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Scientific progress is punctuated with
revolutions of insight and/or technol-
ogy that at least temporarily cast aside
valid frames of thought. Like the Titanic
losers to the Olympian gods in Keats’
unfinished epic Hyperion (1) from whence
the title of this commentary comes, “van-
quished” ideas or approaches frequently
offer important alternatives to prevailing
model systems. The successes of molecu-
lar genetics in biological circadian clocks
are an excellent example of this dynamic,
and the paper by Brandstitter et al. (2) in
this issue of PNAS is a testament that
systems analyses of clock function still
have much to offer the circadian clocks
field. It demonstrates that the clock within
the avian pineal gland “remembers” the
time of year, as well as the time of day,
important characteristics for the adaptive
function of clocks, which cannot be ex-
plained by current, more popular prepa-
rations. Further, the paper shows that the
ability of the pineal gland to faithfully
reflect photoperiod depends at least in
part on its integration with other compo-
nents of a larger, more precise circadian
system (3, 4).

The avian pineal gland once held very
high office in the Pantheon of circadian
model systems. Thirty years ago, