photopigment in chickens (Deguchi 1981).

This conclusion is reinforced by calculating the absolute sensitivity of the
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brain photoreceptors, assuming that they lie in the hypothalamus. It was esti-
mated that the amount of 500 nm light that must reach the hypothalamus
to trigger a significant photoperiodic response is 2 X 10® photons m=2 s~1.
This is a level of sensitivity matched only by higher vertebrate photopigments.
The approximate surface area at the level of the hypothalamus in a quail
is 4 mm?, suggesting that induction occurs at a flux rate of 8000 photons s~!.
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FIG. 4. An equal-intensity action spectrum for the photoperiodic response in castrated Japanese
quail. Mean = SEM (n = 9-16). The degree of photoinduction was measured by the change
in circulating LH induced by exposing the brain to light of differing wavelengths. The intensity
of each wavelength at the skull surface was adjusted to compensate for the differential absorption
through the brain. This means that for any wavelength the same relative number of photons
reached the hypothalamus. Redrawn from Foster et al (1985).

The results are not inconsistent with the earlier findings that overhead illumi-
nation with red light is most effective at causing photoinduction. The rhodopsin
photopigment is approximately 10 times more sensitive to blue/green than
to red light (see Fig. 4), but the absorption of blue/green wavelengths is
30 times greater than absorption of orange/red.

The subsequent photoneuroendocrine response

The reception of light is, of course, only the first step in triggering the photoper-
iodic response. We already know from earlier experiments in birds that the
photoperiodic ‘clock’ is based upon a daily rhythm in sensitivity to light. So-
called ‘night interruption’ experiments (e.g. Follett & Milette 1982) show
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that quite brief light pulses trigger testicular growth when given 12-15h after
dawn but are ineffective at other times of the night. Such experiments are
often interpreted as indicating that the actual time of maximum sensitivity
to light is also 12-15 h after dawn, but this conclusion is not justified. A sche-
dule such as 8L-5D-1L-10D, which causes photoinduction when given con-
tinuously for some weeks, certainly shows that a time of sensitivity exists, but
since one cannot be sure which light pulse is effective it is not possible to
define the actual sensitive period. This is not an esoteric matter (see Saunders
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FIG. 5. An experiment in Japanese quail to demonstrate the exact position of the rhythm of
photosensitivity that underlies the photoperiodic clock. Castrated quail living on 8L:16D (shown
by bar beneath figure) were given a single 4h ‘night-interruption’ light pulse during the 16h
dark period. The birds were subsequently retained in darkness until a blood sample was taken
54h after the original dawn signal. The LH content in this sample was compared with the level
of plasma LH before photostimulation and the difference is shown on the ordinate. The times
on the abscissa represent the mid-points of the 4h night-interruption pulses. Mean + SEM
(n=6-9). Redrawn from Nicholls et al (1983).

1982) because defining the period of sensitivity is important in determining
how the long day causes photoinduction. Indeed, it was for this very reason
that we developed systems whereby quail would respond to a single long
day (Nicholls & Follett 1974, Nicholls et al 1983). With such quail it is possible
to show directly when the birds are photosensitive. One experiment in which
we gave a single 4h night-break at different times during the night is shown
in Fig. 5. It turns out that the actual time of maximum photosensitivity in
quail is 12-20h after dawn. At some point during this first day the quail
must actually ‘conclude’ that it has been exposed to a stimulatory daylength.
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So far, the earliest event that we have been able to uncover in the photoneuro-
endocrine response is the rise in LH which begins at about hour 20 (Follett
et al 1977).

The neural events that must begin at about hour 15 and that result a few
hours later in a stimulation of secretion of LH-releasing hormone from the
median eminence remain obscure, although the means of analysing them may
be to hand. Certainly they are both precise and relatively long-term. A single
pulse of light leads not to a brief rise in LH secretion beginning at hour
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FIG. 6. The duration of the photoperiodic response induced by a single long day (20h light)
given to a group of castrated Japanese quail (solid circles, n =24). After the 20h of light the
birds were confined to darkness for the next 200 h. A control group of quail (open circles, n =24)
was exposed to 8h of light rather than 20h and then also placed in darkness. Blood samples
were collected in dim red light and then assayed for their LH content (mean + SEM). Redrawn
from Nicholls et al (1983).

20 but to a prolonged secretion lasting many days (Fig. 6); the brief photic
event interacting with the clock seems to trigger a long-lasting neural process.
This has also been found in a quite different type of experiment carried out
by Ohta et al (1984). These workers implanted a chronic electrode into the
quail’s hypothalamus and stimulated it for 2min per day for three weeks.
Different birds received the electrical stimulation at different times in the
light—-dark cycle. The results are impressive and reinforce our view that time
measurement involves a rhythm in sensitivity. Stimulation 10-12 h after dawn
induced full testicular maturation (Fig. 7). The reader will note that the most
effective time of electrical stimulation does seem to occur a little earlier than
the most effective time for light stimulation (Fig. 5). The reason for this
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FIG. 7. A dramatic experiment carried out by Ohta et al (1984) in Japanese quail in which
the hypothalamus was stimulated electrically for 2 min daily for three weeks. Different groups
received electrical stimulation at different times during the short day (8L:16D). Note how such
a brief period of daily stimulation at hour 11 is capable of inducing full testicular maturation.
Drawn from data given in tabular form by Ohta et al (1984).

is unclear, but at this stage we do not even understand how and why the
electrical signal is so effective, although we suspect it must be acting on or
through the rhythm in photosensitivity. Perhaps that would be a useful next
step to analyse in unravelling this complex system.
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DISCUSSION

Short: We have heard much about variability in mammals, but how much do
we know about birds? We have information on quail, chickens, sparrows and
starlings, but what about other birds? Can we generalize?

Follett: Of course there are always other orders of birds that we could look at,
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but the range of bird species in which the physiology of photoperiodism has
been studied may exceed that of mammals; the systems seem similar in all
those studied. Except for your own work on pineal function in marsupials,
most work in mammals is quite narrowly based around a couple of orders.

Short: Do you see great variability in birds, Dr Menaker?

Menaker: We have not looked at photoperiodism comparatively in birds, but
the role of the pineal in the circadian system is certainly highly variable.

Turek: Although there are a number of differences between birds and
mammals, many experiments yield exactly the same results in both classes of
animals. For example, with the possible exception of the quail, exposure to
resonance light cycles results in the stimulation of the reproductive system in
birds as well as mammals. I was struck by the similarity between the electrical
stimulation experiments Professor Follett discussed in birds (Fig. 7, p 102) and
some of our recent work in hamsters. Single injections of carbachol, whichis a
cholinergic agonist, can mimic the phase-shifting effects of light on the circa-
dian system. If we give repeated injections in constant darkness we can prevent
testicular regression, and we can stimulate the entire long-day response if
carbachol injections are coincident with a certain phase of the circadian rhythm
of sensitivity to light (Earnest & Turek 1983, 1985). Rusak & Groos (1983)
have found that electrical stimulation of the suprachiasmatic nucleus (SCN)
causes phase-shifts in circadian rhythms that are similar to those produced by
light and carbachol. So I am convinced that we could put an electrode down
into the SCN of the hamster and, by stimulating at certain phases of the
circadian cycle, initiate the photoperiodic response exactly as Ohta et al (1984)
did in the bird. In the mammal, electrical stimulation of the SCN may ultima-
tely work through the pineal gland, but in the bird the same result can be
produced by a totally different mechanism.

Follett: Yes, one suspects there is evolutionary convergence. The same
formal photoperiodic experiments can be used to show a circadian rhythm of
photoperiodic sensitivity not only in birds and mammals, but also in insects and
plants. However, our ability to do a good resonance experiment in a Chrysan-
themum is hardly indicative of a role for the pineal!

Menaker: The two big differences between the photoperiodic systems of
birds and mammals are in the role of the pineal and in the location of the
photoreceptors, which are in the brain in birds and in the retina in mammals.
Clocks, for example, are involved in both birds and mammals.

Turek: And it’s remarkable how similar the clock properties are.

Goldman:Do SCN lesions destroy photoperiodicity in birds?

Follett: 1 don’t think I can answer that. We can certainly destroy the photo-
periodic response with anterior hypothalamic midline lesions, but it is not clear
that the suprachiasmatic nuclei in Galliformes are in the midline, and the
lesions may be effective because they interrupt the luteinizing hormone-
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releasing hormone (LHRH) circuits to the median eminence. In contrast with
SCN-lesioned hamsters, which continue to have large gonads, any hypothala-
mic perturbation in birds invariably stops reproduction. Hence our problem is
that we cannot disentangle an effect of a lesion on the clock from an effect on
the rest of the LHRH system.

Bittman: Do you think there is any correlation between the susceptibility of
various kinds of birds to manipulation by melatonin and the role of the pineal
and melatonin in regulating circadian rhythmicity? What, for example, would
be the outcome of trying to manipulate reproduction with melatonin in a
pinealectomized house-sparrow? Would it tell us anything about the normal
mechanisms of photoperiodic regulation of reproduction in these birds? In
other words, do light-induced changes in melatonin secretory patterns normal-
ly account for reproductive responses of birds, and does it depend upon
whether or not the pineal behaves as a master oscillator in the species under
study?

Menaker: All 1 can tell you is that pinealectomized house-sparrows grow
their gonads perfectly well.

Bittman: But if the animals were pinealectomized and kept in constant
darkness, what would be the effect of giving melatonin?

Menaker: There is no way of predicting. Melatonin has not been shown to
influence reproductive state in passerine birds, but of course it might do so
under some circumstances.

Bittman: But there is evidence that melatonin may affect general circadian
organization in the sparrow and not in the quail, so it might produce different
effects on gonadal growth in the two types of bird. Perhaps in birds one could
use species differences in the type of circadian organization to answer a ques-
tion we often ask of mammals: does the circadian system participate in the
response to melatonin?
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General discussion I

Local and cellular actions of melatonin

Short: One of the important questions about melatonin is whether it can act
as a neurotransmitter. Does melatonin have effects at the sites where it is
produced in the retina, in the pineal and perhaps elsewhere in the brainstem?
Could it actually be a locally active neurotransmitter as well as a systemically
active hormone feeding back elsewhere in the brainstem?

Menaker: Dubocovich (1983) has good evidence that melatonin is a locally
acting neuromodulator: in the retina it has a very specific effect on the release
of dopamine at a concentration of about 10~° M. But it may not fulfil the strict
criteria for being a neurotransmitter.

Klein: Chick pigment epithelial cells seem to be even more sensitive to
melatonin; Tsukahara’s group (Ogino et al 1983) have reported effects at
concentrations down to 10~ or 1012 M. But I would be careful about calling
melatonin a neurotransmitter; neuromodulator or neurosecretion is a better
description. For a transmitter one would expect to see granules of some sort, a
release mechanism that is independent of synthesis and a strong charge on the
molecule. However, melatonin may well have important local actions, espe-
cially if its production or release is limited to very discrete areas of the brain or
to specific cell types, for example in the retina.

Sizonenko: We have investigated where melatonin concentrates after being
injected subcutaneously into male rats, and find a high concentration in the
hypothalamus and in the eye. Ursula Lang has looked for binding sites for
melatonin both in the cytosol and in the cell membrane and has found the
greatest numbers of receptors also in the hypothalamus and in the eye (Lang et
al 1981). So, although the binding sites have yet to be characterized, it seems
probable that melatonin acts as a local modulator in these areas.

Lewy: We should remember that the retina can be a target organ for (pineal)
melatonin without necessarily being a site for extrapineal production of mela-
tonin. Furthermore, even if melatonin is synthesized in the retina, we do not
think that this contributes to circulating melatonin in the rat, human and
non-human primate (Lewy et al 1980a, Markey & Buell 1982, Tetsuo et al
1982).

Bittman: Does unlabelled melatonin compete for the specific binding sites?
Is the binding saturable?

Sizonenko: Yes. The binding sites are specific for melatonin, but 6-
hydroxymelatonin or 5-hydroxytryptamine will also compete to some extent.
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Short: The melanocyte is one of the primeval target organs for melatonin, so
should we be thinking about the possible roles of melatonin in controlling the
distribution of melanin within the retina?

Menaker: It seems reasonable to suggest that melatonin evolved originally as
alocal neuromodulator to deal with events involved in the light cycle within the
retina, that is, retinomotor movements of rods or cones and pigment migration.
The one action of melatonin at the molecular level that is consistent with this is
inhibition of the assembly of microtubules. If this is a general property of
melatonin, it could control a variety of processes. One could imagine an
evolutionary sequence that starts with the use of melatonin as alocal modulator
of light and dark adaptation through the control of moyements of cells and
parts of cells. The second step might involve the use of melatonin as a hormone
at some distance from its site of synthesis to control the migration of pigment
granules within melanocytes. Subsequently, since melatonin would then have
become a circulating hormone, it could be used to control a variety of responses
to the environment, for example by regulating the release of neurotransmitters
or the assembly of microtubules (Menaker 1982).

Rollag: To get an effect on microtubules you need at least micromolar
concentrations of melatonin (Banerjee et al 1972, Cardinali & Freire 1975,
Piezzi & Cavicchia 1981). Normally, the concentrations of circulating melato-
nin are in the nanomolar range.

Menaker:But one could easily imagine increased sensitivity in cells normally
exposed to melatonin.

Rollag: 1 thought you were suggesting that melatonin might act like colchi-
cine in inhibiting microtubule assembly, an action which is not universally
accepted (Poffenbarger & Fuller 1976).

Menaker: 1 am, but in specific cases where perhaps amplified response
systems have evolved.

Retinal rhythms

Reiter: Could melatonin be involved in disk shedding in the retina, which
occurs a couple of hours after lights-on?

Vollrath: There are species differences in this; in the cat disk shedding occurs
in the evening.

Reiter: It depends on whether you are talking about rods or cones. Rods
uniformly shed disks in the early part of the light phase but cones shed at
various times in a 24 h period.

Klein: Paul O’Brien studied this in pinealectomized animals and showed that
it is not dependent upon the pineal, but that doesn’t mean that there is not a
local effect of melatonin that is generated within the retina (Teirstein et al
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1980). Animals with lesions in their suprachiasmatic nuclei (SCN) still showed
arhythm in disk shedding, so the control mechanism may be located within the
eye. Outer disk shedding can occur as a direct response to light but there is also
this rhythm in constant darkness that is independent of the SCN. In fact, it is
possible to shift the rhythm in one eye so that it is 180° out of phase with the
other.

Reiter: 1 think we must be cautious about such experiments until we know
how complete the SCN lesions are. It would be interesting to see whether any of
the rhythms in the retina exist after SCN lesions, i.e. whether the pacemaker
for all the rhythms is in the SCN.

Menaker: In Xenopus it is clear that the pacemaker is in the eye because the
eye is rhythmic when it is isolated (Besharse & Iuvone 1983).

Reppert: In the chick, the retinal melatonin rhythm is still maintained after
optic nerve transection, so neural connections from the SCN to the retina are
not required for expression of this rhythm (Reppert & Sagar 1983).

Lewy: And Michael Terman (Terman & Terman 1985) has shown that in the
rat in constant darkness a robust circadian rhythm in light sensitivity persists
after SCN lesion.

Zucker: Although after SCN damage this particular rhythm is maintained,
the circadian drinking and/or activity rhythms disappear. These results were
subjected to spectral analysis and are convincing.

Reiter: So the implication is that there is a pacemaker within the eye.

Zucker: We can say only that there is a pacemaker other than the SCN.

Light sensitivity and melatonin synthesis

Short:Dr Illnerova, would you like to comment on how the light sensitivity of
the eye changes and affects nocturnal melatonin secretion? We know that in the
rat light exposure during the night produces a tremendous decline in melatonin
secretion, and Dr Lewy has shown that in humans very high light intensities
bleach out nocturnal melatonin production.

Hinerova:The intensity of light may be critical. When Takahashi et al (1984)
tried to use light to phase-shift circadian rhythms in the hamster (Mesocricetus
auratus), they found that what was important was the total number of photons
the animal received. This means that if the intensity of light is very low it is
necessary to prolong the time of exposure. The same holds true for suppression
of melatonin synthesis in the rat pineal at night: if you use a very high intensity
light then 6s exposure may be sufficient to suppress high melatonin production
but with low intensities you may need 1-20 min (Vanééek & Illnerova 1982). It
depends on how sensitive the animal is to light. The rat is more sensitive to light
in the middle of the night than during the evening transition from light to
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darkness, so it may be important to consider an animal’s light history. In this
respect, diurnal animals, nocturnal animals, those kept in fields and those kept
in the laboratory may differ (Reiter 1983). In some experiments animals are
exposed to red light, but one must be very careful using any red light at night,
evenif it is very faint, because during complete darkness animals may be much
more sensitive to it than during the evening.

Short: How do you think changes in light sensitivity are regulated, Professor
Reiter?

Reiter: There are a couple of possibilities, one of which is that previous
lighting history affects sensitivity. It is possible that the adjustment occurs at
the level of the retina, but it could also be controlled in the SCN, more
peripherally at the level of the superior cervical ganglia or even in the pineal
gland itself.

Hoffmann: Lynch et al (1981) have shown that in the rat the same light
intensity can be read as night or as day depending on the contrasting illumina-
tion. This and pre-adaptation may play a big role. I don’t know whether there
are any fundamental differences between nocturnal and diurnal species, but
one should carefully compare previous light exposure for each animal. It may
be important whether one takes them from outside or whether one keeps them
in artificial light conditions before testing.

Reppert: Deguchi (1975) reported that rats born and reared in constant light
still had a very nice N-acetyltransferase rhythm. When they were first exposed
to light—dark cycles they became sensitive to light, in terms of suppression of
pineal function, within a few cycles. So even in animals that have no early
history of seeing day—night changes, you can get suppression of pineal function
by light after exposure to a light-dark cycle.

Reiter: There are remarkable species differences in the sensitivity of the
pineal melatonin-generating system to light at night. One extreme is the
Richardson’s ground squirrel (Spermophilus richardsonii), which requires
1850 uW of light at night to inhibit pineal melatonin production (Reiter et al
1983). At the other end of the spectrum, the albino rat responds to much lower
intensity light, in the range of 0.0005 uW/cm? (Webb et al 1985). That means
that the two extremes differ by a factor of 3.6 x 10”. The human falls some-
where between the two.

Lewy: In our study of suppression of melatonin production by light, we
suggested that the reason why humans required brighter light than other
species was adaptation. That is, our human subjects were tested at night
following a day of exposure to substantially brighter light (outside sunlight is 20
to 200 times brighter than ordinary room light). Most previous studies of
laboratory animals were done on animals who had never been exposed to
outside sunlight (Lewy et al 1980b).

Zucker: There is little point in trying to struggle with these different light
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thresholds without taking into consideration the normal ecology of the species.
Why determine the threshold for inhibiting pineal melatonin synthesis in the
Richardson’s ground squirrel when the animal is almost exclusively diurnally
active and is never going to see light during the night? I don’t doubt the
numbers, but what would be the meaning of even several orders of magnitude
difference between the Richardson’s ground squirrel and a rat? I also worry
about doing this kind of study in albino animals, with their unusual visual
systems and changed sensitivity to light.

Reiter: Of course, but there does not seem to be an appreciable influence of
pigmentation of the eye per se on sensitivity. Both rats with pigmented eyes and
albinos are relatively sensitive (Webb et al 1985).

Zucker: But pigmented and albino rats differ markedly in certain responses.
For example, constant light will suppress water drinking in an albino animal,
but with a hooded rat you will get no effect.

Reiter: Yes, but I was only talking about inhibition of melatonin synthesis at
night.

Zucker: So what is the relevance of specifying threshold light levels for a
diurnal animal that never sees light at night?

Reiter: These animals also spend most of the day-time underground, but they
emerge very quickly into bright light, and what we want to know is whether that
light will inhibit pineal melatonin synthesis. It is theoretically possible for a
diurnally active animal living in a dense forest, where the lightis dim, to have its
melatonin peak during the day-time.

Short: Can we explain the extreme sensitivity of the rat on the basis thatitisa
nocturnally active species?

Reiter: That’s an interesting question; it could be a matter of whether the
animal is diurnal or nocturnal.

Zucker: In some nocturnally active species, such as the bannertail kangaroo
rat and the beach mouse, surface activity is inhibited during moonlight (Lock-
ard & Owings 1974).

Tamarkin: The monkey is diurnally active, but we have found that monkeys
keptin laboratory situations for many years are exquisitely sensitive to artificial
illumination at night. One rhesus monkey that we received from our outdoor
colony was not sensitive to light at night the first time we examined him, but
after a year in an artificial facility that same animal showed a suppression of
night-time melatonin synthesis in response to light. However, it is not just a
question of whether the animal is wild or lab-bred; marmots caught in the wild
are exquisitely sensitive to artificial illumination at night and respond with a
rapid decline in plasma levels of melatonin.

Klein: 1t would be very helpful to find out to what extent sensitivity to light
varies within a species, and by how many orders of magnitude you can get an
animal to change its sensitivity. We could then differentiate between species
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and define the dynamic range for a single species, for example for the monkey
or human. The second question is, how long are these periods of adaptation? |
suspect the process could go on for months until an animal has achieved a new
level of sensitivity.

Goldman: What is the physiological relevance of the ability of light to
suppress melatonin synthesis acutely? It happens in most species, and Dr
Illnerové has suggested that it may reflect some aspect of the phase-shifting
mechanism. But in the laboratory, under photoperiods with about the same
length as a natural day, melatonin levels fall before lights-on in the morning. So
what is the role of acute suppression?

Lewy: We think that the suppressant effect of light may be important in
nature in regulating the duration and the timing of night-time melatonin
production. Specifically, in animals with T greater than 24 h under sufficiently
long photoperiods, light in the evening could suppress the signal that results in
the onset of night-time melatonin production (Lewy 1983). Because of the lag
time between sympathetic stimulation and the observed increase in melatonin
production (Romero et al 1975), the suppressant effect of light at this time of
night may have been underestimated.

Reiter: It is certainly important to think about the natural physiology of these
species and the significance of the responses we observe. In its natural habitat
the Syrian hamster spends its daylight hours underground in darkness and
emerges at night; so it may be exposed to more darkness during the day than
during the night. Under those circumstances the peak melatonin concentra-
tions could actually occur during the day, when the animal is in its underground
burrow. Yet we know from experience with laboratory-maintained hamsters
that moonlight is insufficient to inhibit melatonin production at night (Brainard
et al 1984). So perhaps these animals come up from their underground burrows
periodically during the day and emerge briefly into the light. We know that
even 5s of light is more than adequate to inhibit melatonin production, and
these brief exposures might keep melatonin in check during the day when the
animals are normally in total darkness in their underground burrows. It is
possible that Syrian hamsters come out once every 6 h to ‘sample’ the photo-
period during the day. This may be the physiological significance of the acute
inhibition of melatonin synthesis by light; even if the intensity is not high, it
would delay the rise in melatonin levels for another 4 h or 5 h.

Goldman:1 would interpret this slightly differently. I think these animals are
essentially exposing themselves to a skeleton photoperiod. If this were done
artificially in a standard cage, I would expect the animal’s melatonin concentra-
tions to peak at the appropriate time, i.e. during the period defined as ‘night’ by
the skeleton photoperiod. Even in constant darkness there is a rhythm in
melatonin synthesis. Thus, it is not that the light received when the animal
briefly emerges from the burrow in the middle of the day suppresses melatonin
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synthesis; it is more probable that the dawn and dusk cues entrain melatonin
secretion so that it occurs at night. So the question is, does the acute suppres-
sive effect of light by contrast with the entraining effect, have any relevance for
animals in the field?

Turek: A very simple experiment could be done to investigate this. One
could look at animals that are relatively insensitive to the acute effects of light
to see what sort of response their circadian system shows to light. I would be
surprised if these animals don’t entrain to light cues at intensities that do not
have an acute suppressive effect on melatonin synthesis.

Menaker: You are all talking about what animals probably see in the field,
but nobody is measuring it except for Pat DeCoursey. She is monitoring flying
squirrels in a relatively natural environment with photocells mounted on their
heads. A telemeter device sends information back to the laboratory, so the
results should show minute by minute what light the animals are exposed to.
Our discussions would be more meaningful if we looked at more species in this
way.

Klein: 1don’t know whether the rapid turn-off of melatonin synthesis at night
has any physiological significance, but it would be valuable to determine
whether or not the photoreceptors and the light intensity involved are the same
as those mediating the entraining effects of light. If we discover that discrete
photoreceptors or neural systems control the turn-off effect, we will have a real
impetus for thinking about its physiological significance. If not, it may be justa
quirk of a system that is physiologically involved in shifting the clock rather
than terminating transmission.

Hlinerova:With Syrian hamsters, Hudson & Menaker (1984) needed a higher
intensity of light to phase-shift the circadian system than to suppress the
increase in melatonin formation at night. They measured phase-shifts only in
locomotor activity and not in the melatonin rhythm, but if we could show that
the light intensities needed to suppress and to phase-shift melatonin production
are different, then we could draw some conclusions.

Menaker: We are getting ready to do those experiments, to see whether the
dim lights that acutely suppress melatonin secretion also shift the melatonin
rhythm. One interesting point about the photoreceptors involved is that RCS
rats, which have retinal degeneration that essentially wipes out the rods by the
time they are 100 days old, may be as sensitive as normal rats to the acute
suppressive effects of light on melatonin synthesis (D. Hudson & M. Menaker,
unpublished work).

Klein: Similarly, Russ Reiter and I found that white rats were still sensitive to
light even after we had kept them for 9.5 weeks in intense white light, which
produced complete retinal degeneration (Reiter et al 1971).

Reppert: We looked at the effects of light on melatonin and other rhythms in
cats that were kept in artificial illumination for several years before they were
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studied (Reppert et al 1982). By subjecting animals to 8 h phase-delays in the
photoperiod we got very nice phase-shifts in melatonin and other circadian
rhythms, but we did not get a complete suppression of melatonin secretion. So
in this species we have been able to differentiate between the acute and
phase-shift effects.

Lewy: However, Mike Menaker reports (p 74) the opposite in the golden
hamster. These animals can suppress their melatonin production at intensities
of light that cannot shift the phase of circadian rhythms.

Lincoln: How closely coupled are the generating systems for the melatonin
rhythm and the sleep—wake cycle? Surely this will dictate whether or not
animals expose themselves to light during subjective night.

Klein: In the hamster the two are chained together and free-run in parallel
(Tamarkin et al 1980).

Menaker: Is there any animal in which the two are not tied together? Even
for humans our original ideas are falling apart; we once thought it was possible
to uncouple circadian sleep—wake behaviour from body temperature rhythmic-
ity, but I understand that these classic results are now being critically re-
examined.

Arendt: In a very few experiments with Dr R.A. Wever in Munich we seem
to be able to dissociate melatonin and temperature rhythms and the sleep—
wake cycle in humans.

Zucker: Are you using electrographic measures of sleep?

Arendt: No, we use under-the-bed activity recordings.

Lewy: We have also made some observations on this in humans (Lewy et al
1984). We shifted the light—dark cycle while holding the activity-rest cycle as
constant as possible, and found we could shift the melatonin rhythm just by
changing the light—dark cycle.
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Abstract. In adult mammals, the daily light—dark cycle acts via the retinohypothalamic
pathway to entrain the circadian clock in the suprachiasmatic nuclei (SCN) and to comfmuni-
cate information about daylength to photoperiodic species. Studies in rats show that during
late fetal and early neonatal life, before the retinohypothalamic pathway has innervated
the SCN, the maternal circadian system entrains the timing of the developing clock to
prevailing lighting conditions. Although the nature of the maternal output signal(s) used
to entrain the developing clock has not been elucidated, the maternal SCN are a necessary
component of maternal entrainment during both prenatal and postnatal life. Maternal
entrainment of the fetal and neonatal clock thus ensures that the developing circadian
system is synchronized to the outside world until maturation of the retinohypothalamic
pathway permits direct photic entrainment. The maternal circadian system is not only
necessary for entrainment of the developing circadian system, but recent studies suggest
it may also provide the immature mammal with important photoperiodic information.
In the montane vole (Microtus montanus) and the Djungarian hamster (Phodopus sungor-
us), the prenatal photoperiod affects postnatal photoperiodic responses, and cross-fostering
experiments show that this information about daylength is perceived by the fetus. This
prenatal information, in conjunction with postnatal perception of photoperiod, allows
the developing animal to determine which way the season is changing and to modify
the rate of reproductive maturation accordingly.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 116-128

The daily light—dark cycle acts on the circadian timing system to synchronize
(entrain) circadian rhythms to the 24 h day and to provide photoperiodic
species with information about daylength (Aschoff 1981). The entrainment
function of light ensures that circadian rhythms are manifested in proper rela-
tionship to each other and to the 24 h day. The photoperiodic function of
light enables animals to anticipate predictable seasonal changes and to vary
biological responses, such as reproductive function, accordingly.
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In mammals, a direct retinohypothalamic pathway transmits photic informa-
tion for these two functions from the retina to a circadian pacemaker in the
suprachiasmatic nuclei (SCN) of the anterior hypothalamus (Moore 1983).
During late fetal and early neonatal life in rodents, before the retinal projec-
tion innervates the SCN, studies show that the developing animal is already
perceiving lighting changes for entrainment and photoperiodic responses.
Interestingly, it is the maternal circadian system that provides the immature
animal with entraining information, and this system is also probably the pro-
vider of photoperiodic information to the young animal. This paper reviews
the evidence that the mother communicates both entraining and photoperiodic
signals to her offspring.

Maternal entrainment of the developing circadian system
Prenatal entrainment

Even though circadian rhythms are not overtly expressed in rats until well
into the postnatal period, it is now known that the circadian clock in the
SCNi is oscillating well before that time. Deguchi (1975) first provided evidence
that the developing biological clock might be functional and entrainable by
the mother during fetal life; the phase of an overt rhythm was monitored
under constant conditions during the postnatal period to infer what had hap-
pened to the central oscillator underlying the rhythm at an earlier developmen-
tal stage. The problem with such indirect studies is that they do not rule
out the possibility that some aspect of the birth process itself starts and
influences the timing of the developing clock. The possible influence of birth
on this system is suggested by the fact that time of day of birth in the rat
is coupled to the photoperiod and controlled by a circadian mechanism
(Lincoln & Porter 1976, Reppert 1983).

One method that is useful for directly monitoring the oscillatory activity
of the SCN themselves in adult rats is the *C-labelled deoxyglucose (DG)
technique (Schwartz et al 1980). This method allows for the simultaneous
determination of the rates of glucose utilization of individual brain structures
in vivo after intravenous injection of tracer amounts of DG (Sokoloff et al
1977). Reppert & Schwartz (1983, 1984b) used the DG procedure to study
the function of the SCN in fetal rats directly and proved that an entrainable
circadian clock oscillates in the nuclei during late fetal life (Fig. 1).

The DG technique was also used to reveal how the fetal clock receives
information about the light—dark cycle to set its timing to the outside world.
Light that penetrates the maternal abdomen and uterus does not directly
act on the fetal SCN; instead, photic information has to be transduced by
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the maternal circadian system to influence the phase of the fetal clock (Reppert
& Schwartz 1983). Studies in rats (Reppert & Schwartz 1984a) and hamsters
(Davis & Gorski 1983) have shown that the maternal SCN are essential for
maternal entrainment since destruction of these nuclei disrupts the timing
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FIG. 1. Deoxyglucose (DG) experiment showing that the fetal SCN manifest a day-night rhythm
of metabolic activity. Four pregnant Sprague-Dawley rats were housed in diurnal lighting (lights
on from 0700 to 1900 h) throughout pregnancy and outfitted with intra-atrial catheters on gesta-
tional day 10. On gestational day 19, the animals were placed in constant darkness in preparation
for the DG injection (experimental paradigm depicted in upper panel). Two animals were then
injected with DG during the time when the lights would have normally been off (subjective
night) on gestational day 20 and the other two were injected during the time when the lights
would have normally been on (subjective day) on gestational day 21. At 45min after injection,
the animals were killed and four fetal brains from each pregnant animal were randomly chosen,
sectioned and processed for autoradiography. The optical density (OD) of each fetal suprachias-
matic nucleus was measured and the optical density of adjacent hypothalamus was used as an
internal reference standard for each fetal brain. The data are thus expressed as relative OD
(OD of SCN/OD of adjacent hypothalamus). Each vertical bar in the lower panel gives mean
relative OD (£SEM) for the SCN of eight fetal brains. The fetal SCN exhibit a clear day-night
rhythm of metabolic activity (P <0.01); the nuclei are metabolically active during the mother’s
subjective day and inactive during the mother’s subjective night. Modified from Reppert &
Schwartz (1983).

of the fetal clock. The developing SCN continue to oscillate after maternal
SCN ablation but in this case the fetal SCN rhythm is not coordinated to
the day—night cycle in the outside world. Thus the maternal circadian system
actually entrains an endogenous clock in the fetal nuclei (Fig. 2).



PHOTIC INFLUENCES DURING DEVELOPMENT 119

Investigations into the nature of the maternal circadian signal(s) used to
entrain the fetal clock have focused on a humoral factor. The basic criterion
for such a factor is that it accurately reflects the circadian output of the mater-
nal SCN. Several lines of evidence suggested that the pineal hormone, melato-
nin, might fill this role (reviewed by Reppert 1982). The rhythm in the
concentration of circulating melatonin is of high amplitude, appears to be
entrained solely by environmental lighting and is not affected by most forms
of stress or end-product feedback. Furthermore, studies have shown that mela-
tonin is rapidly transferred across both the placenta and the blood-brain
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FIG. 2. Entrainment mechanisms during prenatal and postnatal life in the rat. During prenatal
and early postnatal life, the maternal circadian system is the source of entraining information
to the developing animal. By postnatal day 4 the retinohypothalamic pathway (RHP) has started
to innervate the developing SCN. By postnatal day 6 (box on far right), maternal entrainment
in waning and retina-mediated photic entrainment commences.
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barrier, and that a daily change in maternal melatonin concentrations would
be precisely reflected in the fetus; placental transfer of melatonin occurs when
the immature rat is incapable of producing its own melatonin. However, mela-
tonin does not appear to be the entraining signal since maternal pinealectomy
does not disrupt maternal entrainment of the fetal clock (S. M. Reppert,
unpublished work).

Other maternal hormones that are secreted rhythmically into the maternal
circulation, such as corticosterone and prolactin, have been investigated as
candidates for the entraining signal. Extirpations of the maternal adrenals,
pituitary, thryoid, parathyroids and ovaries have been performed but none
of these procedures disrupts fetal timing (S. M. Reppert & W. J. Schwartz,
unpublished work).

Additional possibilities for the maternal signal centre around neural and
behavioural mechanisms. It is conceivable that a neural pathway from the
maternal SCN to the placenta (via the autonomic nervous system) may be
involved in maternal entrainment of the developing clock, although maternal
innervation of the placenta appears sparse.
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Maternal behaviour might provide a mechanism for maternal entrainment
of the fetal clock in two ways. First, a behaviour such as activity (of the
rest—activity cycle) might set the phase of the developing clock by being directly
sensed by the fetus. Second, maternal behaviour might influence the fetal
clock through a behaviourally initiated but chemically mediated mechanism.
For example, a rhythmic behavioural event like feeding initiates increases
in the plasma concentrations of substances like glucose and amino acids (along
with changes in a variety of gut hormones) that might act to set the time
of the developing circadian clock. One other possibility, although not beha-
vioural in nature, is that the daily rhythm of maternal core body temperature
might set the phase of the developing SCN.

Postnatal entrainment

Studies in which pineal N-acetyltransferase activity, locomotor activity and
plasma corticosterone concentrations are used to monitor the developing circa-
dian system in rodents all show that maternal entrainment extends into the
postnatal period (Fig. 2; reviewed by Reppert 1985). For these studies, the
postnatal rhythm is monitored under constant conditions. Then, by fostering
the pups with a mother whose circadian time is out of phase with that of
the original mother, one can assess the postnatal influence of the maternal
circadian system on the timing of the developing circadian system. Interest-
ingly, the reported potency of the postnatal maternal influence is quite variable
among the various laboratories that have studied this issue. However, studies
have consistently shown that the magnitude of the postnatal maternal influence
changes throughout development, being greatest during the first week of life
(Reppert et al 1984, Takahashi & Deguchi 1983).

Maternal SCN lesions abolish not only the prenatal maternal entrainment
of the fetal clock, but also the postnatal maternal influence (S. M. Reppert
& W. J. Schwartz, unpublished work). The nature of the output signal(s)
from the maternal SCN used to influence the timing of the developing clock
during the postnatal period is also not known. It is possible that different
output signals are used during the prenatal and postnatal periods.

In the rat, by postnatal day 4 the retinohypothalamic pathway has started
to innervate the developing SCN (Stanfield & Cowan 1976), and by day 6
retina-mediated light-dark entrainment is functional and capable of overriding
any remaining postnatal maternal influence (Reppert 1984). Therefore, when
the postnatal maternal influence is decreasing (during the first postnatal week),
retina-mediated entrainment commences, leading to the continued presence
of an entrainment mechanism (Fig. 2).



PHOTIC INFLUENCES DURING DEVELOPMENT 121
Significance of maternal entrainment

Maternal entrainment ensures that the developing circadian system is synchro-
nized to prevailing lighting conditions until maturation of the retina-mediated
pathway permits direct photic entrainment. One important function of mater-
nal entrainment might be to synchronize developing processes to the light—dark
cycle so that the young animal can assume its ecological niche. This is clearly
exemplified in burrow-dwelling mammals whose pups are probably not directly
exposed to the daily light—-dark cycle for the first few weeks of life, until
they can crawl out of the burrow (Pratt 1981). If the pups were not coordinated
to the prevailing environmental conditions by the mother, they might emerge
from the burrow at an inappropriate time of day, which would render them
more susceptible to predation.

Maternal entrainment would also provide the developing animal with a
state of internal temporal order, as photic entrainment does in the adult.
Without maternal entrainment, circadian rhythms would develop uncoordi-
nated until direct contact with the environment acted to synchronize the phase
of the rhythms. Since lack of entrainment and the ensuing desynchronization
impair the ability of adults to respond to environmental insults (Fuller et
al 1978), such a state might render the neonate especially vulnerable.

A possible reason why the developing clock is functional and entrainable
specifically during fetal life is that it may be involved in the initiation of the
birth process. As previously mentioned, the time of day of birth in the rat
is coupled to the daily light—dark cycle by a circadian mechanism. Since the
circadian timing of parturition has been reported in a variety of other mam-
mals, including horses (Rossendale & Short 1967), monkeys (Jolly 1972) and
humans (Kaiser & Halberg 1962), the fetal SCN may play a role in this process
in many species.

Influence of the prenatal photoperiod on sexual maturation

Daylength, or photoperiod, strongly influences sexual maturation in several
seasonally breeding species, including the vole, Djungarian hamster and sheep
(Goldman & Darrow 1983). For example, in the montane vole (Microtus
montanus) and Djungarian hamster (Phodopus sungorus) short photoperiods,
which simulate winter daylengths, inhibit testicular growth in juvenile males,
while longer photoperiods stimulate rapid reproductive development (Horton
1984, Carter & Goldman 1983, Yellon & Goldman 1984).

In the Djungarian hamster, the lactating mother provides her pups with
entraining information similar to that discussed above for rats. However, ear-
lier studies suggested that the hamster mothers did not transmit daylength
information to the pups; rather, the pups’ testicular responses seemed to be
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determined entirely by the photoperiod to which they were directly exposed
(Pratt 1981, B. L. Pratt & B. D. Goldman, unpublished work). These studies
showed that testicular development was not influenced by the photoperiod
experienced between birth and 15 days of age, but that Djungarian hamsters
became very strongly photoperiodic after day 15. Since hamster pups become
mobile and active by about 15 days of age, it seemed that daylength informa-
tion obtained from the mother would be of little value; the pups probably
begin to leave the burrow and expose themselves to the photic environment
in time to assess the season and make a rapid ‘decision’ regarding pubertal
development.

In these earlier studies comparisons were made between only very long
and very short photoperiods (e.g. 16h and 10h daylengths). What would
happen if a young Djungarian hamster first encountered an ‘intermediate’
photoperiod of, for example 14 h? The Djungarian hamster originates from
a region of the USSR where a daylength of 14 h would be encountered twice
each year, once in mid-April and again in late August. Because of the harsh
winter climate in this area, it would clearly be advantageous for the hamster
to be able to assess the time of year quickly and to make appropriate reproduc-
tive responses.

The elegant experiments of Horton (1984) in the montane vole reveal one
way in which a young animal might be able to respond rapidly and appropria-
tely to a potentially ambiguous photoperiod. In Horton’s experiments, preg-
nant voles were exposed to daylengths of 8 h or 16 h throughout gestation.
On the day of birth, the mothers and their litters were transferred to an
intermediate daylength of 14h. The young voles were weaned at about 18
days of age and remained in the 14 h daylength until they were killed at 74
days of age. In this experiment, male voles that had undergone gestation
in a 16h photoperiod had smaller testes and weighed less (i.e. were more
similar to voles under normal winter conditions) than voles whose mothers
had experienced an 8 h daylength during gestation. Thus, when the prenatal
photoperiod was longer than the photoperiod experienced after birth, the
young vole showed a response appropriate for the autumn season, while an
increase in daylength between prenatal and postnatal life elicited a summer-
type response. These results suggest that when encountering a daylength of
14 h, young voles can distinguish between ‘spring’ and ‘autumn’ depending
on whether the photoperiod experienced prenatally was longer or shorter
than 14 h, and that appropriate reproductive responses can be made.

In further experiments pregnant female voles were again subjected to differ-
ent photoperiods during gestation and the litters were transferred to a 14h
daylength after birth. In this study, litters were cross-fostered by mothers
who had been exposed to different photoperiods during pregnancy. The results
showed that the testicular growth of young voles housed from birth in a 14h
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TABLE 1 Effect of prenatal photoperiod on testicular development in the Djungarian hamster
(B. D. Goldman, unpublished work)

Prenatal daylength (h)  Postnatal daylength (h)  Cross-fostered Testis weights*
16 14 No 144 + 30 (14)
14 14 No 398 +49 (15)
12 14 No 411 +32(11)
16 14 To mothers exposed 66 + 38 (7)

to 14 h photoperiods
during gestation
14 14 To mothers exposed 282 + 59 (7)
to 16 h photoperiods
during gestation

*Measured in mg at 34 days of age. Results are expressed as mean + SEM. Numbersin parentheses
indicate numbers of animals in each treatment group.

daylength varied according to the prenatal photoperiod, but was apparently
not influenced by the foster mother during lactation (T. H. Horton, personal
communication).

Recently, Horton’s experiments were repeated in the Djungarian hamster.
The results in this species were similar to those obtained with the montane
vole. Hamsters were exposed to a 14 h daylength from the day of birth. When
gestation occurred in 12h or 14h photoperiods, the testes were relatively
large at 34 days of age compared to the testes of animals whose mothers were
exposed to a 16 h photoperiod during gestation. The results of a cross-fostering
experiment, with mothers exposed to 14h or 16 h photoperiods during ges-
tation, revealed that a photoperiodic message had been received by the fetus
(Table 1).

The mechanism by which the fetal vole and hamster perceive photoperiodic
information has not yet been elucidated. It seems likely that the mother trans-
mits a photoperiodic message to the fetus, although it remains possible that
light that penetrates the mother’s body cavity is perceived directly by the
fetus. In adult rodents, the circadian pattern of pineal melatonin secretion
is essential for the regulation of photoperiodic responses (Goldman & Darrow
1983). As mentioned above, a maternally generated melatonin rhythm would
be precisely reflected in the fetal circulation (Reppert 1982). Thus, itis tempting
to speculate that the mother may transmit photoperiodic information to the
fetus via her pattern of melatonin secretion.

Summary

The results of the studies reviewed in this paper suggest that the mother
can transduce photic information into both entraining and photoperiodic sig-
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nals for her young. Although the precise nature of these maternal signals
has not yet been elucidated, it is clear that such information confers distinct
adaptive advantages to the offspring.
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DISCUSSION

Follett: The natural breeding cycle in quail is quite similar to that of the
Djungarian hamster, and therefore we were intrigued to find out what hap-
pened to birds born on the same daylength but in one case before the solstice
and in the other case after the solstice. My colleague Trevor Nicholls carried
out some experiments in which he used 13 h light:11 h dark (13L:11D) as the
photoperiod on which to rear the young quail (unpublished work). He exposed
the incubating eggs and the chicks to days of either 18 h or 8 h of light before
moving all the chicks to 13L:11D at one week of age. The important point is
that 13L:11D was read as a short day by chicks whose first week of life was spent
in 18L:6D, but as a long day by those exposed for their first week to 8L:16D.
Even more dramatic results were obtained when the eggs were hatched in
13L:11D and on the fourth day of life the chicks were given a single day of
either 20 h or 8 h of light. They were then returned to 13 h days. This very long
or very short day had as profound an influence upon how the chicks read
13L:11D as the photoperiodic regimen in the first experiment. Therefore, as
with adult quail (Robinson & Follett 1982), the response to photoperiods such
as 13L:11D is profoundly influenced by the photoperiodic history of the bird.
Whether a daylength is read as ‘short’ or ‘long’ depends upon the bird’s
previous exposure. The ecological importance of this could be profound.

Zucker: In rodents the prenatal influence may very well dominate postnatal
factors, at least temporarily. In Bruce Goldman’s laboratory it has been shown
that the prenatal signal influences development in Phodopus as late as 34 days
of age, and Teresa Horton (1984) found that the photoperiodic signal that
montane voles experienced prenatally determined their growth patterns up to
74 days of age. The prenatal maternal message that influences the animals’
responses to the external environment is very long-lived. I find that surprising.

Menaker: That kind of thing is very well known in insects, and the mammals
in which these observations have been made are mammals whose reproductive
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strategies are very similar to those of insects. They are prepared so that as soon
as the environmental resources become available the population explodes.

Wetterberg: What do you think about the possible role of the retina and the
Harderian gland in the development of rhythms in rats and hamsters? Is there
any evidence that these two endocrine tissues are involved?

Reppert: We know that enucleated pregnant animals still transfer signals to
the fetuses, so the retina is not the source of the maternal signal. We have not
looked at the Harderian gland in the mother.

Moore-Ede: You may get frustrated if you try to follow Occam’s razor in
these experiments. We all recognize that many subtle signals act as zeitgebers,
and that sometimes a couple of subliminal signals add up to create one effective
signal. While one cannot eviscerate the mother to remove all endocrine in-
formation, your single gland extirpation method may not be a feasible way of
discovering the maternal entrainment signal. Trying to infuse an endocrine
periodic signal into the mother to drive the fetal system may be more useful.

Reppert: That’s a very good point, but removal of single organs seemed a
reasonable initial strategy.

Klein: Silver (1977) has shown that in anophthalmic mice, which fail to
develop a well-formed optic tract, the SCN are disorganized to an extent that
varies from individual to individual in a manner correlated to the organization
of the locomotor activity rhythm. This means that the optic tract passing by the
SCN may in some way influence the organization of the nuclei.

Reiter: They may be totally independent.

Klein: That’s possible, but there is a correlation between the development of
the optic tract and the SCN in the animals and I suspect that there is a causal
relationship there.

Armstrong:It would be interesting to see whether rat mothers are nocturnal
in their feeding patterns and whether a nutritional signal is going from the
mothers to the pups, in the form of circulating glucose or free fatty acids, rather
than a hormonal signal. Perhaps the way to investigate this is to manipulate
lighting and feeding schedules.

Reppert: It is conceivable that the signal used prenatally is different from that
used postnatally, but food delivery systems may be important for either. We
have used restricted feeding paradigms to look at the prenatal influence but
have been unable to come up with anything very clear because the deoxyglu-
cose probe may also be sensitive to nutritional manipulations. Postnatally, the
pups show a maternally imposed rhythm, feeding mostly during the day. At
weaning the pups undergo a 180° phase-shift so that they are now feeding
mostly at night. This may be telling us that the developing circadian system is
fairly resistant to changes in maternal behaviour postnatally.

Armstrong: Are you saying that the activity thythm of the pups is dissociated
from the feeding rhythm, i.e. that the pups are active at night but feed from the
mother during the day?
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Reppert: Yes. It’s because the mother spends more time with the litter during
the day since she is most active and is doing most of her feeding at night.

Armstrong: So the feeding rhythm in suckling pups is maternally enforced,
i.e. exogenous?

Reppert: That’s right.

Ilinerovd:You mentioned that postnatal entrainment by the mother can
continue until about the fifth day after birth. The temperature in the nest may
be important for this because it changes from day to night. During the night the
mother leaves the nest more often. You could study this by keeping mother and
pups together in one cage but with a second cage adjoining; Ader & Grota
(1970) have found that mothers leave the nest much more frequently when they
can go into another cage, so the entrainment might be stronger in this situation.

Reppert: That’s a very good point. There is a vast discrepancy between
laboratories in terms of how potent people think the postnatal influence is. The
discrepancy may be due to strain differences or to differences in experimental
design. The way to study this may well be to look at animals in a more
naturalistic setting.

lllnerovd:Even fetal entrainment might be a question of temperature; in
lower vertebrates you can certainly get entrainment by a 24 h warm—cold
schedule. Mothers might entrain their fetuses by their own rhythms in body
temperature. Unfortunately this is very hard to study.

My other point concerns the synchronization of rhythms. When your rat
mothers had SCN lesions, you concluded that rhythms might exist in new-born
pups but they were difficult to find because they were not synchronized. We
tried to look at this using chicken eggs to eliminate any maternal influence, and
found exactly the same thing. We kept the eggs in constant darkness and two or
three days before hatching we killed the chicks. We found a wide range of
pineal N-acetyltransferase activities, corresponding to basal day-time values as
well as to high night-time values, and no evidence of arhythm, but this might be
only because the rhythms in individual chicks were not synchronized.

Arendt: This work on maternal entrainment could have very important
implications in clinical medicine. Do you know what happens to the develop-
ment of circadian rhythms in humans when there is maternal separation post-
natally? We have tried to look at postnatal development of pineal function in
people, taking sequential urine samples from babies every 4 h during the first
eight weeks of life. We looked at both melatonin and its major metabolite, but
unfortunately there is so little produced that we cannot draw any firm conclu-
sions. However, in some babies there seems to be some sort of rhythm at about
six weeks of age, which is when the babies develop a sleep-wake cycle.

Reppert: 1.ou Sander has considered maternal influences on the develop-
ment of human rhythms, and particularly the sleep—wake cycle (Sander et al
1972). He found that nursery-reared babies who were kept in constant environ-
mental lighting conditions and who had an interaction with nurses every 4 h did
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not appear to develop a strong diurnal variation in sleep—wake pattern, where-
as infants who were reared by their mothers or foster mothers and who could
demand an interaction when they wanted one developed a diurnal sleep—wake
pattern by the end of the first postnatal week. He also did cross-fostering
experiments which suggested that maternal influences are important. The
problem in these studies is separating a passive, maternally driven response of
the infant from an interaction that increases coupling strength between the
circadian pacemaker and the other structures that to lead to the overt express-
ion of a daily sleep—wake cycle.

I am intrigued by your melatonin work in babies and the utilization of the
melatonin-generating system to look at the development of the human circa-
dian system. One of the most important questions in terms of the developing
circadian system is, when is the developing human sensitive to light at the level
of the hypothalamus? I have always felt that studying the melatonin-generating
system and its suppression by light may be an appropriate way to find out when
that system is working, but I’'m a bit disappointed that you are not able to show
a rhythm earlier than six weeks.
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Abstract. In mammals, information about the environmental photoperiod is relayed from
the retina to the suprachiasmatic nuclei (SCN) in the anterior hypothalamus and via the
sympathetic nervous system to the pineal gland where it influences the secretion of melato-
nin. Light plays a dual role: (1) to suppress the release of melatonin and (2) to entrain
the circadian rhythm generators in the SCN, which govern the endogenous melatonin
rhythm. Under normal daily light-dark cycles melatonin secretion is confined to the dark
period. In most photoperiodic species the daily pattern of secretion changes in response
to changes in daylength, and this acts as a physiological time cue in the brain for the
control of seasonal cycles in reproduction, moulting and other processes.

To illustrate the underlying mechanisms that control the melatonin rhythm, results are
presented from five experiments in which the blood plasma concentrations of melatonin
were measured in Soay rams exposed to a variety of artificial changes in photoperiod
including a switch from 16L:8D (16h light:8h dark) or 8L:16D to constant darkness,
a switch from constant darkness to 1L:23D and a switch from 16L:8D to a 25h or 23h
light~dark cycle. The results confirm that the melatonin rhythm is generated endogenously
and will free-run under constant darkness with a period close to 24 h for at least 10 days.
The rhythm can be entrained by exposure to IL:23D with the end of the light period
acting as the ‘melatonin-on’ signal, and phase-shifts in the melatonin rhythm can be induced
by phase-shifts in the light-dark cycle. The period for which melatonin concentrations
are high each day (melatonin peak) also varies in duration under the different photoperiods,
as a result of both the suppressive and the entraining effects of light. Two models explaining
the control of melatonin peak duration are discussed.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 129-148

The secretion of melatonin from the pineal gland shows a marked daily rhythm
in all species of mammals investigated (Goldman 1983, Tamarkin et al 1985).
Pineal activity is increased at night in both diurnal and nocturnal species as
shown by studies of the pineal content of melatonin and associated enzymes
in rodents, the concentrations of melatonin in peripheral blood and cerebro-
spinal fluid in sheep, horses, monkeys and humans and the levels of urinary
metabolites of melatonin in rats and humans. The close link between the
melatonin rhythm and the daily light-dark cycle is well established. However,

*Present address: Max-Planck-Institur Fiir Psychiatrie, Department of Neuropharmacology,
D-8033 Martinsried, West Germany
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when animals are shifted from a regular light-dark cycle to constant darkness
the rhythm persists with a period close to 24 h (e.g. pineal enzymes in rats,
Klein & Weller 1970; melatonin levels in the blood of sheep and horses,
Rollag & Niswender 1976, Kilmer et al 1982; melatonin levels in the cerebro-
spinal fluid of macaques, Perlow et al 1981). The rhythm in melatonin is
therefore circadian; it is generated endogenously but normally receives its
temporal entrainment from the environmental light—dark cycle.

The neural mechanisms governing the secretory activity of the pineal gland
have been determined largely from studies with the rat where the level of
the pineal enzyme N-acetyltransferase (NAT) is often used as an index of
melatonin production (Moore & Klein 1974, Klein & Moore 1979). Neurons
in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus appear
to act as the circadian pacemaker for rhythms in pineal NAT activity. Photic
information reaches the SCN by way of the retinohypothalamic tract and the
sympathetic nervous system serves as a relay between the SCN and the pineal
gland. Noradrenaline released from the sympathetic nerve terminals, which
are in intimate contact with the pineal cells, induces a cyclic AMP-mediated
activation of NAT, which catalyses the conversion of serotonin to N-acetylser-
otonin, a precursor of melatonin. Activity in the sympathetic nerves innervat-
ing the pineal gland is assumed to increase at night leading to enhanced
melatonin synthesis and release.

The neurons in the SCN show a circadian rhythm in electrical and metabolic
activity (Inouye & Kawamura 1979, Schwartz et al 1980), which is influenced
by the daily light—dark cycle. Electrical stimulation of the SCN strongly inhibits
the electrical activity of the central sympathetic nervous system, as does the
direct application of light to the retina or optic nerve stimulation (Nishino
et al 1976). Thus, enhanced activity in the SCN or exposure to light leads
to reduced pineal stimulation and decreased melatonin secretion. Carbachol,
a cholinergic agonist, mimics the effect of light on the circadian rhythm in
the pineal gland, indicating that acetylcholine is one of the neurotransmitters
involved in photic effects on the SCN (Zatz & Brownstein 1979).

These observations on pineal function indicate that light has two effects
on the daily rhythm of melatonin synthesis and secretion: (1) it suppresses
the production of melatonin and (2) it entrains a circadian pacemaker in the
SCN to set the phase of the rhythm relative to the light—-dark cycle (Tamarkin
et al 1985). The suppressive effect is rapid and intensity dependent and readily
seen if animals are exposed to bright light at specific times during the dark
period. In the rat, for example, a sudden exposure to light at night leads
to a rapid decline in NAT activity in the pineal gland (4 min half-life); compar-
able effects are seen after the administration of B-adrenergic blockers, which
prevent sympathetic nerve stimulation of the pineal gland (Vanecek & Illner-
ova 1979). Rollag & Niswender (1976) have shown that the peripheral blood
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levels of melatonin decline rapidly in sheep when lights are switched on at
night.

The entraining role of light in the generation of the melatonin rhythm is
indicated by the way the daily melatonin rhythm is closely coupled to the
light—dark cycle. However, the increased melatonin levels need not span the
total period of darkness. In the rat and Syrian hamster pineal levels of melato-
nin begin to rise several hours after the onset of darkness and are elevated
for 6-8 h irrespective of the duration of darkness (Goldman et al 1982). When
sheep are exposed to a 48h light—dark cycle of 8L:40D (8 h light:40h dark)
the 24 h rhythm in blood levels of melatonin persists since it can be entrained
by the 8 h light period which occurs at the same circadian clock-time every
other day; the rhythm is lost upon exposure to a 36 h cycle of 8L:28D since
the circadian system fails to entrain to this period (Almeida & Lincoln 1982).
Other studies in sheep have shown that after an 8h advance in the time of
lights-out produced by an abrupt switch from 16L:8D to 8L:16D there is
a gradual phase-advancement of the onset of the daily melatonin peak leading
to a coincidence between the onset of the peak and the onset of darkness
in as few as two days but taking up to 14 days in some individuals (Bittman
et al 1983). The most impressive studies on entrainment are those of Illnerova
& Vanecek (1982) in which pineal NAT levels were measured in groups of
rats exposed to a 1 min light pulse at different times during the night. They
found that such light pulses led to phase-advances or delays of the rhythm
depending upon when the light was given and that there appeared to be separ-
ate circadian oscillators governing the onset and decline of pineal activity.

Studies on the generation of the melatonin rhythm are still in their infancy
but are important because they indicate how information about the external
light—dark cycle is transduced into an endocrine signal leading to specific res-
ponses in the brain (see E. L. Bittman, this volume). We now present some
recent observations recorded in sheep to illustrate further how the phase and
duration of the melatonin rhythm are influenced by the light—dark cycle.

Materials and methods

The observations were made on groups of four to eight adult Soay rams housed
in individual pens in light-proof sheds. Blood was sampled by means of a
jugular catheter (Lincoln & Short 1980). Lighting of about 160 lux at the
level of the rams’ eyes was provided by white fluorescent strip lights. In ad-
dition a 15 W red bulb was used throughout to provide a minimal illumination
during darkness to allow the animals to feed and to facilitate sampling. In
five separate experiments, groups of rams were subjected to changes in the
photoperiod (see results section) and hourly blood samples were collected
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for 24-100 h at the beginning and end of the treatments for the measurement
of melatonin.

The concentration of melatonin in the blood plasma was measured by
radioimmunoassay by the method of Rollag & Niswender (1976) as modified
by Almeida (1982). The lower limit of detection was 10 pg/ml and intra-assay
coefficient of variation, based on duplicates of quality-control plasma pools,
was 13.9%. All serial samples from individual animals in each experiment
were assayed in the same or adjacent assays.

Analysis

The daily profiles of melatonin were analysed for peaks by a method developed
with the help of Dr P. Warner (Ebling 1985). The procedure was as follows:

(1) all melatonin values for each ram in each sampling period were ranked
and divided into 10-20 pg/ml classes to obtain a frequency distribution;

(2) this was used to assess any discontinuity between high and low values;
if there was no discontinuity evident the median value was determined;

(3) a runs test (Seigel 1956) was performed on each profile to determine
whether there was significant clustering of the melatonin values relative to
the discontinuity/median;

(4) where significant clustering was observed, the melatonin peak was

defined as the period with four or more consecutive values above the discon-
tinuity/median; shorter runs separated by only a single low value were taken
as an extension of the same peak.
The time of the onset of the melatonin peak was used as the phase reference
point, and the period of the rhythm was taken as the time between the onset
of successive peaks. The significance of differences in the duration of peaks
was assessed by Student’s ¢ test. Some of the results of Experiment 1 have
been published previously (Almeida & Lincoln 1984).

Results

Experiment 1: long days to constant darkness

Four rams held initially on long days (16L:8D) were exposed to constant
darkness for 10 days and the hourly changes in the blood plasma concentrations
of melatonin were measured on days 1-3 and day 10 (Fig. 1). Significant
melatonin peaks occurred on day 1, with the onsets just before or coincident
with the onset of darkness. Peaks were also evident on days 2, 3 and 10
in each ram, indicating that the melatonin rhythm persisted under constant
darkness. The period of the rhythm was initially 24.3 + 1.2h (mean * SEM,
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based on peak onsets for days 1 and 3) and later 23.0 + 0.4 h (based on days
3 and 10). The mean duration of the melatonin peak on day 1 (13.8+1.9h;
long day into darkness) was not significantly different from that under constant
darkness on day 10 (13.0+ 1.2 h).
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FIG. 1. Melatonin concentrations in blood plasma (mean + SEM, n = 4) and timing of melatonin
peaks (open bars for individual rams) in Soay rams transferred from 16L:8D to constant darkness.
Samples were collected hourly for 24h on days 1, 2, 3 and 10 (day 1 taken as last day under
16L:8D).

Experiment 2: constant darkness to a 1 h light pulse every 24 h

Seven rams housed under constant darkness for eight weeks were exposed
to a 1h light pulse every 24h (1L:23D) for a further two weeks and blood
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samples were collected for two days at the beginning and end of the 1L:23D
treatment (Fig. 2). Significant melatonin peaks were evident in the plasma
profiles of all the rams at the end of the eight weeks under constant darkness
(day 1), though the peaks were randomly distributed throughout 24h with
no evidence of synchrony between individual rams. Exposure to the first 1 h
light pulse was associated with a transitory decrease in the plasma levels of
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FIG. 2. Melatonin concentrations in blood plasma (mean + SEM, n = 7) and timing of melatonin
peaks (open bars for individual rams) in Soay rams exposed to a 1 h light pulse every 24 h (1L:23D)
after an eight-week period under constant darkness. Samples were collected on days 1-2 and
17-18 (day 1 taken as the last day under constant darkness).

melatonin but did not cause an immediate synchronization of the rhythms
(see mean melatonin levels, days 1 and 2, Fig. 2). However, after 16 days
under 1L:23D the synchronizing effect of the light pulse was clearly evident;
all the rams showed significant melatonin peaks within the first 8 h after the
light pulse (mean time from end of light pulse to onset of peak: 2.9 = 1.0h)
and the period between the peaks was close to 24 h (mean period 25.8 = 1.6 h).
The mean duration of the melatonin peaks under 1L:23D was 13.3+£0.9h
(Fig. 2, days 17 and 18).
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Experiment 3: long days to a 1 h light pulse every 24 h with phase-shift

Eight rams preconditioned to long days (16L:8D) were exposed to 32 h dark-
ness followed by a 1h light pulse every 24 h (1L:23D) for two weeks. During
this period the end of the light period was thus phase-advanced by 7h. The
plasma concentration of melatonin was measured in blood samples collected
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FIG. 3. Melatonin concentrations in blood plasma (mean + SEM, n = 8) and timing of melatonin

peaks (open bars for individual rams) in Soay rams transferred from 16L:8D to 32h darkness

and then to a 1h light pulse every 24h (1L:23D). The end of the light pulse was set 7h in

advance of the time of the end of the light period under 16L:8D. Samples were collected on

days 1-2 and 15-16 (day 1 taken as the last day under 16L:8D).

o

at hourly intervals for two days during the change from long days to constant
darkness and again after 13 days under the 1L:23D regimen (Fig. 3). Significant
melatonin peaks were observed in all the rams on day 1 with the onset of
the peaks closely synchronized to the onset of darkness. The peaks recurred
on day 2 after a period close to 24h (mean period 23.5 £ 0.4 h), indicating
the persistence of a circadian rhythm of melatonin under constant darkness.
The mean duration of the melatonin peak on day 1 (11.3£0.5h) was not
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significantly changed by day 2 (12.0 = 0.5 h). After 13 days under the 1L:23D
regimen significant melatonin peaks were still evident in all the rams, but
there was a phase-advance in the timing of the peaks; their onset now occurred
within 4 h following the 1h light pulse in seven out of eight rams. The mean
period of the melatonin rhythm under 1L:23D was 25.0 £ 0.7h. The mean
duration of the melatonin peak was 12.7 = 1.0 h, which was not significantly
different from the values for days 1 and 2 (Fig. 3).

Experiment 4: short days to two 1 h light pulses every 24 h
Eight rams held initially under short days (8L:16D) were exposed to darkness

for 32h followed by a regimen with two 1h light pulses every 24h
(1L:7D:1L:15D) for two weeks. The timing of the pulses was arranged so
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FIG. 4. Melatonin concentrations in blood plasma (means = SEM, n = 8) and timing of melatonin
peaks (open bars for individual rams) in Soay rams transferred from 8L:16D to 32h darkness
and then to two 1h light pulses every 24 h (1L:7D:1L:15D). The end of light pulse A was set
at the same time as the end of the light period under 8L:16D. Samples were collected on days
1-2 and 15-16 (day 1 taken as the last day under 8L:16D).
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that the first pulse (pulse A) ended at the same time as the light period under
the initial 8L:16D regimen, while the second pulse (pulse B) was given 8h
later. Blood samples were collected for two days during the change from
short days to constant darkness and again after 13 days under 1L:7D:1L:15D
(Fig. 4). On day 1 significant melatonin peaks were evident in all the rams
with the onset of the peaks closely synchronized to the time of lights-out.
Melatonin peaks were also evident on day 2, indicating that the circadian
rhythm of melatonin secretion persisted under constant darkness (mean period
24.1£0.7h). There was no significant change in the mean duration of the
melatonin peaks from day 1 (15.6 £ 1.3h) to day 2 (13.8 £ 0.5h). After 13
days of the 1L:7D:1L:15D regimen, significant daily melatonin peaks were
still evident in all the rams. Analysis of the peaks was confounded by the
fact that sampling was commenced during melatonin peaks in four of the
animals. However, in six of the seven rams for which there were data, the
onset of the melatonin peak was delayed compared to days 1 and 2; the
onset occurred midway between the first and second light pulses (Fig. 4, day
16). The second pulse caused a transitory decline in plasma melatonin levels
in all the animals (Fig. 4, days 15 and 16, pulse B). The mean duration of
the melatonin peaks under 1L:7D:1L:15D was 13.9 £ 0.7h, which was not
significantly different from the values on days 1 and 2.

Experiment 5: long days to a 25 h or 23 h light-dark cycle

Six rams held initially under long days (16L:8D) were exposed to a 25 h light—
dark cycle (16L:9D) for 13 days, returned to long days (16L:8D) for 13 days
and then exposed to a 23h cycle (16L:7D) for 13 days. The effect was first
to phase-delay the onset of darkness by 1 h daily for 13 days and then gradually
to phase-advance the onset of darkness back to its original time. The hourly
changes in the plasma concentrations of melatonin were measured at the onset
and end of the two treatments (Fig. 5). On day 1 under 16L:8D a significant
melatonin peak was evident in all the rams, with the onset of the peaks closely
synchronized to the end of the light period and a mean peak duration of
9.8 £ 0.3h. After 13 days under the 25 h cycle the melatonin peak was shifted
in clock time in four of the six animals to follow the change in the light—dark
cycle; in these animals the onset of the melatonin peak preceded the end
of the light period by 2-3h. After a further 13 days under 16L:8D the timing
of the melatonin peak had fully adjusted to the light cycle in five out of
the six animals and the onset of the peak was now coincident with or occurred
within 2 h following lights-out. At this stage the melatonin rhythm was clearly
phase-shifted relative to day 1 (Fig. 5, day 37 vs. day 1). After 13 days of
the 23h cycle the timing of the melatonin peaks coincided with the dark
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period in five of the six rams, indicating a phase-advance in the melatonin
rhythm to follow the light—dark cycle.
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FIG. 5. Melatonin concentrations in blood plasma (mean = SEM, n = 6) and timing of melatonin
peaks (open bars for individual rams) in Soay rams transferred from 16L:8D to a 25h cycle
of 16L:9D for 13 days, switched back to 16L:8D for 13 days and then transferred to a 23h
cycle of 16L:7D for 12 days. Samples were collected hourly for 24 h at the beginning and end
of the 25 h and 23 h cycle treatments.

Discussion

The results illustrate three aspects of the control of the daily rhythm in melato-
nin secretion: (1) the rhythm is generated endogenously and persists with
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a period close to 24h under constant darkness (e.g. Experiments 1, 3 and
4); (2) a light—dark cycle with a period of 24 h, as occurs naturally, or one
close to 24h will entrain the melatonin rhythm (e.g. Experiments 2, 3, 4
and 5); (3) light has a rapid suppressive effect on melatonin release at least
during the subjective night (e.g. Experiment 4). By using sheep in these studies
we have been able to monitor hourly changes in blood plasma levels of melato-
nin over many hours during changes in the photoperiod; this allowed the
analysis of the hormone profiles of individual animals for changes in the phase
of the melatonin rhythm and the duration of the daily melatonin peak. Most
previous studies of the generation of the melatonin rhythm have involved
killing groups of animals to measure the pineal content of melatonin or related
enzymes; it was thus not possible to assess individual responses and the
assumption was that glandular content parallels release.

Previous work on sheep kept under natural or artificial 24 h light—-dark cycles
has shown that the period for which levels of melatonin are high in peripheral
blood closely reflects the period of darkness (Rollag & Niswender 1976,
Arendt et al 1981, Bittman et al 1983). However, the extent to which this
daily pattern is the result of the entraining effect of the light-dark cycle or
of the more direct suppressive effect of light is not immediately apparent.
In the present experiments constant darkness and light pulses of short duration
were used to provide clues to the mechanism involved. When sheep were
exposed to a 1 h light pulse every 24 h after a period under constant darkness,
the melatonin rhythm became entrained such that the onset of the melatonin
peak occurred shortly after the brief light period. This occurred in rams that
previously had poorly defined melatonin rhythms due to prolonged exposure
to constant darkness (Experiment 3) and in rams with well-synchronized
rhythms due to recent exposure to cycles of 16L:8D (Experiment 3). These
results indicate that the 24 h light cycle entrains the endogenous melatonin
rhythm; the end of the light period provides the ‘melatonin-on’ signal.

The duration of the daily period of increased melatonin secretion is also
affected by the photoperiod. It is longer under short days than under long
days (e.g. 8L:16D vs. 16L:8D, Bittman et all 1983). Therefore, besides setting
the phase of the melatonin rhythm the photoperiod modifies the duration
of secretion. We found that the mean duration of the melatonin peak under
constant darkness and under the 1L:23D regimen was 12-14h (e.g. Experi-
ments 1, 2 and 3), while the peak duration under long days was <10 h (Experi-
ment 5). One explanation for this effect of daylength upon duration of the
melatonin peak is that the end of the light period entrains the onset of the
melatonin peak, while the beginning of the light period acts to suppress melato-
nin secretion directly. Under the 16L:8D regimen the duration of the night
(8h) is less than the duration of the endogenous melatonin peak of 12-14h
observed under constant dark; thus the suppressive effect of light at dawn
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curtails melatonin secretion and leads to a short duration peak. Consistent
with this is the observation that the duration of the melatonin peak is extended
when dawn is delayed, for example on day 1 when rams were transferred
from 16L:8D to constant darkness (Experiments 1 and 3). This model in
which ‘lights-off” acts to entrain the endogenous rhythm and ‘lights-on’ acts
to suppress melatonin secretion is similar to that proposed for the golden
hamster, although in that species the roles of dawn and dusk may differ since
dawn appears to provide the principal entraining signal (Tamarkin et al 1980).

The work of Illnerova & Vanecek (1982) on the pineal NAT rhythm in
rats provides an alternative model for the control of melatonin secretion by
photoperiod. After exposing groups of rats to a 1 min light pulse at different
times during the dark period they found that the suppressive effect of light
upon pineal NAT levels varied according to when the treatment was given.
Early in the dark period a brief light pulse caused only a transitory decline
in NAT levels, but a similar light pulse given late in the night caused a much
longer suppression of pineal activity. Further studies, which involved keeping
animals in constant dark after the pulse treatments, revealed that the suppres-
sive effects were associated with phase changes in the circadian rhythm govern-
ing NAT activity; phase-delays were induced by light pulses given early in
the dark period whereas phase-advances were induced by pulses late in the
night. The phase-response curve for the evening increase in NAT activity
was different from that for the morning decrease in NAT activity and it was
concluded that separate circadian oscillators control the onset and end of
NAT activity (Illnerova & Vanecek 1982). These observations suggest that
the photoperiod may influence the duration of the daily melatonin peak by
dictating the relative phase of the underlying oscillators. Thus under long
days the evening oscillator system might be delayed and the morning oscillator
advanced, resulting in a melatonin peak of short duration, while the reverse
changes might occur under short days, leading to a peak of longer duration.
The advantage of this model over the one discussed initially is that it can
explain how the period of melatonin secretion during light—dark cycles can
be longer than the period of secretion observed under constant darkness when
the control is endogenous; for example, under 8L:16D the peak duration
may approach 16 h. With a multi-oscillator control it might by predicted that
under prolonged darkness the melatonin rhythm would split into two compo-
nents or become disorganized. Indeed, poorly defined and variable melatonin
rhythms were observed in the rams held for eight weeks under constant dark-
ness (Experiment 2).

One recent study on sheep has shown that a 1h light pulse given in the
dark phase under 8L:16D causes only a transitory suppression of melatonin
levels when given early in the night but causes longer-term suppression when
given later in the night (Brinklow et al 1984). The late-night interruption
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regimen thus produces a short-duration melatonin peak, i.e. a long-day res-
ponse. In our study the exposure of rams to two 1h light pulses every 24h
failed to produce a short-duration melatonin peak; the onset of the melatonin
peak occurred midway between the two pulses and the second pulse caused
only a transitory suppression of melatonin secretion (Experiment 4). It remains
to be established whether a two-pulse regimen with a longer interval between
the pulses can be used as a skeleton photoperiod to control the duration
of the melatonin peak.

In conclusion, we have presented results for the sheep illustrating that the
daily melatonin rhythm is generated endogenously and light acts both to
entrain the rhythm and to suppress melatonin secretion. This dual effect of
light dictates the phase of the melatonin rhythm under a normal 24 h light-dark
cycle and determines the duration of the daily melatonin peak.
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DISCUSSION

Armstrong:The free-running rhythms of individual animals seem to be very
close, with a T of about 24 h. I would expect them to be much further apart. Do
you get social synchronization in sheep? Or does bleeding animals at the same
time of day perhaps interfere with the free-running rhythm?

Lincoln: We certainly see examples of social synchronization in terms of
overt behaviour in our rams, but we would not be able to assess such an effect
for the melatonin rhythm. I don’t think the timing of bleeding is very important
especially where we sample for two complete 24 h cycles; however, we do find
that melatonin levels tend to be elevated at the beginning of a serial bleed.

Turek: In Fig. 3 (p 135), one animal entrained in an unusual way. From the
free-running pattern in constant darkness, it looks as though the average period
of the sheep melatonin rhythm may be less than 24 h. The entrainment pattern
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that you see in most of your sheep in 1L:23D is then what you would expect,
because the light is occurring in the delay region of the phase-response curve.
Perhaps the aberrant animal has a free-running period greater than 24 h, so
light needs to be coincident with the advance region of the phase-response
curve to produce entrainment. This raises the question of whether dusk or
dawn is the entraining signal. I don’t think we can say from your results that
lights-off is the entraining signal just because the onset of the melatonin peak
occurs after the lights go off. If you put your animals under T-cycles, you might
find that you could easily get the melatonin peak to occur just before the light
pulse.

Llinerova:In rats on long photoperiods the melatonin rhythm seems to be
entrained by both lights-on and lights-off, but on short photoperiods the
rhythm is entrained completely by lights-on (Illnerova & Vanécek 1985). On
short days, the phase relationship between the evening rise in melatonin
production and the morning decline may be already stable, and the rhythm is
synchronized with the 24 h day by the morning onset of light.

Lewy: In Dr Lincoln’s skeleton photoperiod study, dusk was apparently
more important than dawn for entrainment, which is consistent with the t being
shorter than 24 h. This makes sense, and is consistent with the prediction that
for animals with t greater than 24 h dawn would be relatively more important
than dusk for entrainment (Lewy 1983).

Moore-Ede:1 was struck by the similarity between the timing of entrainment
by a single light pulse and entrainment by two. The single light pulse came close
to the middle of subjective day, and the second light pulse that you added fell
near the middle of subjective night. But the second light pulse seemed to make
no difference in that the melatonin rhythm still entrained to the first pulse. This
made me question whether you were seeing entrainment by light or by some-
thing else. For example, were the animals being fed on a regular schedule?

Lincoln: These animals had a hopper system to provide pelleted food for up
to five days at a time. They gradually work their way through this supply, so we
avoid the problem of the sudden introduction of food once daily. In the
experiment with two light pulses, we thought that the animals might act like
quail and flip over to the second of the light pulses, interpreting that as the
onset of night. But from our limited melatonin results for the 15 days, this
didn’t appear to happen.

Bittman: It could be a question of light intensity, which may influence the
range of entrainment and the degree of phase-shifting. Any conclusions you
make about the effect of a given light pulse presented at a particular time
should be conditional upon exactly what light intensity is used, as well as upon
the duration of the light pulse.

Lincoln: The lighting in our sheds is about 160 lux at the animals’ eye level,
provided by four white fluorescent strip lights (length 1.8 m) in a room approx-
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FIG. 1. (Lincoln) Melatonin concentrations in blood plasma (mean * SEM, n = 8) and timing
of melatonin peaks (open bars for individual rams) in Soay rams transferred from 16L:8D to
either 8L:28D (a) or 8L:40D (b). Samples were collected hourly on days 1-4, 28-29 and 111-112
(day 1 taken as the last day under 16L:8D). Data from Almeida & Lincoln (1982) with melatonin
peaks redefined as in this volume (p 132).
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imately 4 X 5 m. I can’t predict whether increasing the light intensity would
alter the patterns of melatonin secretion in sheep, but one might expect more
clearly defined changes from day to night.

Bittman: I have had the opportunity to measure melatonin in some ewes that
were blinded for studies of extraretinal photoreception (Legan & Karsch



146 DISCUSSION

1983). Three years after blinding, these animals all had discrete and well-
organized free-running melatonin patterns. How stable is the melatonin pat-
tern of your Soay rams in constant dark? Does the organization of the rhythm
or the duration of the peak vary with time after the animal is put into constant
dark or blinded?

Lincoln: In our rams held in constant darkness the melatonin rhythm was
poorly defined after eight weeks, but we have no information on the effect of
blinding.

Klein: T am impressed by your observation that under 8L:28D animals
become totally disorganized and show tonically high melatonin values
(Almeida & Lincoln 1982 and Fig. 1 above). This is the first report of animals
having continuously high melatonin. The concentrations are nowhere near
normal day values; they are in the range of normal night values.

Bittman:I have seen patterns like that in a few animals with surgical insults,
for example in some of Gary Jackson’s ewes with frontal hypothalamic knife
cuts. Steven Yellon has reported such patterns in ganglionectomized young
ewes and in intact lambs before the melatonin rhythm fully matures (Yellon &
Clayton 1983).

Lincoln: There are three situations where we get inter-peak melatonin levels
that are higher than normal: (1) with the 8L:28D regimen mentioned by Dr
Klein and illustrated in Fig. 1 above; (2) after constant darkness for a prolonged
period; (3) when animals are exposed to a 23 h or 25 h regimen as shown in Fig.
5 (p 138). In the last case the melatonin peak is entrained to the dark period in
most of the animals but the day-time melatonin levels are higher than normal.
When the rams are given two weeks to readjust to a 24 h cycle, the full
melatonin rhythm reappears with low day-time values.

Bittman: In these experiments where you see high inter-peak melatonin
levels of between 100 and 200 pg/ml, the melatonin rhythm might be a bit better
behaved if you tried the same light—dark schedule but with a higher light
intensity.

Lewy: After long periods in constant dark, animals become desynchronized
from each other. Under these conditions, do your animals, analysed individual-
ly, show consistently elevated melatonin concentrations?

Lincoln: Yes. The melatonin peak is no longer as well defined as it isunder a
normal 24 h light—dark cycle, i.e. the minimum values are increased. Perhaps at
this point we should consider the problem of the melatonin assay. With the
Rollag and Niswender method using the Rollag 1055 antibody we get nocturnal
plasma melatonin levels around 200 pg/ml. I suspect that with Jo Arendt’s assay
for melatonin the peak levels would be less than 100 pg/ml, so our assay may be
less specific.

Goldman: Mark Rollag provided us with an antibody that had not been used
previously for radioimmunoassay and we compared this with the 1055 anti-
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body. The two are very different. In plasma samples from sheep the new
antibody indicated melatonin values which were only about one-half to one-
third those found by Dr Steven Yellon using the 1055 antibody, although the
patterns were generally the same. So it is possible that half of what is being
measured with R1055 is not melatonin. Also, Steven Yellon sent us samples
from a lamb (day-time) and a ganglionectomized sheep that showed unex-
pectedly high levels of melatonin with the 1055 antibody; both of these sera
showed the expected low melatonin values when we assayed them using the
new antibody. I’'m not prepared to say which result is correct, but there is
certainly a discrepancy.

Klein: Although it’s possible that Gerald Lincoln’s high values obtained with
sheep under 8L:28D are just the consequence of an assay problem, they may be
real. Normally, animals that free-run show a discrete melatonin rhythm. The
animals under 8L:28D don’t; their melatonin levels are constantly high, and
this has never been seen before. It is remarkable because I don’t think you can
simulate this artificially by giving an animal drugs. The clock must be profound-
ly fouled up in some way, or the two parts are operating completely indepen-
dently and are stretched out to cover a 24 h period.

Lincoln: We are looking at an event downstream from the clock function.
My impression from the melatonin profiles is that the clock does not behave
like a simple oscillator; the melatonin rhythm can become poorly defined and
disrupted under certain experimental photoperiods, as mentioned earlier,
which implies a multiple-oscillator system.

Klein: The 8L:28D schedule probably disturbs the normal relationship be-
tween two SCN ‘clocks’. Instead of being out of phase by 6-12 h, they may be
pulled apart so that the morning oscillator stimulates the pineal for 12 h or more
and then the evening oscillator stimulates for a subsequent 12 h.

Illnerova:1 don’t think it is possible to pull the clocks apart far enough to
cover the whole day. There may be a maximum phase relationship between
them, and you cannot extend this.

Turek: You didn’t say much about the importance of the melatonin pattern,
but you have shown that when animals on a fixed light-dark cycle go into the
refractory condition there is a change in the pattern. This suggests that the
melatonin pattern indeed regulates reproductive condition. Have you any
further information on that?

Lincoln: No.

REFERENCES

Almeida OFX, Lincoln GA 1982 Photoperiodic regulation of reproductive activity in the ram:
evidence for the involvement of circadian rhythms in melatonin and prolactin secretion. Biol
Reprod 27:1062-1075



148 DISCUSSION

Ilinerova H, Vanécek J 1985 Entrainment of the circadian rhythm in rat pineal N-acetyltransferase
activity under extremely long and short photoperiods. J Pineal Res 2:67-78

Legan SJ, Karsch FJ 1983 Importance of retinal photoreceptors to the photoperiodic control of
seasonal breeding in the ewe. Biol Reprod 29:316-325

Lewy AJ 1983 Biochemistry and regulation of mammalian melatonin production. In: Relkin RM
(ed) The pineal gland. Elsevier North-Holland, New York, p 77-128

Yellon SM, Clayton JA 1983 Evidence that the pineal times puberty in the lamb. Biol Reprod
28(suppl 1):27



Photoperiodism, melatonin and the pineal

Editors: David Evered and Sarah Clark
Copyright © Ciba Foundation

The role of rhythms in the response to
melatonin

ERIC L. BITTMAN
Department of Zoology, University of Massachusetts, Amherst, Massachusetts 01003, USA

Abstract. Rhythmicity of melatonin secretion is critical to the regulation of mammalian
reproduction by daylength. In the ewe, photoperiod determines ovarian function by modu-
lating the ability of oestradiol to suppress pituitary secretion of luteinizing hormone (LH).
This influence of daylength depends in turn upon the pineal gland, which mediates photic
control of the frequency at which the brain stimulates the pituitary to secrete gonadotropin.
Photoperiod determines the pattern of melatonin secretion, most notably setting the
duration of the nightly elevation in serum concentrations. Replacement of melatonin in
pinealectomized ewes drives responsiveness to oestradiol negative feedback; LH levels
are determined by the duration of the nightly melatonin infusion rather than by the photo-
period to which ovariectomized, oestradiol-implanted pinealectomized ewes are exposed.
Refractoriness to stimulatory and inhibitory photoperiods may reflect circannual modula-
tion of the responsiveness of neuroendocrine mechanisms to melatonin signals of a given
duration.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 149-169

Although as students of the pineal gland we have long been struck by the
rhythmicity of melatonin synthesis, we have only recently begun to appreciate
the functional importance of this feature. In none of the physiological effects
of pineal secretion is the significance of rhythmicity so apparent as in the
photoperiodic control of seasonal reproduction in mammals. Studies in both
a long- and a short-day breeder now indicate not only that rhythmicity is
critical, but also that a particular characteristic of this rhythm—the duration
of nightly melatonin secretion—determines whether reproduction is induced
or suppressed.

Important though circadian rhythmicity of pineal secretion is, it represents
only one of several oscillations which underlie seasonal reproduction. In the
ewe and perhaps other photoperiodic species, daylength determines gonadal
condition by setting the frequency of ultradian rhythms of pituitary function.
At the other extreme of frequencies, responsiveness to a particular melatonin
signal is restricted to a specific phase of the annual reproductive cycle. In
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the absence of changes in the melatonin signal or even when there is no
pineal output, animals of some species alternate between phases of fertility
and infertility whose combined durations result in nearly annual periodicity.
In this review, I will consider not only the importance of temporal patterns
of melatonin secretion, but also the nature of the rhythmic endocrine system
that the pineal modulates and the limits of its responsiveness to melatonin.

Influences of daylength on the secretion of luteinizing hormone

It is well established that a variety of species utilize daylength as an environ-
mental cue for restricting reproduction to particular times of year. That this
confers a selective advantage is suggested by the differences in breeding sea-
sons both within species, when populations are geographically separated, and
between species, when gestation lengths differ. By responding to photoperiod
these animals time birth to maximize the chances of survival of the young.
The physiological basis of the phenomenon is most clearly studied by altering
the timing or frequency of breeding seasons through manipulation of the photic
environment. In such-experiments, the eyes and the pineal gland of various
mammals have been shown to participate in photoperiodic regulation of sper-
matogenesis, follicular maturation, gonadal steroidogenesis, sexual behaviour
and implantation. The generalization that retinal photoreception controls sea-
sonal breeding through pineal-mediated mechanisms in all mammals yet
studied (Goldman 1983) is becoming progressively more meaningful; although
much comparative work remains to be done, evidence for such a system has
been found in representatives of six mammalian orders (Chiroptera, Rodentia,
Perissodactyla, Artiodactyla, Carnivora and Marsupialia).

The relative sophistication of our understanding of gonadal-hypothalamo—
hypophyseal relationships in sheep (Martin 1984, Karsch et al 1984) has suited
the ewe particularly well to the analysis of the endocrine basis of the reproduc-
tive response to photoperiod. Sheep are short-day breeders; in Suffolk ewes
oestrous cycles begin in late summer and continue almost until spring
(Fig. 1A). As in other seasonal breeders, the responsiveness of luteinizing
hormone (LH) secretion to the negative feedback influences of gonadal steroid
hormones changes with season (Lincoln & Short 1980, Legan & Karsch 1980).
In the ewe, the ability of oestradiol to suppress serum LH exhibits spectacular
fluctuations whose timing coincides with transitions between the breeding sea-
son and anoestrus (Legan & Karsch 1980, Fig. 1B). In contrast, there is little
seasonal change in the steroidogenic potency of LH, the positive feedback
action of oestradiol or the behavioural efficacy of ovarian hormones (Good-
man & Karsch 1980).

Experiments reveal that daylength regulates both ovarian cyclicity and this
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critical negative feedback relationship. Doubling the frequency of the shifts
in photoperiod results in two breeding seasons per year (Fig. 1C) and provokes
a corresponding change in the pattern of LH secretion in ovariectomized
ewes bearing subcutaneous capsules that maintain invariant physiological
levels of oestradiol (Legan & Karsch 1980, Fig. 1D). Exposure to short days
permits LH to ‘escape’ from negative feedback inhibition at any time of year,
while long days heighten the potency of oestradiol negative feedback and
thus suppress serum LH to undetectable values.

Surgical removal of the pineal gland disrupts these reproductive responses
to photoperiod. Although the effects of this operation can be subtle in ewes
in natural conditions, artificial photoperiodic challenges lose their ability to
influence ovarian cyclicity (Fig. 1E, Bittman et al 1983b). Pinealectomy has
corresponding effects on the responsiveness of the negative feedback axis
to daylength: long days cease to suppress LH secretion and short days fail
to drive a rise in serum gonadotropin concentrations in ovariectomized ewes
implanted with oestradiol (Fig. 1F). In all respects, the effects of pinealectomy
inewes agree with those of pineal removal or denervation on testicular function
and androgen feedback responsiveness in the ram (reviewed by Lincoln &
Short 1980, Bittman 1984). These findings also correspond closely to the effects
of similar surgical insults in long-day breeders. In the golden hamster, pineal
removal or denervation eliminates photoperiodic regulation of testicular func-
tion, oestrous cyclicity and steroid feedback responsiveness (reviewed by
Reiter 1980).

The influences of daylength on patterns of ovine gonadotropin secretion
have been studied in detail. As in a variety of species, LH secretion occurs
episodically in ewes and reflects pulsatile release of the neuropeptide gonado-
tropin-releasing hormone (GnRH) from the median eminence. In intact sheep
the frequency of these pulses varies dramatically with season (Lincoln & Short
1980, Goodman et al 1982, Martin 1984). LH pulse amplitude tends to be
reciprocally related to frequency. Although seasonal changes in endogenous
GnRH pulse amplitude have not been ruled out, experiments involving pulsa-
tile GnRH administration to ewes after section of the pituitary stalk indicate
that changes in GnRH pulse frequency are the primary cause of seasonal
alterations in the LH pulse pattern (Clarke et al 1984). During the breeding
season of the ewe, LH pulses occur as frequently as twice per hour in the
follicular phase but slow considerably under the influence of progesterone
secreted after ovulation (Goodman et al 1982). During anoestrus, LH pulse
frequency drops markedly despite the absence of progesterone. Although
removal of the ovaries precipitates an increase in the LH secretory pattern
during both seasons, the final pulse frequency during the breeding season
is twice that of castrates in anoestrus. The effects of replacement of oestradiol
on LH pulse patterns also depend upon time of year: during the winter, chronic
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castrates show a decrease in mean pulse amplitude without detectable alter-
ations in LH pulse frequency. During the summer, however, LH pulse
frequency drops in ovariectomized ewes within hours of oestradiol
administration and may cease entirely as soon as three days after placement
of the oestradiol implant.

The activity of the LH pulse generator is a critical determinant of the ewe’s
reproductive state, and fluctuations in pulse frequency are basic to seasonal
breeding. Since frequent LH pulses are required to drive oestradiol to levels
adequate to engage the positive feedback mechanism which triggers the LH
surge, oestradiol cannot reduce LH pulse frequency if follicular maturation
is to culminate in ovulation. This condition is satisfied during the breeding
season, when only progesterone can slow LH pulses. During anoestrus, how-
ever, the oestradiol secreted by the follicle under the influence of LH reduces
the frequency of further gonadotropic stimulation. The sustained rises of oes-
tradiol required to activate the LH surge system do not occur and the oestrous
cycle is suspended.

Seasonal changes in LH pulse amplitude and frequency can be driven by
photoperiod (Fig. 2, Bittman et al 1985). Exposure of ovariectomized ewes
to 8L:16D (8 h light:16 h dark) during the natural anoestrous season produces
a pulsatile LH pattern quite similar to that of a castrate in the breeding season,
while ewes kept in 16L:8D or exposed to natural long photoperiods exhibit
low frequency, high amplitude LH pulses at this time of year. This response
to daylength is pineal dependent: pinealectomized ewes fail to exhibit frequent
LH pulses when exposed to short days during anoestrus, even when oestradiol
is absent (Fig.2). When oestradiol is present, the effects of pinealectomy
are even more dramatic: whereas pineal-intact ewes exposed to 8L:16D during
anoestrus exhibit frequent LH pulses, such pulses cease entirely in similarly
treated pinealectomized ewes.

FIG. 1. Effects of season, photoperiod and pinealectomy on oestrous cyclicity and the potency
of oestradiol negative feedback in Suffolk ewes. (A) Mean (+SEM) dates of onset and termination
of breeding seasons, as determined by behavioural oestrus in a flock of intact ewes maintained
outdoors. (B) Serum LH (mean of two weekly samples) in a representative ovariectomized,
oestradiol-implanted (OVX + E,) ewe maintained outdoors. Open circles indicate undetectable
hormone levels. Note that the negative feedback effect of oestradiol waxes and wanes in synchrony
with anoestrus and the breeding season. (C-F) Results from representative individuals exposed
to artificial photoperiods. Open areas represent long photoperiods of 16 h light:8 h dark (16L:8D);
stippling indicates short photoperiods (8L:16D). (C) Serum progesterone (PROG, determined
twice weekly) in an intact ewe. (D) Serum LH in an ovariectomized, oestradiol-implanted ewe.
Note that photoperiod regulates both oestrous cyclicity and oestradiol negative feedback on
LH secretion. (E) Serum progesterone in a pinealectomized (PINX), ovary-intact ewe. (F) Serum
LH in a pinealectomized, ovariectomized, oestradiol-implanted ewe. Note that pinealectomy
eliminates photoperiodic regulation of oestrous cyclicity and the negative feedback potency of
oestradiol, but that ewes continue to show approximately annual reproductive cycles.
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These findings indicate that daylength acts through the pineal gland to deter-
mine whether LH is secreted at or above the frequency required to drive
oestradiol to levels adequate to trigger a preovulatory LH surge. Changes
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FIG. 2. Serum LH, sampled at 12min intervals, in representative ovariectomized ewes. Closed
circles represent statistically identified peaks of LH pulses. Results were obtained during July
(middle of natural anoestrus). Ewes in groups 2 and 3 had been exposed to 8L:16D for 16
weeks before the day of sampling, and ewes in group 3 had been pinealectomized. Short photoper-
iods doubled LH pulse frequency by a pineal-dependent mechanism. Reprinted from Bittman
et al (1985) with the permission of the publisher (Karger, Basel).
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in oestradiol feedback potency are of the utmost physiological importance,
for throughout anoestrus levels of oestradiol remain adequate to suppress
LH and thus prevent completion of follicular maturation. Nevertheless, the
effects of daylength in castrated ewes receiving no steroid treatment tell us
a great deal about the nature of the pineal’s action. Since each LH pulse
reflects release of a bolus of GnRH from the brain, pineal-mediated changes
in LH pulse frequency reflect modulation of a neural ultradian oscillator.
The pineal regulates the frequency code that is the signature of the neurosecre-
tory process which drives reproduction. This action of daylength, exhibited
in the absence of steroids, may indeed be the primary mechanism whereby
breeding seasonality is enforced. Attempts to explain the seasonal changes in
steroid feedback potency on the basis of photoperiodic influences either on
the number and affinity of neural and pituitary receptors for these hormones
or on their metabolism by neural target tissues have generally failed.

Role of melatonin

The pineal-intact ewe shows a robust nocturnal rise in serum melatonin con-
centrations. Experiments in blind sheep (E.L. Bittman et al, unpublished
work 1982) and in ewes held in constant darkness (Rollag & Niswender 1976)
reveal free-running oscillations of serum melatonin, which indicate true circa-
dian rhythmicity. The phase and amplitude of the night-time rise of serum
melatonin remain to be explored systematically over a full range of photoper-
iods. Among ewes entrained to photoperiods between 8L:16D and 16L:8D,
however, the inverse relationship between the duration of elevated serum
titres and daylength is the most consistent regularity of the secretory pattern
(Rollag & Niswender 1976, Arendt et al 1981, Bittman et al 1983a, Karsch
et al 1985a). Melatonin levels rise shortly after the onset of darkness and
remain elevated for most of the dark period, but do not remain constant
throughout the night. In individual ewes, frequent sampling (every 5 or 12 min)
reveals episodic fluctuations whose cause and function remain to be identified.
Serum melatonin patterns respond quickly to abrupt changes in photoperiod
(Bittman et al 1983b).

Removal of the pineal gland eliminates the night-time rise in serum melato-
nin; immunoreactive material remains at or below the normal day-time con-
centrations of <50pg/ml (Fig.3, small closed circles). In light of the
elimination of reproductive photoperiodism by pinealectomy, we were curious
to determine whether replacement of melatonin would drive the negative
feedback potency of oestradiol in such ewes. This was accomplished by intrave-
nous infusion using battery-operated syringe pumps which were turned on
each night at dusk. Pumps can be loaded with an appropriate amount of
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solution to sustain a rise in serum melatonin of the desired duration (Fig. 3).
The infusions were designed to produce melatonin elevations which either
restored the nocturnal pattern typical of the pineal-intact animal or gave a
pattern that systematically differed from that normally seen under the prevail-
ing photoperiod. Thus, pinealectomized, ovariectomized oestradiol-implanted

PINEAL INTACT PINEALECTOMIZED
1 L) T L) | )

12

600

Ky, |

:

\\\\A\

ST NN

600

N

N
\\
N\

NN

SERUM MELATONIN (pg/ml)
o
N

300

1600 2400 0800 1600 2400 0800
TIME OF DAY (h)

FIG. 3. Left: mean (+SEM) serum melatonin concentrations in pineal-intact ewes exposed to
long (A) or short (B) days (stippled area indicates darkness). Long days were 16L:8D; short
days were 8L:16D. Note that nightlength determines the duration of elevated serum melatonin
concentrations. Right: mean (=SEM) concentrations of melatonin in serum of pinealectomized
ewes infused with melatonin in the long-day (C) or short-day (D) pattern (cross-hatched area
indicates period of infusions). Mean melatonin concentrations for 24 h in the same pinealectomized
ewes, but in the absence of melatonin infusion, are indicated by the small points in the lower
portion of panels C and D. Number of animals indicated by n. Reprinted with permission from
Bittman & Karsch (1984).

ewes maintained in long or short days received either the long-day or the
short-day melatonin pattern. Infusions were continued nightly for several
months, and the consequences for steroid feedback responsiveness were
assessed by measurement of serum LH.

Initial experiments revealed that infusion of the short-day (long duration)
melatonin pattern freed LH from oestradiol feedback inhibition (Bittman et
al 1983b, Fig. 4). The latency and the amplitude of this response were similar
to those of pineal-intact ewes shifted to short days during anoestrus. After
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90 nights of 16 h melatonin infusions, these ewes showed a pulsatile pattern
of LH secretion similar to that of pineal-intact ewes, i.e. high frequency,
low amplitude pulses prevailed (Bittman et al 1985).
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FIG. 4. Serum LH (mean + SEM of two weekly samples) in ovariectomized, oestradiol-treated
ewes. Left: results from pineal-intact ewes. Open circles, ewes maintained outdoors; closed circles,
ewes exposed to artificial photoperiods. Photoperiodic history illustrated in the bottom panel;
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ewes not treated with melatonin (non-inf); closed circles, ewes infused nightly with melatonin
(see Fig. 3 for serum melatonin patterns in ewes given corresponding treatments). Number of
individuals indicated by n. Horizontal bar in middle of figure illustrates timing (mean date *
SEM) of onset of anoestrus in a flock of 10-15 intact ewes maintained outdoors over a five-year
period; shading indicates breeding season. Reprinted with permission from Bittman et al (1983b).
© The Endocrine Society 1983.

We next determined whether short-duration melatonin infusions would
mimic the inhibitory influence of long days (Bittman & Karsch 1984, Fig. 5).
After long-term pinealectomized ewes had been primed with long-duration
nightly infusions to induce high LH titres, the experimental group was trans-
ferred to 16L:8D and began to receive 8 h nightly infusions. A control group
of pinealectomized ewes continued to receive the 16 h infusion and remained
in short days. Within seven weeks, the LH titres of these two groups diverged
markedly. While the short-day melatonin pattern maintained high LH levels
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in the control ewes, the combination of transferring pinealectomized sheep
to long days with switching to the long-day melatonin pattern potentiated
oestradiol negative feedback. Serum LH fell to undetectable levels along a
time course similar to that exhibited by pineal-intact animals subjected to
the same photoperiodic treatments. LH levels did not drop in two pinealecto-
mized ewes not infused with melatonin (Fig. 5).
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FIG. 5. Mean (+ SEM) weekly serum LH concentrations in ovariectomized, oestradiol-implanted
ewes. Shaded areas indicate short days (8L:16D), non-shaded areas long days (16L:8D). (A)
Pineal-intact ewes transferred from short to long photoperiods at day 0. (B) Pinealectomized
(Pinx) ewes housed in short days and infused with a short-day melatonin (mel) pattern before
transfer on day 0 to long days and infusion of a long-day melatonin pattern. (C) Pinealectomized
(Pinx) ewes maintained in short days throughout the experiment and given a short-day melatonin
pattern. (D) Pinealectomized ewes maintained in short days and given either no melatonin infu-
sions (closed circles) or a long-day pattern of melatonin beginning on day 0 (8 h infusion during
the latter half of the 16 h night, open circles). Arrows below points indicate undetectable LH
levels; number of ewes given in parentheses. See Fig.3 for serum melatonin patterns in ewes
subjected to these treatments. Reprinted with permission from Bittman & Karsch (1984).
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These results are consistent with either of two interpretations. First, melato-
nin may act merely to permit daylength to regulate reproduction. A photoper-
iodic time-measurement system whose operation is independent of the pineal
might require a daily melatonin signal only for the expression of its output.
According to this model, effects of photoperiod on the secretory pattern of
melatonin are only coincidental to the discrimination of daylength. Alternati-
vely, melatonin patterns may drive feedback responsiveness. According to
this hypothesis, photoperiod is irrelevant to reproductive function beyond
its ability to determine patterns of melatonin secretion. Neither possibility
was ruled out by the experiments described, because the patterns of infused
melatonin corresponded to the prevailing daylengths and experimental photo-
periods were changed simultaneously with alterations in the infusion regimen.
To discriminate between the permissive and the driving role of melatonin,
we deliberately presented pinealectomized ewes with melatonin patterns inap-
propriate to the daylengths in which they were housed.

The first such experiment involved sheep that were initially insensitive to
oestradiol negative feedback. When such ewes were kept in short days but
given the long-day melatonin pattern, LH levels fell much as in pineal-intact
ewes exposed to long days (Bittman & Karsch 1984, Fig. 5D). In a second
experiment, pinealectomized ewes initially in the anoestrous state were kept
in short days. While LH levels rose in control ewes infused with melatonin
for 16 h nightly, feedback responsiveness remained high in sheep receiving
8 hinfusions despite exposure to the ‘stimulatory’ photoperiod. Finally, pinea-
lectomized ewes held in long days received a short-day melatonin pattern
(16 h nightly). Despite the ‘inhibitory’ daylengths, these infusions led to unam-
biguous reproductive induction during the anoestrous season (Yellon et al
1985). In all these experiments, the latency and amplitude of the LH response
of melatonin-treated ewes were in good agreement with those of pineal-intact
ewes exposed to the stimulatory or inhibitory photoperiods in which the pat-
tern produced by the infusion would normally occur. The daylength to which
the pinealectomized ewes were actually exposed had no detectable influence
on the reproductive response. Furthermore, the duration of the nightly melato-
nin infusion determined the pattern of pulsatile LH secretion without changing
pituitary sensitivity to GnRH (Bittman et al 1985). Thus we can rule out
the possibility that melatonin has a merely permissive action. Instead, these
results strongly indicate that melatonin acts on the brain to drive responses
to both stimulatory and inhibitory daylengths.

The data also suggest that the duration of the nightly melatonin rise carries
critical information about photoperiod. Although a melatonin infusion of fixed
duration was not presented at different phases of the circadian cycle, driving
exogenous melatonin patterns against daylength required distortion of the
normal phase of the nightly rise in serum concentration. In various experiments
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melatonin administration began 8h before lights-off, or was delayed until
8h after the night began. In no instance did such a departure from the normal
phasing of the melatonin rise appear to affect the response. These data are
in excellent agreement with an elegant series of experiments in a long-day
breeder, the Djungarian hamster (Goldman 1983). In pubertal hamsters, the
duration of the nocturnal rise in pineal melatonin content is closely related
to nightlength. Pinealectomy eliminates testicular responses to both long and
short days, and infusions of melatonin over durations which match those of
the elevated pineal content provoke responses appropriate to the infusion
pattern regardless of daylength. In these studies, the time of day of the melato-
nin infusion had little or no effect on the reproductive response as long as
the duration was held constant.

It is not yet clear whether the duration of melatonin secretion codes day-
length in other photoperiodic mammals. Indeed, it has been argued that the
phase of melatonin secretion is important in Syrian hamsters (Watson-
Whitmyre & Stetson 1983). Even within an animal, different photoperiodic
functions may be driven by various codes, some of which may have pineal-
independent components (Bartness & Wade 1984). Nevertheless, the evidence
for this kind of message raises the question of how the duration of the melato-
nin signal is measured. Although it is possible that the melatonin target utilizes
a circadian-based mechanism, it seems more likely at present that the detector
operates as an hourglass. In hamsters, this system appears to be responsive
to melatonin at a variety of circadian phases, to start timing the duration
anew when the signal is interrupted and to survive lesions of the suprachiasma-
tic nucleus (Goldman 1983, Bittman et al 1979). The participation of circadian
rhythms in photoperiodic time measurement may be accounted for solely
at the level of generation of the pineal melatonin signal. A hybrid time-
measurement system which utilizes a circadian-based melatonin signal and an
interval-type duration timer may confer advantages in accuracy or temperature
compensation, and may permit the adoption of different threshold daylengths
for multiple responses to photoperiod (for further discussion see Silver &
Bittman 1984).

How might ancestral receptor systems, acutely responsive to melatonin,
have developed the capacity to measure the duration of the signal? Is the
duration measurement accomplished within the melatonin-sensitive cells, or
through reference to an anatomically distinct timer? How do the systems
which measure melatonin duration overlap with those which control LH pulse
frequency and oestradiol feedback responses? A parsimonious model would
stipulate that cells within the LH pulse generator, or those which concentrate
gonadal steroids, respond directly to melatonin. This is not necessarily the
case, however, for melatonin may well influence various neurotransmitter
systems, which in turn modulate the LH pulse generator.
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Circannual rhythms, photorefractoriness and melatonin responsiveness

In many seasonal breeders, photoperiod enforces a particular reproductive
condition only for a limited period of time. For example, Syrian hamsters
become refractory to short days: their testes return to breeding condition
within 30 weeks of introduction to inhibitory photoperiods (Reiter 1980).
Thereafter, hamsters remain in reproductive condition indefinitely. In the
ewe, short and long photoperiods lose their respective abilities to induce and
suppress reproduction. When maintained in constant long, short or interme-
diate daylengths, sheep exhibit up to three annual reproductive cycles
(reviewed by Karsch et al 1984). The physiological bases of photorefractoriness
and circannual rhythmicity are not yet known. It has been suggested that
fluctuations in pineal function or target responsiveness may underlie these
phenomena.

Most evidence suggests that melatonin patterns convey a faithful represen-
tation of photoperiod over protracted periods of time. In golden hamsters,
rhythms of pineal melatonin content do not change as the testes regress and
spontaneously recrudesce during prolonged exposure to short days unless
hibernation occurs (Rollag et al 1980, Vanecek et al 1984). Furthermore,
regression and regrowth occur along a roughly similar time course when exoge-
nous melatonin is administered daily (Bittman 1984). Injection of melatonin
into hamsters whose gonads have spontaneously recrudesced cannot induce
a second regression until refractoriness is broken by exposure to many weeks
of long days (Bittman 1984). Taken together, these data indicate that the
melatonin target loses its responsiveness and must somehow be regenerated
by exposure to long days. Evidence suggests that this restorative signal is
itself pineal mediated, and we may speculate that it consists of a long-day
pattern of melatonin secretion sustained over a period of 10 weeks or longer.

The basis for photorefractoriness in sheep is more controversial. Almeida
& Lincoln (1984) have noted circannual testicular cycles in Soay rams and
reported that these animals lose their regular serum melatonin patterns as
they become photorefractory. In the Suffolk ewe, we have observed refractori-
ness to both long and short days, using oestradiol feedback potency as an
index of reproductive function (Karsch et al 1985b). We have not observed
any alterations in serum melatonin patterns under either circumstance. Experi-
ments in pinealectomized ewes also support the hypothesis that refractoriness
results from target insensitivity to melatonin. Nightly infusions of melatonin
in the short-day pattern have proved unable to maintain elevated serum LH
indefinitely in ovariectomized, oestradiol-treated ewes housed in 8L:16D.
Gonadotropin titres fall after eight weeks, much as in pineal-intact photo-
refractory sheep (Karsch et al 1985b).

Refractoriness to a particular melatonin signal, however, does not necessar-
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ily mean that melatonin patterns are no longer detected by a duration-sensitive
brain target. It seems more likely that in a ‘refractory’ sheep or hamster
the effectors that consult the photoperiodic time-measurement system require
an alternation between long and short photoperiods, and are readily apprised
of a change in photoperiod by melatonin target tissues which remain sensitive.
It is also not clear that refractoriness need be induced by a persistent melatonin
signal for reproductively active and quiescent states to alternate. Although
pinealectomized ewes no longer respond to photoperiod challenges, they con-
tinue to show nearly annual periodicity in ovarian cyclicity and oestradiol
feedback responsiveness for at least three years (Bittman et al 1983a,
Fig. 1E,F). Ewes were not totally isolated from fluctuations in temperature
or other possible annual environmental signals in this study, so it is not clear
whether this annual periodicity reflects persistence of endogenous rhythms
in the absence of the pineal gland. This may be the case, however, because
individuals tended to become less synchronous as the oscillations progressively
damped. Such ewes showed less regularity in the timing of annual reproductive
transitions than did pineal-intact ewes maintained outdoors; intervals between
successive breeding-season onsets were 343 * 35 days and 361 * 8 days respec-
tively (mean = SEM). One significant role of the melatonin signal may be
to serve as a zeitgeber for the entrainment of circannual rhythms by photo-
period.

Conclusion

Seasonal reproduction in the ewe results from the operation of at least three
distinct endogenous rhythms. Photoperiodic information is encoded by the
circadian system in the form of the duration of the melatonin signal. This
signal is detected and measured by a poorly understood mechanism whose
responsiveness or output may be gated by a circannual clock. The melatonin
target in turn regulates the neural LH pulse generator. This ultradian oscillator
uses a frequency code to establish the level of gonadal function appropriate
to the season, possibly because its period determines its own sensitivity to
steroid negative feedback.
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DISCUSSION

Goldman: Your experiments on refractoriness, and your earlier studies with
Irv Zucker in which you showed that in the Syrian hamster the pineal is
involved in the regaining of photosensitivity (Bittman & Zucker 1981) have
important implications. If we could remove the pineal from sheep or hamsters
and then put it back a week or two later, would there be an effect on the animal
whatever the time of year? In other words, does the animal make use of pineal
information all year long in both long days and short days?

Bittman: In the Syrian hamster we are a bit handicapped because it is
sometimes difficult to see both long-day and short-day effects. In the sheep we
can conveniently assay both, and the pineal is certainly involved in both.

Turek: Can you break the refractory period in sheep with a melatonin
infusion paradigm?

Bittman: That has not been tried, but I expect it would work.

Follett: We are investigating photorefractoriness in birds and have begun to
wonder if photoperiod operates at two different levels to induce refractoriness
(e.g. Follett & Nicholls 1984). Do you think this might be true in sheep? For
example, could you induce refractoriness in pinealectomized animals kept
under long days and maintained on a short-day pattern of melatonin?

Bittman: 1 would predict that we would see exactly the same time course for
the development of refractoriness as we do when the animals are kept in short
days, but the experiment has not been done. We have also not tested whether
we can get refractoriness to long days by infusing a long-day melatonin pattern
in ewes under either long or short photoperiods.

Follett: There is usually a long lag before a photoperiodic response becomes
visible in sheep, for example the seven weeks of short days before a rise occurs
in LH secretion, and one wonders if the lag reflects an unwinding of refractori-
ness. In your animals given a short-day melatonin pattern but kept under long
days, did the rise in LH occur at the normal time, i.e. after seven weeks?
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Bittman: In none of our experiments have we seen any evidence that the
ambient photoperiod affects the latency of the response of pinealectomized
ewes to melatonin.

Lincoln: At what two levels does refractoriness operate in the bird, Professor
Follett?

Follett: Our ideas at the moment are as follows (see Follett & Nicholls 1984).
When a bird is exposed to long days two separate processes are begun. Firstly
there is a positive drive on the system that increases gonadotropin secretion and
so gonadal growth. At the same time, however, a second process is begun that
some eight weeks later switches off the synthesis/secretion of luteinizing hor-
mone-releasing hormone and causes refractoriness. We think that it might be
possible to tease these processes apart in birds because one of them is depen-
dent on the thyroid gland and the other is not.

Herbert: I'm a bit puzzled by the problem of steroid-dependent and steroid-
independent feedback. Three questions arise from your results, Dr Bittman.
First, you raised the possibility of constant-release implants of oestradiol being
physiological, but from what we know of steroid hormones we must question
whether thisis true. For the ewe it would certainly not be true for progesterone;
infusions of progesterone would be totally unphysiological because many re-
sponses to this hormone depend upon intermittent exposure.

Bittman: Some old experiments, which have been consistently replicated,
show that the ewe makes a fair amount of oestradiol throughout anoestrus, as
well as during both luteal and follicular phases in the breeding season (Robin-
son 1951, Smeaton & Robertson 1971, Yuthasastrakasol et al 1975).

Herbert: Yes, but the levels are not constant.

Bittman: No, they’re not. Scaramuzzi & Baird have shown that the pulse
frequency of oestradiol secretion varies quite dramatically between seasons
and between phases of the oestrous cycle (Baird 1973, Scaramuzzi & Baird
1977).

Herbert: My second point is that one does not normally get castrated animals
in the real world. We should realize that we may not be looking at a physiologi-
cally relevant system. Finally, although we usually separate steroid-dependent
and steroid-independent effects, I’'m not really sure this is sensible. It may well
be that the neural nature of the GnRH pulse generator means that when it is
operating during anoestrus it is necessarily more sensitive to oestrogen feed-
back because of the characteristics of that particular neuronal population. So
when we get down to explaining the neural networks we may not actually be
dealing with two systems.

Bittman: 1 agree. The relationship between changes in steroid feedback
potency and pulse frequency in the castrate is a crucial question. With Lewis C.
Krey of the Rockefeller University I have been studying responses in the
hamster, but we have only negative results. We do not see a change in the



166 DISCUSSION

number or affinity of nuclear androgen receptors as a function of photoperiod,
nor can we find changes in the pattern of metabolism of testosterone (Bittman
& Krey 1984, Krey & Bittman 1985). But there could be a small subset of
perhaps 10 cells that are changing their steroid feedback response, and we
would never pick these up with our present methods.

Tamarkin: Which androgen receptors did you look at?

Bittman: Among neuroendocrine tissues, those in the preoptic area, the
medio-basal hypothalamus and the pituitary. We used the seminal vesicle as a
peripheral reference tissue. We also looked at steroid metabolism in these and
other tissues. However, we did not see any effect of photoperiod on receptors
or metabolism. The steroid receptor experiments were done in hamsters left in
long days for seven weeks after castration and then implanted with silastic
testosterone capsules which maintained serum testosterone at low, intermedi-
ate or high physiological levels. Half the hamsters were then moved to short
days; the other half remained on long days. After an additional eight weeks we
assayed occupied nuclear androgen receptors by exchange.

Turek: We have tried with a number of different experimental paradigms to
separate out the steroid-dependent and steroid-independent systems. We have
used a variety of melatonin regimens and lesions, but whenever we affect one
system we affect the other. If there is a separation of the two, it is probably at
the level of the GnRH neurons. It may be that when there is a change in the
drive to the system there is also a change in the way those neurons respond to a
steroid hormone. There certainly does not seem to be any separation at a
‘gross’ physiological level.

Bistman: Jane Robinson (1983) has shown that you can dissociate the time at
which LH pulses slow in ewes that are becoming refractory to long days from
the time at which castrated animals with implants of oestradiol show a dramatic
fall in LH. I’'m not sure what that means, but it’s possible that, although pulse
frequency changes smoothly in castrates without steroid replacement, thereis a
critical pulse frequency at which a discontinuity occurs in the steroid feedback
response. I should also point out that it is not clear that melatonin or oestradiol
is acting directly at the level of the pulse generator. These signals could
be relayed to the pulse generator from other areas. In the rat preoptic area
the oestradiol-concentrating cells are not the GnRH-producing cells (Shivers et
al 1983). So several different cells may be involved: oestradiol-sensitive cells,
GnRH-producing cells, which probably oscillate in the absence of steroids, and
perhaps a third cell type on which melatonin acts. With that sort of system, the
models become pretty complicated (see Fig. 5 in Bittman et al 1985).

Zucker: One point about steroid-dependent and steroid-independent sys-
tems is that the two sexes may differ. In the male golden-mantled ground
squirrel there is negative feedback inhibition of LH release by the testes at
every stage of the breeding cycle (Zucker & Licht 1983a). But in the female
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there is only negative feedback inhibition by steroids during the breeding
season; for the rest of the year the animal’s LH levels are completely indifferent
to gonadal steroids. If you ovariectomize one of these squirrels during the
mating season you will see a rise in LH; the concentrations remain elevated for
about one month but then decline, becoming undetectable and remaining that
way until the next breeding season (Zucker & Licht 1983b).

Arendt: I'd like to come back to the question of whether the duration of
melatonin secretion or the phase is important. Is there any good reason why
melatonin itself should not entrain the photosensitive phase?

Bittman: If there is a circadian phase of melatonin sensitivity, it might be
controlled by melatonin. But I don’t see any compelling reason to include any
circadian rhythmicity in our model of the system that measures the duration of
melatonin secretion. Our evidence from ewes receiving melatonin patterns
mismatched with photoperiod, and work done in Bruce Goldman’s laboratory
in which Djungarian hamsters received discontinuous presentations of melato-
nin or were treated at different phases of the day (reviewed by Goldman 1983)
both argue against this. It is more parsimonious to think of a system that is a
combination of a circadian rhythm, which generates the melatonin signal, and
an interval timer, which is in the target system. Rae Silver and I have consi-
dered the possible adaptive advantages of such a system; perhaps it makes it
easy for animals to vary photoperiodic responses according to temperature,
nutrition and other environmental inputs (Silver & Bittman 1984). One can
speculate about melatonin-sensitive phases but I don’t think there is any
evidence for them. It would be helpful if somebody could think up a way of
presenting melatonin in some sort of resonance design to test for a circadian
basis of melatonin sensitivity. I have tried to design such an experiment, but it is
not clear to me how to combine ahemeral melatonin and photoperiod treat-
ments.

Arendt: Do you think you could drive the cycle in the sheep against the
natural photoperiod in natural light? In other words, if you advance oestrus
once are you likely to be able to advance it again using, for example, melatonin
implantation at intervals?

Bittman: To interpret seasonal reproduction in ewes kept outdoors, several
experiments need to be done to investigate circannual rhythms. One approach
would be to try to establish phase control with melatonin in pinealectomized
animals and then to cut off the melatonin infusion to see whether the animals
free-run from the phase at which the melatonin is stopped. That sort of
experiment should be done under constant conditions because outdoors there
are many influences that the animal might respond to. David Kennaway has
looked at pinealectomized merino ewes kept outside for long periods (Kenn-
away et al 1984) and we have made some observations on Suffolk ewes kept
outdoors for six months after pinealectomy (Bittman et al 1983). All of them
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showed sporadic ovulation during anoestrus, but they would not cycle regularly
until the onset of the normal breeding season. Perhaps they were responding to
some other environmental signal; there is now evidence that the time of year at
which you do the pinealectomy is important.

Zucker: To address the question of circannual rhythmicity one has to study
animals under constant conditions. You mentioned that your pinealectomized
animals are not responsive to photoperiod. Some species such as ground
squirrels show ‘true’ circannual rhythmicity, going through reproductive cycles
with a period of about eleven months when maintained under constant condi-
tions from birth. They have a somewhat different form of organization. Itis not
pineal dependent, and in this species photoperiod has not been shown to be
important for regulating the cycle. So we have to conclude either that there is
no refractoriness in such animals or that there is refractoriness but it has
nothing to do with the pineal gland.

Hoffmann: But a circannual cycle must be entrained to function properly
under natural conditions. Is there solid evidence that neither the pineal nor
photoperiod is involved in the synchronization of this cycle in squirrels?

Zucker: There is good evidence that the pineal gland is not involved because
pinealectomized golden-mantled ground squirrels continue to show circannual
cycles in both body mass and reproduction for several years.

Hoffmann: But that is not evidence that the pineal is not involved in synchro-
nization.

Zucker: Nobody has yet been able to synchronize circannual cycles in these
animals with any manipulation of the photoperiod.

Hoffmann: But the experiments of Pengelley et al (1976) provided no rigid
evidence to exclude a role for photoperiod in synchronizing the cycles.

Zucker: 1don’t know what you would consider to be rigid evidence. Squirrels
that are maintained in constant darkness or constant light or on any one of a
number of different light-dark cycles all show free-running circannual
rhythms. In none of these cases does one get a T of 12 months. The more critical
experiments of exposing animals to natural variations in photoperiod duration,
i.e. keeping animals on a latitudinal timer and not varying temperature, we are
in the process of doing now. It is too early to discern the outcome of these
experiments.
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Role of the pineal gland in the
photoperiodic control of reproductive and
non-reproductive functions in mink
(Mustela vison)
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Abstract. Mink are long-lived mammals that exhibit seasonal changes in body weight,
gonadal activity, pelage and plasma prolactin levels. Mating in February—March is followed
by an obligatory delay in implantation during which the corpora lutea stay quiescent.
All these events are controlled by annual variations in daylength. The role of the pineal
gland and its product, melatonin, in conveying photic information to the target organs
has been studied. Pineal denervation by bilateral ablation of the cervical superior ganglia
rendered the mink unresponsive to artificial manipulations of the daily photoperiod: prolac-
tin and progesterone secretion and the spring moult were no longer stimulated by long
days or inhibited by short days in pregnant females; in the same way the increase in
body weight in late summer and the autumn moult were no longer advanced by artificial
shortening of the photoperiod. Pinealectomy seemed to desynchronize body weight, prolac-
tin and moulting cycles from those in intact mink. Melatonin injections reproduced the
effects of short days on hormonal secretion during the delayed implantation period. Melato-
nin capsules given to males during the phase of testicular activity delayed the decrease
in body weight, testicular regression and onset of the spring moult exactly as did short
days. In contrast, melatonin administered during the phase of testicular inactivity triggered
an increase in body weight, the onset of the spring moult and testicular recrudescence
in this short-day breeder.

These results support the hypothesis that in mink all photoperiodic signals are conveyed
by the pineal gland. But although the pineal seems essential for the seasonal timing of
the cycles, it does not modify the events themselves once they are initiated.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 170-187

During the two past decades much information has been gathered about the
role of the mammalian pineal gland in the control of seasonal cycles. Studies
of the importance of the pineal in the transduction of photoperiodic signals

170
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received by the retina have focused mainly on the regulation of reproduction
(Reiter 1981). However there is also evidence that the pineal plays a role
in the seasonal regulation of body weight (Plotka et al 1982), pelage changes
(Lincoln et al 1980), antler growth (Plotka et al 1982), thyroid activity (Vriend
1983) and thermoregulation (Ralph et al 1979). Whether it is a question of
reproductive function or not, indole amines, and melatonin in particular,
always seem to contribute to the chemical messages released by the pineal
gland to act on the neuroendocrine axis (Hoffmann 1973, Vriend 1983, Gold-
man 1983).

The mink seems to be a particularly convenient model for studying the
role of the pineal gland as a neuroendocrine integrator and for testing the
hypothesis that all the photoperiodic signals initiating seasonal cycles are con-
veyed by the pineal gland. Under natural environmental conditions male and
female mink show marked cycles in body weight, gonadal activity, moulting
periods, pelage composition and hormonal patterns, which are synchronized
by annual changes in daylength. Furthermore, the duration of pregnancy
depends on the length of the daily photoperiod.

Role of the pineal gland in the photoperiodic control of delayed implantation
and spring moult

Mink breed from mid-February to late March; the later the mating, the shorter
the pregnancy. This variable duration is due to an obligatory delay in implan-
tation during which the corpora lutea are quiescent and blastocyst growth
is inhibited (Enders 1952). The reactivation of the corpora lutea followed
by implantation, which occurs by the vernal equinox (Allais & Martinet 1978),
is triggered by increasing daylength (Holcomb et al 1962, Martinet et al 1981)
as is the spring moult, which begins in mid-April (Duby & Travis 1972, Marti-
net et al 1983).

Pregnancy and spring moult were studied simultaneously because both
depend on the same hormonal support, prolactin, which is luteotrophic in
the mink and is involved in the control of moulting (Martinet et al 1984,
Duncan & Goldman 1984).

Effects of superior cervical ganglionectomy

As the pineal gland receives an autonomic supply from the superior cervical
ganglia, ablation of these ganglia is generally considered to have the same
effect as pinealectomy. Thus bilateral ganglionectomy was performed in
females two to four weeks before mating. When they were transferred on



172 MARTINET & ALLAIN

the first day of pregnancy (March 6 £ 1 day) to along (15 h light:9 h darkness)
or short (8 h light:16 h darkness) photoperiod, a striking difference appeared
between intact and ganglionectomized animals (Fig. 1). In the long-day group,
the increase in plasma prolactin and progesterone concentrations and the
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FIG. 1. Plasma prolactin and progesterone concentrations (mean * SEM) in intact (C, solid
lines) or ganglionectomized (SCGx, dashed lines) female mink maintained under natural daylight
(left) or transferred (right) after mating to 15 h light:9 h darkness (15L:9D, circles) or 8 h light:16 h
darkness (8L:16D, triangles). Horizontal bars show the onset and progression of the moult.
From Martinet et al (1985) with the permission of the publisher.

onset of moult were significantly delayed by ganglionectomy. In contrast,
ganglionectomy completely suppressed the inhibitory effect of short days on
prolactin and progesterone secretion and the onset of moult. These results,
which confirmed earlier observations in mink (Murphy & James 1972) and
in a marsupial (Renfree et al 1981), clearly showed that removal of the autono-
mic supply of the pineal rendered the mink unresponsive to artificial manipula-
tions of daylength.
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But when the females were left under natural environmental conditions,
the onsets of prolactin and progesterone secretion and of moult were not
modified by ganglionectomy (Fig.1). This difference in response between
ganglionectomized animals left outside and those submitted to artificial mani-
pulations of the daily photoperiod may be explained if the function of the
pineal is only to synchronize endogenous rhythms with the natural daylength
variation. In fact, ganglionectomy altered the timing of the recorded events,
but did not change the events themselves; that is, the hormone profiles, the
progression of the moult and the structure of the summer coat (Table 1)
were unaffected.

The fact that no desynchronization of body weight and prolactin cycles
was observed between intact and pinealectomized females for 12 to 14 months
after the operation supports this hypothesis (Fig. 2). Such a delay in the effect
of pinealectomy has been already reported in the timing of recurrent oestrous
periods in ferrets (Herbert et al 1978) and may explain why pinealectomy
was ineffective in reducing the period of embryonic diapause in spotted skunks
maintained under natural daylight (Mead 1972).

Effects of melatonin

It is generally assumed that the daily rhythm of melatonin secretion conveys
information about daylength to the neuroendocrine axis, and many effects
of the daylight cycle have been reproduced by melatonin administered in
different ways (Goldman 1983).

Injections of 100 pg melatonin were given daily one hour before lights-off
from day 7 of pregnancy or pseudopregnancy to female mink transferred
after mating to long (15h light: 9h darkness) or short (11h light:13h dark-
ness) days. In those maintained under long days and given melatonin injections
or maintained under short days without melatonin administration, the increase
in plasma prolactin and progesterone levels was delayed or inhibited compared
to that in females maintained under long days and given the vehicle only
(Fig. 3). The appearance of blue pigmentation indicative of the initiation
of hair follicle activity was also delayed (Fig. 4). Prolactin and progesterone
secretion and moult were inhibited in all the females of the short-day group
given melatonin (Figs. 3 & 4).

Daily injections of melatonin one hour before lights-off therefore mimicked
and strengthened the inhibitory effect of short days on prolactin secretion
and consequently on luteal cell and hair follicle activity. As melatonin injec-
tions have not been tested at other times in the light—dark cycle, and as nothing
is known of the rhythm of melatonin secretion in mink, a comparison with
results obtained in rodents or sheep would be premature. However, it seems
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likely that in mink, as in other mammals, melatonin conveys information
about daylength from the pineal to the neuroendocrine axis controlling prolac-
tin secretion and consequently luteal cell and hair follicle activity.
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FIG. 4. Onset of moulting in female mink maintained under natural daylight or transferred
after mating to 15h light:9h darkness (15L:9D) or 11 h light:13 h darkness (11L:13D) and given
a daily afternoon injection of 100 pg melatonin (MEL) or vehicle only (Martinet et al 1983).
Appearance of blue pigmented skin: on the head EEl (mean + SEM), [} (range);
onthe flank E2%Z3 (mean = SEM), TZZ2 (range).

Seasonal cycles and their photoperiodic requirements

A marked annual variation in body weight is observed in males and females
with a steady increase from August to January, followed by a dramatic de-
crease in the males just before mating (Fig. 5) and a lesser decrease in females
during the breeding season (Fig. 2). When the daily photoperiod is artificially
shortened from July, the increase in body weight in female mink is advanced
(Fig. 6).

Testis volume begins to increase in December, reaches a peak in February
and then decreases very rapidly and remains low from May to the next



178 MARTINET & ALLAIN

[=4
S
=
®
>
=
o
H
3
S
o
[
o
@
€
D
S
>
K
w
@
2
/ Control Q77777773 I,
" \ 8L:16D 3 I Y,
3 MEL i A
(=
2/ MEL t I
MEL ‘ 1HHHI,
£
N
o
c
c 64
©
2 -{
(=]
& 44
L
E -
w
° 2
o
Q
O Q
T T T T T T T T T T T T T T T T T T T T T T T
9 6 6 3 1 29262421 1616 13 & B 5 5 2 30 2825 23 20 17
J FMAMMIJ J ASONDIJIF MAAMUI J AS

FIG. 5. Seasonal variations of body weight, testis volume and plasma prolactin concentrations
in control males (black circles) and in males implanted with melatonin capsules in January (open
circles and solid lines), July (triangles) or October (diamonds) or submitted to 8h light:16h
darkness (8L:16D) from December (open circles and dashed lines). Horizontal bars show spring
(striped) or autumn (dotted) moulting periods (redrawn from Allain et al 1981).
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(open circles) (Martinet et al 1985).
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November (Fig. 5) (Boissin-Agasse & Boissin 1979). Testis recrudescence is
induced by short days (Duby & Travis 1972, Boissin-Agasse et al 1982) and
regression is advanced by long days (Duby & Travis 1972). There seems to
be a period when testes are refractory to the stimulatory effect of short days
since a spontaneous testicular regression was observed in males maintained
under a regimen of 8h light:16 h darkness for more than three months (Fig.
5). But testis recrudescence requires short days because it did not occur when
the animals were maintained under long days (Boissin-Agasse et al 1982).

The spring and autumn moults are also controlled by increasing and decreas-
ing daylengths (Duby & Travis 1972). However, in males maintained under
8h light:16 h darkness from the winter solstice, the spring moult was delayed
by about three months but was not suppressed (Fig. 5). Females maintained
under 16 h light:8 h darkness showed a moult that had an autumnal gradient,
but led to the growth of a thin summer coat, at nearly the same time as
females under natural daylight (Table 2 and Martinet et al 1984). The annual
moulting cycle therefore seems to be controlled by an endogenous rhythm
synchronized by daylength variations.

The seasonal cycle of plasma prolactin concentrations closely parallels that
of daylength (Martinet et al 1982).

Role of the pineal gland in the control of seasonal cycles

Effects of pinealectomy or ganglionectomy

The results presented in Fig. 2, although from only one animal, suggest that
the pineal gland is necessary for the timing of body weight, prolactin and
moult cycles in mink maintained under natural conditions. Mink may possess
an endogenous pacemaker that drives these cycles.

In females ganglionectomized in February and then maintained under long
days, the shift to a short-day regimen in July did not induce the fast increase
in body weight, the decrease in plasma prolactin concentrations and the early
autumn moult observed in intact mink (Fig.6). So pineal denervation sup-
presses the response to photoperiodic manipulation of all the photoperiod-
dependent variables recorded (body weight, time of moult, prolactin concen-
tration).

Effects of melatonin

The observations of Rust & Meyer (1969), who initiated whitening of the
fur in the short-tailed weasel by implanting melatonin capsules, raise the ques-
tion of whether melatonin induces the winter pelage. The following experiment
was designed to examine this and to determine when in the annual cycle
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winter fur growth can be induced in mink. Silastic capsules filled with melato-
nin were implanted subcutaneously in July, October, January or March in
adult males maintained in natural conditions (Allain et al 1981). In those
treated from July 2 the moult began after four weeks, leading to a mature
winter coat jn mid-September, two months earlier than in untreated animals
(Fig. 5). The cephalad gradient and density increase were typical of an autumn
moult (Table 2). The moult was accompanied by an increase in body weight
and a decline in plasma prolactin levels. Testicular recrudescence began when
the coat was complete. When given in October, melatonin did not modify
the timing of the moult, which was already in progress, but slightly accelerated
testis recrudescence (Fig. 5). After melatonin treatment the timing of events
was the same as in mink submitted to a short-day regimen (Duby & Travis
1972).

When melatonin capsules were implanted in January or March, during the
period of testis activity and before the spring moult, the decrease in body
weight and testis volume, the increase in plasma prolactin levels and the onset
of moult were delayed by about three months, exactly as in males maintained
under a regimen of 8 h light:16 h darkness (Fig. 5 and Table 1). Though given
melatonin, the males showed a typical spring moult with a caudad gradient,
followed by a decrease in hair density (Table 1). Melatonin, like ganglionec-
tomy, modified the timing of events but not the events themselves. The de-
crease in body weight and regression of the testes were closely parallel and
always preceded the increase in plasma prolactin concentrations and the spring
moult. Though it is not known if prolactin in mink is a modulator of gonadotro-
pin secretion and testis activity, it could be the common denominator in the
control of body weight, testis size and moulting period.

It is not easy to interpret these results because the melatonin continuously
released from the capsules may have masked the probable rhythm in endoge-
nous melatonin release. However, it should be noted that melatonin influences
body weight, testis size and moulting periods only during photosensitive phases
and is unable to prevent spontaneous testicular regression, which does not
depend on photoperiodic stimuli. In the mink, as in other photoperiodic mam-
mals, refractoriness to melatonin may coincide with photorefractoriness,
Furthermore, the non-reproductive as well as the reproductive functions of
mink become refractory to both photoperiod and melatonin administration
(Herbert 1981, Almeida & Lincoln 1984).

Conclusions

These results support the hypothesis that in the mink all photoperiodic signals
are transduced by the pineal gland into neuroendocrine messages since gang-
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lionectomy suppressed the response of a variety of functions (reproduction,
moult, body weight regulation) toamodificationofthe photoperiod. Ifthe annual
change in daylength is the only cue driving seasonal cycles in mink, the
main role of the pineal may be to synchronize endogenous cycles with environ-
mental light—-dark cycles. Evidence supporting the notion of an endogenous
component in the seasonal cycles is: (1) the recurrence of cycles of prolactin
secretion, body weight and moulting period in a pinealectomized female; (2)
the decrease in plasma prolactin concentrations and occurrence of autumn
moult in females kept under an artificial summer solstice; (3) the delayed,
but marked, decrease in body weight and testis volume and increase in plasma
prolactin concentrations as well as the initiation of spring moult in males
kept under constant artificial winter solstice or under conditions of constant
melatonin release.

So many pieces are missing from the puzzle of how photoperiod controls
seasonal cycles in mink and how the pineal gland is involved in this control
that no valuable comparison can be made with other species such as the ham-
ster or sheep. It would seem more interesting to pose a few questions about
the mechanism by which the pineal gland controls or partly controls photo-
period-dependent functions. Do the non-reproductive effects of the pineal
gland depend on changes in the endocrine reproductive axis, or are both
the reproductive and the non-reproductive influences of the pineal gland
secondary to its effects on body weight regulation? Testis activity seems to
be partly responsible for the increase in body weight during late summer
and autumn since castration suppressed body weight gain from December,
that is, from the onset of testicular recrudescence. But the moulting periods
were not modified either by castration or by testosterone capsules (Allain
& Martinet 1984, 1985). On the other hand, the regulation of body weight
could be the key to the series of events initiated by increasing or decreasing
daylengths. Body weight gain in late summer and weight loss in late winter
always precede the moulting periods and testis changes. In the mink, seasonal
cycles in body weight are highly correlated with the level of food intake (Char-
let-Léry et al 1984), but melatonin capsules that reproduce the effects of
short days do not seem to increase food intake (D. Allain, unpublished work
1985). Another question thus arises. Is body weight regulation totally or par-
tially (Syrian hamster: Bartness & Wade 1984) pineal dependent? Body weight
regulation may also depend on the modulation of metabolic activity by the
thyroid gland which, in turn, is controlled by the pineal gland (Vriend 1983);
in mink plasma thyroxine concentrations show a biphasic seasonal change
with increasing levels coinciding with periods of hair growth (Boissin-Agasse
et al 1981).

Given the complexity of the interactions between endocrine glands and
of the role of the pineal gland as the probable integrator of all photoperiodic
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stimuli, no general conclusions can be drawn until these primary questions
have been answered.
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DISCUSSION

Turek: It’s important not to think of the hamster and the sheep as the only
photoperiodic species, and your results in the mink raise a number of interest-
ing questions. You showed that pinealectomy affects the response of animals to
an artificial photoperiodic challenge, but does not affect changes that occur in
animals under a natural light—-dark cycle. This reinforces the idea that the
pineal gland is involved in photoperiod-induced changes in the reproductive
system but not in those changes that occur on a circannual basis or that are
controlled by another internal timing system, such as spontaneous testicular
recrudescence in the golden hamster. The hamster does not show a circannual
rhythm but it does have an internal timing system regulating spontaneous
testicular recrudescence, which occurs a fixed number of weeks after short-day-
induced testicular regression. It seems that melatonin interacts with such a
timing system quite differently at different times of the year (Turek & Losee
1979), but we are really in the dark about what that internal timing system is.
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Martinet: 1 think that the mink and the hamster are similar from this point of
view, but we observe the inverse situation in the mink, perhaps because it is a
short-day breeder. In this species short days or melatonin capsules delay the
decrease in body weight and the testis regression that normally begin in March,
but cannot prevent them. On the other hand, short days are needed for body
weight increase and testicular recrudescence to occur. Testis growth does not
seem to occur spontaneously. I do not know if an endogenous circannual
rhythm in body weight and testis size exists in male mink, but circannual
variations in body weight were observed for at least two years in a pinealecto-
mized female.

Turek: In birds, there is tremendous species variation in the roles of the
pineal gland and the retina in producing melatonin. In the mammalian system,
species variation occurs at a different level, i.e. in how the animal’s reproduc-
tive system responds to pinealectomy or melatonin, and I think this is clearly
seen when we compare the hamster and the mink.

Goldman: 1 agree with your comment about species differences, but it would
be useful if we could find some general principles. One generalization, as you
mentioned, is that the pineal gland seems to be involved in synchronizing those
cycles that have components under photoperiodic control. I would also like to
suggest that, apart from the difference between short-day and long-day breed-
ers, the major difference between species like the mink, the sheep and the
hamster is that some but not others have a photoperiodic response superim-
posed on a circannual rhythm. I think that an explanation for seasonal rhythms
which takes into account both these components may help to clear up some of
the confusion.

Herbert: There are some striking parallels between Dr Martinet’s results and
our observations in ferrets. To produce an immediate difference between
normal and pinealectomized ferrets you need to ‘drive’ the animals by exposing
them to an artificial photoperiod; if you just leave the animals in a natural
photoperiod the effects of pinealectomy are very much delayed. This is also
true for the mink. However, we were never actually able to demonstrate
anything we could call a circannual rhythm in ferrets, although we followed
pinealectomized animals for up to five years. All we showed was that individual
animals came in and out of oestrus at apparently random intervals. We built all
kinds of complicated models with oscillators to try to explain this, but they were
never satisfactory.

Zucker: In golden-mantled ground squirrels there is a clear persistence of
circannual rhythmicity in individual animals studied for several years after
removal of the pineal gland (Zucker 1985). This occurs in both males and
females, but the results are most extensive for females maintained in a fixed
photoperiod of 10 hlight:14 h dark. Using two different phase reference points,
we have observed a change in the period of the free-running circannual rhythm
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after pinealectomy. It is 27 days shorter the first year and 58 days shorter the
second year.

Martinet: Since in our experiment the pinealectomized or ganglionectomized
females were kept outside, the overt rhythm observed might have been driven
by external synchronizers other than the annual change in daylength. Howev-
er, as the period of the rhythm seemed to be longer than 12 months, the
existence of an endogenous rhythm in mink cannot be ruled out.

Zucker: In the squirrel the cycle is endogenous for the particular photo-
period I mentioned. We have also done the experiments with a long-day
photoperiod and get similar results. But in the absence of a pineal, the animal
does not respond to a fixed photoperiod as a normal animal would, so to be on
safe ground we should probably repeat these experiments with animals kept in
constant light or constant darkness.

Short: Although it has become a platitude, it is-still worth thinking about the
concept that it is not hormones that have evolved, but the uses to which they are
put. This seems to be true for prolactin, so perhaps you could speculate about
what the prolactin rhythm is doing in the mink, Dr Martinet? For example, do
you think that prolactin is responsible for the weight loss in males? Every
mammal that we know of has the same circannual prolactin rhythm, and yet
different mammals use the prolactin to do different things. Wallabies, for
example, use prolactin to inhibit the corpus luteum (Renfree 1981), which is
exactly the opposite to mink, where prolactin is luteotrophic.

Martinet: 1 have no indication what the role of prolactin is in body weight
regulation in the mink, but in this species prolactin is certainly necessary for
luteal function and for the initiation of hair follicle activity in spring. Bromo-
criptine injections or short days, which lower plasma prolactin levels, inhibit the
initiation of the spring moult, whereas prolactin injections or long days, which
increase plasma prolactin levels, advance it. On the other hand, short days or
bromocriptine injections can induce hair follicle activity and an early autumn
moult (Martinet et al 1984).
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Abstract. Previous research has demonstrated a lack of effect of pinealectomy upon the
generation of rodent circadian activity rhythms and only a subtle effect upon their re-
entrainment after phase-shifts of the light-dark cycle. In contrast, our pharmacological
studies on melatonin indicate that the pineal gland may be more important than hitherto
believed. The main outcome of a preliminary pilot experiment on the effect of daily
injections of melatonin, arginine vasotocin, melanocyte-stimulating hormone and a g-
blocker on rat free-running activity rhythms in constant darkness was that melatonin
appeared to have entrainment properties. This was clearly demonstrated in a second experi-
ment although entrainment did not occur until the onset of the activity rhythm coincided
with the daily injection. In contrast, when melatonin was administered ad /ib. in the drinking
water to six rats housed in constant dim light, there was apparently a lengthening of
the free-running period. The effects of 17 days of melatonin injections given at four different
times of day to different groups of rats on re-entrainment of activity rhythms after a
5h phase-advance of darkness were assessed. Results were confounded by the response
of some control rats. However, after an 8 h advance of darkness and daily injection at
the time of day of the previous dark onset, melatonin-injected rats phase-advanced, where-
as vehicle-injected and uninjected control rats phase-delayed. Thus melatonin can alter
the direction, but not necessarily the rate, of re-entrainment. The relevance of some
of these findings with pharmacological doses of melatonin to the function of endogenous
melatonin is discussed.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 188-207

On the basis of a limited number of pinealectomy (Px) studies in a few species,
it is generally considered that the pineal gland is unimportant for the gener-
ation or maintenance of mammalian circadian activity rhythms (Richter 1967,
Quay 1968). A role for the pineal gland in the synchronization of activity
rhythms in rats and hamsters has been proposed. After a phase-shift in the
light-dark (LD) cycle a faster rate of re-entrainment is found in Px animals
than in sham-operated or intact controls. In rats and hamsters this increase
in rate is modest, is restricted to the first few transient cycles after the lighting
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inversion and is age dependent (Kincl et al 1970, Quay 1972, Finkelstein
et al 1978). These findings have been evaluated in detail by Rusak (1982).
The consensus of opinion is that if the pireal gland plays any role in the
circadian pacemaker system of mammals, it is a secondary or subsidiary role.

Such a conclusion may be considered premature, for several reasons. First,
the number of mammalian species investigated is small. Rats and hamsters
do not represent the placental mammals. Among the avian species there are
considerable differences in the effects of Px (Ueck 1982). After Px, sparrows
become arrhythmic in constant conditions (Gaston & Menaker 1968), starlings
change their free-running period (Gwinner 1978) and the circadian activity
rhythm of quail appears unaffected (Simpson & Follett 1981). These three
results may reflect species differences in the strength of internal coupling
between the sub-oscillators that compose the pacemaker for the circadian
activity thythm. Where the coupling is strong, for example in quail, Px has
no effect, but where the coupling is weak, as in sparrows, Px results in loss
of mutual entrainment between self-sustained oscillators of the circadian sys-
tem (Gwinner 1978). Gwinner (1978) suggests that these species differences
reflect quantitative rather than qualitative differences in the organization of
the circadian system.

Second, Px alone may not be the most appropriate method for evaluating
the importance of the pineal gland if there are extra-pineal sources of melatonin
(Ebihara et al 1984). Third, in the re-entrainment experiments discussed,
a 12 h phase-shift in the LD cycle is the least useful of all phase-shift paradigms,
since the pacemaker is put in a situation of ambiguity for it may advance
or delay. Indeed, when a 5h phase-advance of darkness is utilized, which
results in a very slow re-entrainment (see Fig. 4C), we have found that on
average Px rats re-entrain 40% faster than sham-operated and intact controls
(Fig. 1A). This finding clearly illustrates the need for implementing appro-
priate experimental paradigms to elucidate the role of the pineal gland within
the mammalian circadian pacemaker system. However, in subsequent experi-
ments involving the response to light pulses, entrainment to 8h and 48 h days
and changes to the free-running period after an abrupt switch from constant
dark (DD) to constant light (LL), no obvious difference between Px, sham-
operated and intact rats was noted.

Melatonin entrains free-running rhythms

As an alternative to Px, several years ago we began a pharmacological
approach which was based upon the following rationale. In the rat, elevated
nocturnal levels of pineal melatonin decrease rapidly when lights are switched
on for a short time in the middle of the dark period. This decrease can also
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be achieved by B-blockade of the pineal sympathetic innervation (Axelrod
1974). From this perspective, injection of a B-blocker mimics the effect of
light on pineal melatonin levels. The rodent free-running activity rhythm can
be phase-shifted by a single light pulse of 15 or 60min duration while two
light pulses given daily (skeleton photoperiods) entrain the rhythm (Pitten-
drigh & Daan 1976b). Therefore, as the pineal gland might be part of the
circadian pacemaker system, it seemed reasonable to ask whether daily injec-
tions of a B-blocker (pindolol, 0.4mg/kg) could entrain or phase-shift rat
free-running activity rhythms. In other words, could a drug pulse mimic the
effects of a light pulse? At the same time we were interested in ascertaining
if daily, subcutaneous injections of melatonin (1 mg/kg), arginine vasotocin
(AVT) (10 ng/kg) or melanocyte-stimulating hormone (MSH) (40 p.g/kg)
could influence free-running rhythms (four rats per drug group). As a control
we used a solution containing 0.01 M-acetic acid, which acts as an antioxidant,
and 2% alcohol.

In this pilot test a 7 h phase-advance of darkness (Stage 2) was implemented
during a 12 h:12 h LD cycle (Stage 1) to bring dark onset to a more convenient
time of day for injection. Most rats had not re-entrained entirely by the time
injections commenced (Stage 3, DD) (Fig. 1B, D: control rats). Nevertheless,
the following findings are worth noting. In one rat (Fig. 1C) pindolol appeared
to exaggerate the trend to phase-advance. This was the only animal to keep
advancing (or free-running with a period less than 24h) in Stage 4 (DD,
no injections). Injection of AVT to one rat (Fig. 1E) appeared to mask the
onset of the free-running rhythm while in a second rat (Fig. 1F) it either
temporarily entrained the rhythm or induced a burst of activity around the
time of injection. The most important finding was that the melatonin-treated
rats entrained in Stage 3 (Fig. 1G). The onset of activity early in Stage 4
coincided with the time of day of injection in Stage 3, showing that rats free-ran
from this point in time. Three of the four MSH-injected rats phase-advanced
during Stage 2 and therefore any possible entrainment properties of the hor-

FIG. 1. (A) Number of days taken to re-entrain activity rhythms after a 5h advance in the
LD cycle in pinealectomized (Px), sham-operated (S) and intact (I) rats that phase-advanced.
(B) Single and (C-G) double-plotted rat running-wheel activity records. Hatched areas indicate
darkness. Stage 1, 12:12 LD cycle; Stage 2, 7h phase-advance of darkness; Stage 3, DD with
subcutaneous injections of pindolol, AVT or melatonin given at time indicated by vertical arrows
in D-G; Stage 4, DD. (B) Control rat that phase-advanced in Stage 2 and free-ran with a period
less than 24 h in Stage 3 and eventually with a period greater than 24 h in Stage 4. (C) Rat
treated with pindolol in Stage 3 which continued to free-run with a period less than 24h in
Stage 4. (D) Control rat that phase-delayed in Stage 2 and free-ran with a period greater than
24h in Stages 3 and 4. (E, F) Rats injected with AVT during Stage 3. (G) Rat injected with
melatonin in Stage 3.
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mone could not be ascertained in Stage 3 (unpublished work with G. J.
Coleman, K. Greenwood & S. McConnell 1981).

To demonstrate unequivocally that exogenous melatonin can entrain the
rat circadian activity rhythm it is necessary first to let rats free-run (Stage
1), then to inject them daily with melatonin until entrainment is well demon-
strated (Stage 2), and then to cease injection and determine the phase of
the subsequent free-run (Stage 3). We did this with 10 experimental and
10 control rats and the results for eight rats are shown in Fig. 2 (Redman
et al 1983). It is clear that entrainment does not take place until the onset
of activity coincides with time of day of melatonin injection (Fig. 2A-D).
There is apparently a very narrow window in time (activity onset) when the
circadian pacemaker is susceptible to the entraining influence of exogenous
melatonin. Melatonin injections did not phase-shift the activity rhythm. When
injections were discontinued some rats free-ran almost immediately whereas
in others considerable time elapsed from the termination of injection to the
re-establishment of the original free-running period (Fig. 2A-D). Eight con-
trol rats were unaffected by the injection procedure (e.g. Fig. 2E, F), one
became temporarily synchronized for a few days (Fig. 2G) and one became
entrained (Fig. 2H). At present the importance of the retinae, dorsal raphe
nuclei, suprachiasmatic nuclei and the locus coeruleus as neural targets for
the melatonin entrainment effect are being investigated.

Hamsters, in contrast to rats, do not entrain to daily injections of melatonin
given in the same dose and by the same route (Fig. 3A) (M. Menaker et
al, unpublished work 1984), which confirms unpublished findings of Ellis &
Turek (Turek et al 1982). The reason for this lack of effect in hamsters is
unknown but the result emphasizes the importance of a comparative approach.

Melatonin may lengthen the free-running period

To try to circumvent the entrainment problem associated with control injec-
tions we decided to attempt to entrain rats to melatonin dissolved in the
drinking water. Rats in our laboratory drink at least 80% of their total daily
water intake in the dark portion of a 12:12 LD cycle, and this pattern continues
under free-running conditions of DD with most drinking taking place in the
active phase. Therefore, rats should start imbibing water at about the same
time every day, the exact timing depending upon the length of the free-running
period. Melatonin given orally is absorbed into the bloodstream at physiologi-
cal levels in sheep and dogs (Kennaway & Seamark 1980, Saaf et al 1980).
Six rats were maintained on tap water under very dim LL until the free-running
period was stable. Then three rats were administered melatonin in the drinking
water (0.05 mg/ml), and three were given the vehicle solution. Subsequently
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FIG. 2. Double-plotted running-wheel activity records of rats housed under DD and free-running
with periods greater than 24 h. Stage 1, pre-injection; Stage 2, daily injection; Stage 3, post-
injection. (A~D) Melatonin injections in Stage 2. (E-H) Control injections in Stage 2. Time
of day of injection in Stage 2 is indicated by the arrows at the top.
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FIG. 3. (A) Double-plotted activity record of one hamster. Stage 1, 12:12 LD followed by
14:10 LD; Stage 2, dim LL and melatonin injections at time of previous dark onset; Stage
3, dim LL and no injections. (B, C) Double-plotted activity records of rats housed under dim
LL and free-running with periods greater than 24 h. Stage 1, tap water; Stage 2, melatonin
in drinking water; Stage 3, vehicle solution offered in drinking water ad lib. Arrows indicate
melatonin-induced changes to the free-running period. (D) Double-plotted activity record of
rat offered melatonin in drinking water for 3h per day in Stage 2 at time indicated by vertical
lines. Stage 1, 12:12 LD followed by 14:10 LD; Stages 2 and 3, dim LL.



MELATONIN AND RODENT CIRCADIAN RHYTHMS 195

the melatonin-treated rats were offered tap water again, two of the vehicle-
treated rats were given the melatonin solution and the sixth rat remained
on the vehicle solution.

No sign of entrainment to melatonin was found under these conditions
but it appeared that the free-running period was lengthened (Fig. 3B, C).
With only six rats this finding must be treated with caution since the free-
running period normally tends to lengthen over many months under dim LL.
Furthermore, if the period did lengthen in response to melatonin it did not
always shorten when the melatonin solution was removed. Nevertheless, this
experiment is certainly worth repeating with a larger experimental population.

In a second attempt to use the drinking water as a route of melatonin
administration, a higher concentration (0.1 mg/ml) was offered for 3 h every
24h, and tap water for the remaining 21h. In this experiment rats (n=12)
were housed under an LD cycle and then switched to dim LL. On the day
the laboratory was put onto LL, melatonin was presented for 3h starting
1h before the time of the previous dark onset. Melatonin was offered daily
at this time for 24 days. No sign of entrainment and no obvious change in
the free-running period were seen (Fig. 3D) (M. Menaker et al, unpublished
work 1984).

Melatonin alters direction and speed of re-entrainment

We have carried out a series of experiments to examine the influence of subcu-
taneous melatonin injections (1 mg/kg) on rat re-entrainment patterns after
phase-shifts in the LD cycle (J. Redman & S. M. Armstrong, unpublished
work 1985). The initial series of experiments capitalized on the slow entrain-
ment rate of our rats when exposed to a Sh advance in darkness. In the
first experiment we injected rats on the day we advanced darkness at the
time of the new dark onset (Fig. 4A, Group 1). The major finding was that
melatonin altered the direction of re-entrainment (Fig. 4D, cf. control in
Fig. 4C). We had 15 vehicle-injected control rats and 15 melatonin-injected
rats. As expected, most control rats slowly phase-advanced in response to
the 5 h advance of darkness. Eight of the melatonin-treated rats initially phase-
delayed, but subsequently two of these phase-advanced (Table 1). The fact
that only six rats finally phase-delayed meant, presumably, that we were not
injecting at the time of maximum sensitivity to melatonin. For instance, it
is not known whether the circadian pacemaker in the central nervous system
(CNS) changes immediately after the phase-shift to the new LD cycle (Pitten-
drigh & Daan 1976a) or whether this change takes many days (as reflected
by the activity pattern). Hence, we did not know if we were injecting into
the dead-zone of the pacemaker’s phase-response curve or into the delay
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FIG. 4. (A) Diagram of 5h phase-advance of darkness paradigm and time of day of injections
for four groups of rats. (B) Diagram illustrating, for Group 1 rats, possible confounding of
time of day of injection with change in phase of pacemaker after the 5 h phase-advance of darkness.
(C) Activity plot for control (vehicle-injected) rat that phase-advanced in response to a 5 h phase-
advance of darkness. (D) Activity plot for melatonin-injected rat that phase-delayed after a
Sh phase-advance of darkness. In (C) and (D) injections were given for 17 days, starting on
the day of the phase-shift, and coincided with the time of the new dark onset (indicated by
arrow). (E) Activity plot for melatonin-injected rat that phase-advanced after an 8h phase-
advance of darkness. (F) Activity plot for control rat that phase-delayed in response to an 8h
phase-advance of darkness. In (E) and (F) injections were given for 14 days, starting on the
day of the phase-shift, and coincided with the time of dark onset before the phase-shift (indicated
by arrow).
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portion of the curve (see Fig. 4B), or even if this was an important determinant
of melatonin’s effect. We therefore chose three additional times of day at
which to inject (Fig. 4A), expecting to find an optimum time when all melato-
nin-injected rats would phase-delay and all controls phase-advance. Group
2 rats showed no delay response to melatonin; all phase-advanced but re-
entrained faster than controls, atleast in the first seven days after the phase-shift.

TABLE 1 Influence of melatonin injections (1 mg/kg, s.c.) on direction of entrainment of rat
activity rhythms after a 5h (Groups 1 to 4) or 8 h (Group 5) phase-advance of darkness

N Advance Delay

Group 1

Control 15 14 1

Melatonin 15 9 6
Group 2

Control 15 13 2

Melatonin 15 15 0
Group 3

Control 15 2 13

Melatonin 15 4 11
Group 4

Control 15 8 7

Melatonin 15 4 11
Group §

Uninjected 10 0 10

Control 10 0 10

Melatonin 10 10 0

Most Group 3 rats, controls as well as melatonin-injected, phase-delayed.
A similar phenomenon occurred with Group 4 rats (Table 1). It appeared
that at the dark-light transition all rats were susceptible to the stress of
handling or to the injection or to the chemical content of the vehicle.

Melatonin-treated rats in Group 2 re-entrained faster than controls, indicat-
ing that melatonin administered at this time facilitates phase-advances. Rats
in our laboratory consistently phase-delay when subjected to an 8h phase-
advance of darkness. Therefore, it would be striking if melatonin administered
at Time 2 made rats phase-advance while control rats phase-delayed. The
8h phase-advance procedure was applied to 10 melatonin-treated and 10
vehicle-treated rats. In addition we included 10 untreated rats to ascertain
whether any aspect of the injection procedure had an affect on re-entrainment.
Table 1 (Group 5) shows that all uninjected and vehicle-treated rats phase-
delayed while the melatonin-treated rats phase-advanced (Fig. 4E, F).

This finding is important for several reasons. The paradigm offers a simple
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behavioural test for investigating the effects of natural and synthetic pineal
compounds on the circadian system. It will allow us to ascertain the minimum
effective dose of melatonin, the best route of administration and the minimum
number of days of injection required. In combination with CNS lesions or
radioactive labelling techniques, it will allow us to trace which brain areas
and neural systems are involved in the phase-advance effect. For instance,
we already know from a Px study that the pineal gland itself is not necessary
for the effect (unpublished work with M. Chesworth 1984).

Recently, it has been shown that a melatonin pellet implanted near the
suprachiasmatic nuclei of intact and Px rats accelerates re-entrainment of
the circadian rhythm in blood corticosterone (Murakami et al 1983). At present
it is unclear how this finding relates to our own.

An even simpler behavioural test of melatonin’s effect on the circadian
pacemaker system has now been found. In our laboratory, rats under a 12:12
LD cycle often exhibit a negative phase-angle difference (the interval between
dark onset and the onset of activity), which can be up to several hours long
in some individuals. Melatonin injected 1h before dark onset can reduce
this negative phase-angle difference (Fig. 5SA) providing the difference is not
greater than 3h (Fig. 5B) (unpublished work with M. Chesworth 1984). It
is interesting to compare this result with that of clorgyline, a type A mono-
amine oxidase inhibitor (Wehr et al 1982). Clorgyline increases the negative
phase-angle difference in hamsters, and lengthens the free-running period.
We have shown that melatonin decreases the negative phase-angle difference
in rats and lengthens the free-running period.

Throughout our experiments some control rats showed susceptibility to the
injection procedure. This raises the possibility that our findings on melatonin
could be simply an exaggerated stress response. To test this, six male C57BL
mice were subjected to 30 min immobilization stress at the same time every
day while under DD free-running conditions. Stress did not entrain the circa-
dian activity rhythm (Fig. 5C), although masking of activity occurred in one
animal as the onset of activity crossed the stress-time (Fig. 5D). The duration
of the active phase altered in another mouse as the end of activity passed
through the stress-time (Fig. 5SE) (M. Menaker et al, unpublished work 1984).
Since these results with mice are consistent with the effects of stressing wild
and laboratory rats (Richter 1967), we conclude that our findings on melatonin
cannot be attributed simply to a stress response.

Discussion and speculations

In summary, exogenous melatonin exerts a number of effects on the rat circa-
dian pacemaker system, but at present it is impossible to integrate the results
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FIG. 5. (A) Rat activity plot showing reduction in negative phase-angle difference by melatonin
injections given 1 h before dark onset (12:12 LD). (B) Rat activity plot showing failure of melato-
nin to reduce negative phase-angle difference because it is greater than 3h. (C-E) Three male
C57BL mice free-running with periods less than 24h in DD and stressed by immobilization
(30min) at time of day indicated by vertical arrow, starting on day indicated by horizontal arrow.
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into any global function for the mammalian pineal gland. Naturally, this raises
the question of whether our findings are pharmacological or physiological.
We cannot yet answer this question, but there is one observation that should
be made about the entraining properties of melatonin. In the laboratory rat,
whether under an LD cycle or free-running conditions, nocturnal activity co-
varies with endogenous melatonin release. A similar phase relationship is
found between the time of injection of exogenous melatonin and the free-
running activity rhythm in that activity onset is entrained by the injection
(Fig. 2A-D). In the diurnally active starling, endogenous melatonin release
co-varies with the inactive, sleep and rest portion of the circadian cycle; there-
fore, activity and melatonin levels are 180 ° out of phase. Gwinner & Benzinger
(1978) demonstrated that daily melatonin injections entrain the free-running
activity rthythm of Px starlings; melatonin injections are followed by sleep
and rest. Thus, in the rat the onset of activity is entrained by melatonin injec-
tions whereas in the starling it is the onset of inactivity/sleep that is entrained.
These species differences suggest that exogenous melatonin does not simply
have a gross pharmacological effect but may mimic the underlying physiologi-
cal function of endogenous melatonin.

As the relationship between melatonin and activity rhythms varies between
species, the interesting question arises of whether the effects of melatonin
on the human circadian system will turn out to be ‘rat-like’ because we are
mammals, or ‘starling-like’ because we are diurnally active vertebrates. The
latter is most likely since melatonin induces sleep and tranquillity in humans
(Armstrong et al 1982). This raises a very important point. In starlings melato-
nin injections can have immediate effects on the circadian system. Indeed,
it was suggested that melatonin entrains activity rhythms in starlings by acting
via the sleep mechanism; melatonin induces sleep and sleep alters the phase
and entrains the circadian pacemaker (Gwinner & Benzinger 1978). Although
at that time there was no supportive evidence for such a proposal it has recently
been claimed that a portion of sleep, termed ‘anchor sleep’, can entrain human
circadian rhythms (Minors & Waterhouse 1983). Therefore, melatonin could
possibly entrain human circadian rhythms via its action on the sleep-wake
mechanism; melatonin could be a potent chronobiotic (a chemical compound
with the propensity to entrain circadian rhythms). It is not surprising, there-
fore, to find preliminary reports that melatonin can ameliorate jet lag (Short
1983, Short & Armstrong 1984). Jet lag is thought to reflect internal dissocia-
tion of the multitude of bodily rhythms. Different rhythms take different
amounts of time to re-entrain to the new lighting regimen after the abrupt
phase-shift imposed by intercontinental jet travel. If melatonin does prevent
or cure jet lag, by implication it should prevent internal dissociation, thereby
confirming a speculation that the pineal gland is a ‘synchroniser of regulators’
(Armstrong et al 1982).
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DISCUSSION

Arendt: When you gave rats melatonin at the time when they would normally
be making it, rather than at the beginning or at the end of the dark phase, you
got faster entrainment, and that struck me as an important point. Have you
ever tried giving rats a priming dose of melatonin before imposing a phase-
shift?

Armstrong: No.

Turek: 1f endogenous melatonin is playing any role in the regulation of the
circadian activity rhythm, you would expect to see an effect of pinealectomy on
the free-running rhythm. And if melatonin is important for entrainment, you
might also expect to see an effect of melatonin on the phase-response curve.
There is no effect of pinealectomy on the phase-response curve or the free-
running rhythm of hamsters ( Aschoff et al 1982), but have you found any effect
in rats?

Armstrong: After our initial study with the 5 h phase-advance paradigm,
when pinealectomy seemed to help re-entrainment, we looked at the effects of
light pulses in sham-operated, pinealectomized and control animals because we
thought we might see a change in period. We also tried putting animals on 8 h
days or 48 h days, and switching animals from constant darkness to constant
light to look at the change in t. But we saw no obvious differences between
pinealectomized and sham-operated animals.

Zucker: In rats, Cheung & McCormack (1982) found no effects of pinealec-
tomy on free-running t in either constant light or constant dark, which is
consistent with what you are saying. So your paradigm is useful as a way of
manipulating the rate of phase-shifting of circadian rhythms, although it is not
necessarily relevant to how animals usually entrain under normal light-dark
cycles.
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Arendt: Pinealectomy may not do much to circadian rhythms, but there is
still retinal melatonin to think about.

Armstrong: One of our reasons for taking a pharmacological approach was
that we hoped to be able to circumvent the problem of these other sources of
melatonin. It has been shown that after pinealectomy there is still a melatonin
rhythm in rats (Ozaki & Lynch 1976, Lynch et al 1975). It has something to do
with the feeding pattern, because if you deprive the rats of food you get rid of
that rhythm.

Moore-Ede: It’s very tricky trying to study the effects of pharmacological
agents, particularly by injection. David Borsook in our lab spent almost a year
documenting a beautiful phase-response curve in the squirrel monkey that
turned out to be an artifact. It did not matter whether he used the drug or the
vehicle for intracranial and intraventricular microinjections; he got the same
phase-response curve. A few of your control animals show apparent entrain-
ment, so one wonders whether a component of the phase-shifting is caused by
handling. We found with some of our injections that the amplitude of the
phase-response curve was larger when the drug was present than when we just
used vehicle, so there were additive effects, which were very confusing. The
other important factor is the exact protocol one uses, but I presume that when
you did control experiments you used exactly the same vehicle, with the alcohol
and other components.

Armstrong: Yes.

Klein: We may be overlooking the most important fact—that we don’t need
melatonin to entrain the rhythm; apparently a perturbation can do the trick.
This could be very useful for travellers with jet lag; they may not have to take a
drug. But what is the mechanism? How is the rhythm entrained? Is a small
amount of ‘stress’ sufficient? The stress of giving injections is not really very
great; it is not nearly as bad as half an hour of immobilization stress, which is
often used to exaggerate stress-related responses.

Reiter: It depends how you define stress.

Klein: The point is that the stress of exercise, for example running, jogging or
walking, might be enough to re-entrain our rhythms. This may be a more
profitable line to pursue than trying to manipulate rhythms with melatonin.

Hoffmann: Efforts have been made to overcome jet lag by taking melatonin,
but rodents may not be very good models for investigating this. Have any
studies been done in other species like the monkey and what sort of results have
been obtained in humans?

Armstrong: Roger Short and I have been trying to get some data on humans
and we have monitored seven subjects so far. Melatonin seems to help, and
certainly in double-blind tests people could tell in retrospect which capsules
contained melatonin. Whether in humans melatonin actually entrains circadian
rhythms quicker than placebo does is another question. One of our results is
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shownin Fig. 1, which gives records of core body temperature monitored with a
PMS-8 Vitalog during a flight that Roger Short took round the world from
Australia via the USA, Germany and England back to Melbourne. The first
box shows four days of baseline in Australia, the shaded area indicating when
Roger was asleep. There is quite a nice rhythm; body temperature was high
during the day, fell usually just before sleep and rose again at about the time of
awakening. After four days Roger flew to Los Angeles and then on to Dallas.
In Dallas he took melatonin (5 mg) at 2345 local bedtime (1445 Melbourne
time), went to sleep for four or five hours, woke up, took another capsule of
melatonin and went back to sleep. There was a drop in the temperature after he
took melatonin and on the subsequent days he got quite a good night’s sleep.
He took melatonin for four nights only, and after a few days his temperature
started to drop before he went to sleep in the evening and picked up again when
he woke in the morning. The records are a bit erratic, but it seems to me that
after four days Roger’s rhythms had already re-entrained. Of course we don’t
have a control for this, but re-entrainment seemed to be fairly fast compared to
what one would expect from published reports of the effects of phase-shifts.
Next, Roger flew off to Europe and took melatonin again. As before it
decreased the body temperature. It’s interesting that in sparrows pinealectomy
wipes out the body temperature rhythm (Binkley et al 1971), and Martin
Moore-Ede’s group has shown that the duration of human sleep is dependent
on the phase of the temperature rhythm (Czeisler et al 1980). So perhaps in
humans melatonin changes the sleep—wake cycle via an effect on core tempera-
ture.

When Roger returned to Melbourne in Australia he did not take melatonin,
but his rhythm was nevertheless quite well entrained. However, during sleep
there was always a bump in the temperature record, and I think that this is the
residual effect of the peak of activity he showed at that time in Europe and the
USA. Our problem is one of analysis, in that we have to determine whether
melatonin’s effect on the shape of the temperature curve during sleep is
exogenous or endogenous. It is very hard to build in good controls for these
studies.

Lewy:1am impressed by the fact that administration of melatonin appears to
hasten the return of the night-time temperature minimum to its pre-flight phase
position. In my opinion, this part of the temperature curve is usually the least
affected by ‘masking’.

Hoffmann: Have there been no systematic studies in humans or in monkeys?
For example, it would be interesting to put people in bunkers, subject them to
phase-shifts and then give them melatonin.

Armstrong: Our problem in Australia is that although as scientists we can
take melatonin we are not allowed to give it to anyone else. This has really held
us up; we would have liked to have done these studies 18 months ago.
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FIG. 1. (Armstrong) Daily body temperature rhythms of one male subject on an around-the-world
flight from Melbourne (Australia) to Raleigh (Durham, USA) to Frankfurt and Bristol (Europe)
and back to Melbourne. Temperature and activity were monitored every 12min with a PMS-8
Vitalog microcomputer with extended memory. The data have been double-plotted (over 48 h)
to facilitate inspection. 0.00 time is midnight in Melbourne. Hatched bars indicate time spent
asleep. The vertical arrows above the sleep period on days 8-11 and 14-16 indicate oral consump-

tion of one 5 mg capsule of melatonin (Sigma).
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Arendt: We are trying to do some phase-shift studies with melatonin at the
moment, and have some uncontrolled results from 10 people who all reported
favourable effects on sleep after crossing several time-zones.

Moore-Ede: These experiments with melatonin in humans are very difficult.
One needs an idea of how a control group would behave. Phillipa Gander has
been collecting data from a study of international pilots whose body tempera-
tures have been monitored continuously (unpublished work). She has also
monitored her own temperature when flying back and forth between the USA
and New Zealand. What emerges from the results is that changes in sleep,
posture or darkness (although it’s not clear which) have very strong masking
effects. Certainly a combination of the three has a dramatic effect on tempera-
ture at any phase of the cycle. So it is very hard to tell what makes temperature
drop faster or slower in any situation, because about 50% of the amplitude of
the human temperature rhythm is probably contributed exogenously by mask-
ing elements. You therefore have to do a phase determination study where you
suspend or control the exogenous variables over a period of at least 24 h. You
need to get someone either to stand up for 36 h, or, more conveniently, to lie
down for 36 h, and you must control meals, illumination etc. You can then get
very clean patterns and precise determinations of phase. The trough of temper-
ature is a very good phase marker and the peak of cortisol is another; these are
really the things that you must show are shifting to prove that the circadian
system is being reset. If you don’t do this and you don’t have appropriate
control groups, you will never get the answer. You will always be interpreting
fuzzy-looking patterns.

The other point is that in humans the system that times cortisol and tempera-
ture rhythms takes quite a long time to adapt. If you put someone onto night
shifts they will take a couple of weeks to adapt fully. I think we are looking at
long-term transients, and the problem is that when you are hopping from town
to town and country to country the system does not stabilize.

Armstrong: Apparently the exogenous component (i.e. masking) of the
temperature rhythm is more pronounced in older people, so perhaps we should
use younger subjects in these studies (Phillipa Gander, personal communica-
tion).

Lewy: In addition to the masking effects that Martin Moore-Ede mentioned,
you might also get a masking effect with melatonin per se. In Fig. 1, there is
already a change in the temperature pattern on the first night after melatonin.
What does an acute dose of melatonin do to body temperature in humans?

Armstrong: 1 don’t know, but it has a hypothermic effect in rodents and birds
(Ralph et al 1979).

Vollrath: One thing I noticed when I used an intranasal spray of melatonin
was an immediate onset of shivering. This was fairly consistent, so I think that
melatonin may affect temperature regulation.
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Abstract. The pineal gland, through its major secretory product melatonin, influences
seasonal breeding in species such as the hamster and the sheep. Recent studies from
our laboratory have shown that melatonin also affects sexual development in the rat.
A role for melatonin in humans has not yet been found.

The laboratory rat is sensitive to daily administration of melatonin at the beginning
of sexual maturation. The male rat is most sensitive between day 20 and day 30 of life.
Melatonin does not permanently inhibit sexual maturation, since normal but delayed sexual
development occurs after 45 days of life whether melatonin administration is discontinued
or maintained indefinitely. In female rats, daily injection of melatonin during the prepuber-
tal period delays the vaginal opening and disrupts the normal cyclicity of the first oestrous
cycles. In both male and female rats, the inhibitory action of melatonin is highly dependent
upon the time of injection, with maximal effects when melatonin is given in the late
photoperiod. The inhibitory action of melatonin is most likely exerted at the hypothalamic
level, possibly through interference with the control of pulsatile secretion of gonadotropin-
releasing hormone. In contrast to some published work, our experiments provide no evi-
dence for modifications of diurnal or nocturnal melatonin secretion during puberty in
humans. Our results with the rat indicate that melatonin may be an important factor
for the timing of sexual maturation.

1985 Photoperiodism, melatonin and the pineal. Pitman, London (Ciba Foundation Sym-
posium 117) p 208-230

Numerous studies of the role of the pineal gland in many species have led
to the concept that this small organ located in the brain is an active neuroendo-
crine gland with specific effects on reproductive biology. Two types of pineal
secretory products have been described: indole amines and polypeptides
(Reiter 1980). The concept has developed that the pineal gland is responsible
for transducing environmental information such as light or season into new
secretory signals (Wurtman et al 1964), which promote or repress reproductive
behaviour (Reiter 1980). The pineal influence is mostly inhibitory and the signal
is carried mainly by the indole amine melatonin (Cardinali 1981, Reiter 1980).
However, it is likely that more than one pineal hormone is responsible for

208
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the endocrine action(s) of the pineal gland. Although there is evidence that
melatonin mediates most of the neuroendocrine functions attributed to the
pineal gland, the antigonadotrophic activity of mammalian pineal extracts
has also been attributed to the peptide arginine vasotocin ([Arg®Joxytocin,
AVT) (Vaughan et al 1974). This octapeptide was identified by Milcu et al
(1963) and it has been suggested but not confirmed that melatonin is the
releasing factor for AVT (Pavel 1978, Benson et al 1976). Clearly, more work
is needed to establish the exact role, if any, of AVT in mammals.

Melatonin and sexual development

Melatonin, which was isolated and characterized by Lerner et al (1958), exhi-
bits a nycthemeral rhythm, with peak production and secretion during the
night (Lynch 1971). This hormone has been shown to mediate the antigonado-
trophic effects of photoperiods in species with a seasonal reproductive cycle,
such as the ewe and the hamster (Carter & Goldman 1983, Arendt et al
1983, Bittman et al 1983). Pinealectomy can prevent the gonadal regression
that occurs in hamsters under non-stimulatory photoperiods (Hoffman 1979),
indicating that the effects of darkness on gonadal development are mediated
by the pineal. Similar observations have been made with other mammalian
species. The observation in 1963 that daily melatonin injections in female
rats could delay vaginal opening, reduce ovarian weight and decrease the
incidence of vaginal oestrus (Wurtman et al 1963) opened a new field of
research linking melatonin and reproduction. Today melatonin is known to
be a possible inhibitor of sexual development in mammals (Tamarkin et al
1976, Goldman et al 1979). Pinealectomy induces premature pubertal develop-
ment which can be counteracted by melatonin treatment (Relkin 1971, Kinson
& Robinson 1970).

Melatonin and sexual development in the rat

The neuroendocrine reproductive system of the adult rat seems to be relatively
unresponsive to pinealectomy or exogenous melatonin (Reiter 1980). How-
ever, under such conditions as neonatal steroid treatment, underfeeding or
anosmia, the hypothalamo—pituitary—gonadal axis increases its sensitivity to
melatonin (Blask & Nodelman 1979, Blask et al 1980). In the young rat,
melatonin diminishes ovarian and uterine weight (Wurtman et al 1963) and
retards testicular and accessory sex organ development (Debeljuk 1969, Kin-
son & Peat 1971). The physiological site and mechanism of action of melatonin
are uncertain; glands and organs in both brain and periphery have been pro-
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posed as targets. Before it became possible to measure plasma concentrations
of pituitary and gonadal hormones, it was very difficult to assess the role
of the pineal gland and of its secretory product, melatonin, in species that

3 Control
8001 Melatonin

Plasma
FSH 400+ Vaad
{ng/ml) : @

0-

60 600
Plasma *
Testost. 30 300
{ng/100m) el

0- 0

401 1600
Sem. ves.
weight  20- rxx 800
{mg}

0- 0

Treatment (days) g _on) 20-40 70-90

then sacrifice

FIG. 1. Influence of melatonin on plasma FSH and testosterone concentrations and seminal
vesicle (sem. ves.) weights of male rats during different stages of development. Groups of about
12 animals (&) received daily injections of 100 ug melatonin during three different developmental
periods: 5-20 days of age (prepubertal age), 20-40 days of age (pubertal age) and 70-90 days
of age (adulthood). Control animals (O) received 100 ul physiological NaCl solution containing
10% ethanol at the same time. The rats were killed on the day after the last injection between
1000 and 1100h. Plasma hormone levels and seminal vesicle weights are shown as means
+SE.***P <(.001, *P<0.05 (determined by Student’s ¢ test). Reproduced with permission
from Lang et al (1983).

are insensitive to seasonal variations of the photoperiod like the laboratory
rat. Itis only recently that the effects of melatonin could be studied thoroughly
in this species.

To investigate the role of melatonin in the male rat keptina 12 h:12 h light—
dark cycle, we administered melatonin daily during different periods of sexual
development. The effects of these injections were tested on several variables
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of the neuroendocrine reproductive axis: plasma concentrations of the gonado-
tropins follicle-stimulating hormone (FSH) and luteinizing hormone (LH) and
of testosterone, testicular weight, seminal vesicle weight and pituitary content

Testis
weight 2
{g)

€3 Control
400+ Metatonin
Pituitary
GnRH
receptor 200
content
(fmoles/pit) ey
0__%
40+
Plasma
LH 20
{ng/ml) poe
LB |

[
Treatment (days)
J.Z?.'Zi’érmciys 5-20 20-40 70-90
FIG. 2. Influence of melatonin on pituitary (pit.) GnRH receptor numbers, plasma LH concen-
trations and testes weights of male rats during different stages of development. Groups of about

12 rats were treated as described in Fig. 1. Significance is explained in Fig. 1. Reproduced
with permission from Lang et al (1983).

of receptors for gonadotropin-releasing hormone (GnRH) (Aubert et al 1982,
Lang et al 1983). All these variables were decreased in the male rat when
100 p.g melatonin were administered daily at 1600-1700 h during the period
of development from day 20 to day 40 of life (Figs. 1 & 2). Melatonin was
administered subcutaneously in saline. In contrast, no change was observed
when melatonin was injected either from day 5 to day 20, or from day 70
to day 90 of life (Lang et al 1983). This inhibiting effect of melatonin on
sexual maturation in the male rat was found to be dose dependent in a dose
range from 5 pg to 100 p.g melatonin given daily (Lang et al 1983). Interest-
ingly, chronic treatment of the rat with 10 ug melatonin per day did not
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influence the rhythm of endogenous melatonin secretion. The nocturnal pro-
files of plasma melatonin for control and treated rats were parallel, with peaks
of melatonin at 2400 h and 0300 h.

These results raised several questions which were further investigated in
our laboratory. Is the time of injection during the light-dark cycle of impor-
tance? Does sexual maturation resume after cessation of melatonin adminis-
tration? Does prolonged melatonin administration maintain the state of
delayed sexual maturation indefinitely? Where does melatonin act?

The time of administration of melatonin within the day—night cycle is critical
for melatonin action. Daily injections of 100 pg melatonin given to the male
rat from day 20 to day 40 of life had their highest inhibiting activity when
given during the late photophase (i.e. 9 h after the onset of light) and a smaller
effect during the late scotophase (i.e. 9h after the onset of darkness). The
animals were kept in a 12 h:12 h light—-dark cycle. Administration of melatonin
during these two critical periods of the light-dark cycle reduced the weights
of testes and seminal vesicles, lowered plasma levels of testosterone, LH and
FSH and decreased the number of pituitary GnRH receptors (Figs. 3 & 4),
changes that reflect delayed sexual maturation at 40 days (Lang et al 1984a).

A further study was designed to determine more precisely the age at which
melatonin exerts its greatest inhibiting effect, to investigate whether sponta-
neous sexual maturation resumes after discontinuation of melatonin adminis-
tration at 45 days of age and to evaluate rats treated daily with melatonin
continuously until 115 days of age (Lang et al 1984b). Administration of mela-
tonin to young male rats from day 20 to day 30 of life had the same inhibitory
effect on sexual maturation at 40 days as melatonin injections given from
day 20 to day 40. In contrast, administration of melatonin from day 30 to
day 40 only slightly decreased the plasma testosterone concentration, weight
of seminal vesicles and pituitary GnRH receptor content. Melatonin adminis-
tration from day 38 to day 40 had no effect. Daily melatonin administration
from day 20 to day 45 was followed by resumption of sexual maturation,
as observed at 70 days. The recovery was complete by 80 days of age when
all the variables studied reflected complete sexual maturation. Finally, in rats
treated continuously with melatonin from day 20 to day 115, sexual maturation
occurred but was delayed by about 20 to 30 days. The beginning of sexual
maturation was observed at 60 days of age, and full development was attained
only at 100 days (Fig. 5). These results demonstrate that the inhibitory action
of melatonin (administered late in the light phase to male rats kept in a
12h:12h light—dark cycle) is strongest between day 20 and day 30 of life
and is reversible whether or not melatonin administration is continued after
day 45 (Lang et al 1984b).

The suppression of the pubertal peaks of pituitary GnRH receptor number,
pituitary FSH content and plasma FSH concentration in melatonin-treated
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FIG. 3. Effects of daily melatonin injections given to male rats from day 20 to day 40 of life
at different times during the day-night cycle. The weights of testes and seminal vesicles (sem.
ves.) and plasma testosterone (T) concentrations were measured on day 41. Control animals
received 100l of saline containing 10% ethanol 9h after the onset of light. All results are
expressed as percentages of the mean of control values, which is represented by the line on
the top of each graph (+ SEM: hatched area). The dotted lines represent suggested patterns
of sensitivity to the inhibitory action of melatonin. The results are from six experiments, each
including a control group of rats and groups treated at different times during the day (10-12
animals/group). The experiments were done at different times of the year and the mean values
(£ SEM) are represented as follows: @=May, * =June, A = August, l=December,
O = February, O = April. Closed symbols (@, *, A, W) are for experiments with a light period
from 0700 h to 1900 h; open symbols (O, O) are for experiments with a light period from 1200h
to 2400 h (O) and from 2400 h to 1200 h (O). All rats were maintained on a 12h:12 h light-dark
schedule as indicated at the bottom of the graphs. Reproduced with permission from Lang

et al (1984a).
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FIG. 4. Effects of daily melatonin injections given to male rats from day 20 to day 40 of life
at different times during the day-night cycle. Pituitary GnRH receptor numbers and plasma
levels of LH and FSH were measured. Experimental conditions are described in the legend
to Fig. 3. Reproduced with permission from Lang et al (1984a).

rats strongly suggests that melatonin interferes with the pubertal increase
in GnRH secretion.

Is melatonin the principal indole amine inhibiting sexual maturation in young
male rats? The effect on sexual maturation of six different pineal indoles
including melatonin and the metabolite 6-hydroxymelatonin was studied in
animals after daily injections from day 20 to day 40 of life (Lang et al 1985b).
Only 5-methoxytryptamine and 6-hydroxymelatonin, in addition to melatonin,
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FIG. 5. Influence of prolonged melatonin administration during sexual development on pituitary
GnRH receptor number and plasma FSH, LH and testosterone (T) concentrations. Twenty-day-
old male Wistar rats (10 animals/group) received 100 pg melatonin daily (s.c.) for days of age
20-30, 20-40, 20-50, 20-60, 20-80, 20-100 or 20-115 (@-- @). Control animals received 100 pl
saline containing 10% ethanol at the same time (@—@®). The rats were killed the day after the
last injection between 1000h and 1100h. Values are shown as means + SEM (vertical bars).
Statistical significance for each result was determined by Student’s ¢ test with saline-treated rats
as controls. ***P < (.001, **P < 0.01, *P < 0.05. Reproduced from Lang et al (1984b).

inhibited the neuroendocrine reproductive axis during sexual maturation.
Their potencies when injected in the afternoon were about one-tenth that
of melatonin. N-Acetylserotonin, serotonin, 5-hydroxytryptophol and 5-meth-
oxytryptophol did not influence sexual maturation whether injected in the
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morning or in the evening. Plasma extracts from rats injected daily with one
of the three biologically active indoles and killed 10-20min after the last
injection were analysed chromatographically. No increase in plasma melatonin
levels was observed after the administration of 6-hydroxymelatonin. In con-
trast, plasma melatonin levels in the 5-methoxytryptamine-treated animals

VAGINAL OPENING DELAY ( days )

FIRST PROESTRUS DELAY ( days )

1 1
01 3 5 7 9 " 13 15
TIME OF INJECTION
( Hours after light onset )

FIG. 6. Vaginal opening and first pro-oestrus in female rats after daily melatonin administration
from day 15 of life. Each rat received melatonin at one of the different times of the day. Results
are expressed as days of delay by comparison with the mean of the respective control groups.
The dotted area represents the mean * SE for the control groups. The open symbols represent
results from three series of experiments with female rats housed in light-dark (LD) cycles of
12h:12h, the closed symbols from animals housed in LD 16 h:8h. **P < 0.01 vs. control values.
Reproduced with permission from Rivest et al (1985).
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were increased one hour after the S-methoxytryptamine injection. These
results suggest that S-methoxytryptamine or part of it might be acetylated
to melatonin (Lang et al 1985b), so inhibition of sexual maturation in this
case might be mainly due to melatonin and not primarily due to S-methoxytryp-
tamine itself as suggested by Pevet (1983).

In the immature female rat housed in a 12h:12h light-dark cycle, daily
administration of 100 wg melatonin 9-11h after the onset of light (starting
on day 15 of life) delayed vaginal opening by 10 days, dissociated vaginal
opening from the first pro-oestrus (Fig. 6) and disrupted the initial oestrous
cycles (Rivest et al 1985). Melatonin’s action on sexual maturation was asso-
ciated with a 30% lower pituitary GnRH receptor number in animals killed
in the afternoon of pro-oestrus and dioestrus. Furthermore, although plasma
levels of LH, FSH and oestradiol were similar to those of control animals
in samples taken during the dioestrous phase, there was an enhanced pro-
oestrous surge of these hormones under melatonin treatment. In the pituitary,
FSH concentrations were higher than normal during dioestrus and lower dur-
ing pro-oestrus. This hormonal pattern suggests a build-up phenomenon due
to the low frequency of pro-oestrous surges in melatonin-treated rats (Rivest
et al 1984, Rivest et al 1985).

In summary, daily administration of melatonin to male and female rats
delays sexual maturation. Melatonin seems to act at the hypothalamic level,
probably at the site controlling the secretion of GnRH, since we observed
that the number of pituitary GnRH receptors is significantly decreased in
both sexes with daily melatonin injections. It should be recalled that the
number of pituitary GnRH receptors is directly related to the extent of prior
stimulation by GnRH. The period of sensitivity to administration of melatonin
is dependent on the time of the day, with maximal sensitivity 10-12h after
the onset of light; the time of appearance of this window of sensitivity was
independent of the lighting regimen tested. Furthermore, melatonin acts
mainly during the period of sexual maturation and in a reversible manner;
treatment of adult animals has no visible effect in the male or the female.
Finally, melatonin seems to be the principal indole amine responsible for
the timing of sexual maturation in the rat.

Melatonin and human puberty

In humans, as in other animals, melatonin is secreted in a cyclic fashion.
Melatonin concentrations are increased during the night in plasma, cerebro-
spinal fluid and urine (Arendt et al 1977, Lang et al 1981a, Waldhauser &
Wurtman 1983, Vaughan 1984). Destructive tumours of the pineal region
have been observed in association with precocious puberty (Kitay 1954), but
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TABLE 1 Mean plasma melatonin concentrations (MT, pg/ml) during normal puberty

Stages of puberty
Pl Pi P2 P3 P4 P5
Girls n 11 11 14 13 14 16
Mean age (years) 7.5 8.4 11.1 12.0 12.5 14.3
Mean MT (£ SEM) 9.5+3.2 8.0%2.0 98+2.4 12.1+£21 95+£2.5 67+1.3
Boys n 11 13 15 14 15 15
Mean age (years) 9.4 10.5 12.6 13.5 14.2 16.5

Mean MT (£ SEM) 114+3.2 72*11 63%+13 11.4+1.8 11.4+3.0 10.7£2.0

Blood was taken between 0900 h and 1100 h from the girls and between 1300 h and 1500 h from
the boys. P1 = prepubertal stage, P2 to P4 = progressive pubertal stages, P5 = adulthood.

it has been difficult, up to now, to assess the role of the pineal since most
tumours are not pinealocytomas but dysgerminomas secreting human chorio-
nic gonadotropin.

Similarly, during normal pubertal development, it has been difficult to ana-
lyse the possible changes in melatonin secretion because most observations
on plasma melatonin in prepubertal and pubertal subjects have been made
on plasma samples collected during day-time (Silman et al 1979, Tamarkin
et al 1982, Ehrenkranz et al 1982, Lenko et al 1982). With one exception
(Silman et al 1979), these studies found no difference in day-time melatonin
concentrations between prepubertal children and adults, as observed in our
study (Table 1). Studies that also measured nocturnal melatonin proved more
fruitful. The day-night increment was studied in five children with early
puberty and was found to be lower than in age-matched prepubertal children
(Attanasio et al 1983). Similar observations were made in normal children,
with a decline of the day—night increment in the serum melatonin concentration
from the prepubertal stage to the early puberty stage (Gupta et al 1983).
Recently, Waldhauser et al (1984) found a difference in midnight levels of
melatonin between prepubertal children less than seven years old and prepu-
bertal and pubertal subjects over seven years old. In two studies (Ehrenkranz
et al 1982, Tamarkin et al 1982), the night-time melatonin levels of prepubertal
children were comparable to those of adults. Melatonin concentrations tended
to be higher before puberty, but the differences noted were not statistically
significant.

Measurements of urinary melatonin can provide a better integrated picture
of the total amount of melatonin secreted (Lang et al 1981a). Urinary excretion
in 43 normal children and in 12 boys with delayed puberty was studied (Lang
et al 1985a). There was no significant change in excretion in normal children
during pubertal development (Table 2), as assessed from either 12 h night-time
urine collections or 24 h urine collections, or in boys with delayed puberty



THE PINEAL AND PUBERTAL DEVELOPMENT 219

TABLE 2 Mean (+ SEM) urinary melatonin excretion during normal and delayed puberty

Urinary melatonin excretion (ng/m?)*

Puberty Urine sample Pl P2 P3-P5

Normal Night 28.8+3.8(15) 33.0% 1.8(14) 23.3+4.13(14)
Normal 24h 42.1+£6.5(15) 49.3%13.7(14) 30.5+6.6(14)
Normal (obese patients)  Night 29.4£3.8(10) 30.4% 6.2(6) 21.9+2.7(17)
Delayed Night 38.6+6.9(12) — —

2Total for 12 h (night samples) or 24 h.

Night-time urine samples were collected from 2000h to 0800h, 24 h samples from 0800h to
0800h.

P1 = prepubertal stage, P2 to P4 = progressive pubertal stages, P5 = adulthood.

Figures in parentheses give numbers of subjects studied.

(Fig. 7) and in obese patients serving as control subjects (Table 2). Because
similar values were obtained in girls and in boys, results are given for both
sexes in Table 2 (Sizonenko et al 1982). In contrast, Penny (1982) reported
increased excretion of melatonin in the urine during puberty.

The nocturnal pattern of melatonin was compared in prepubertal and post-
pubertal subjects. Eight healthy boys were studied throughout the night: four
(aged 11 to 12 years) were prepubertal (Stage P1) and four (aged 17.5 to
18.5 years) were at the end of the pubertal period (Stage P5). Blood samples

DELAYED PUBERTY

n=12 Oeam-8pm.
Urinary d /l 8pm-8am.
Melatonin //
ng/12hrs ,
80 ’

60

40

20

13 14 15 16 17
age ( years)
FIG. 7. Urinary melatonin excretion during night and day in 12 human males with delayed
puberty. Dark columns represent 2000 h-0800 h urine collections, open columns 0800 h-2000 h
collections. Interrupted lines represent 95% confidence limits for night-time urinary melatonin
excretion in relation to age in 28 normal pubertal subjects.
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were obtained every 30 min for determinations of plasma melatonin, LH and
prolactin concentrations. Sleep electroencephalograms were also obtained.
Results showed that the secretory pattern of melatonin does not differ in
the two stages of puberty studied (Figs. 8 & 9). In contrast, nocturnal plasma
concentrations of LH were higher at Stage PS5 than at Stage P1.

It is difficult from the work presented and the studies cited to attribute
arole to the pineal gland during human pubertal development. Measurements
of urinary melatonin metabolites such as 6-hydroxymelatonin did not show
a correlation between daily excretion rates and age or pubertal stage, with
the exception of an increased excretion observed at the time of onset of breast
development (Tetsuo et al 1982). In this study, no change in excretion was
seen during puberty in boys. The significance of this difference between girls
and boys is not known. Results obtained in studies of different disorders
also offer no definite conclusion. In boys with delayed puberty, Cohen et
al (1982) measured higher day-time melatonin levels than in a control popula-
tion. Attanasio et al (1983) found that the day-night increment in subjects
with delayed puberty was similar to that in prepubertal children. Tamarkin
et al (1982) did not find abnormal changes in plasma melatonin in obese
children and patients with Prader-Willi’s syndrome. Similarly, Ehrenkranz
et al (1982) reported a normal daily rhythm of plasma melatonin in precocious
puberty.

These seemingly discordant findings do not completely rule out an action
of melatonin during human pubertal development. It is not excluded that
melatonin induces subtle rather than gross changes in gonadotropin secretion,
which cannot be defined because the means of investigation are inadequate
(for example, a change in the pulsatile pattern of LH secretion). In addition,
in other animals melatonin is active only at a certain time during the day
or the night. If this is also true for humans, it makes many studies either
irrelevant or difficult. It is also possible that a rhythmic and life-long modula-
tion of melatonin receptors or of target-tissue receptivity to melatonin action
takes place. Melatonin receptors have been identified (Cardinali et al 1979,
Cohen et al 1978, Lang et al 1981b), and the sensitivity of such receptors
may change during pubertal development. Thus, in some cases, measurements
of melatonin receptors on target tissues might yield more information than
determinations of plasma levels of melatonin.
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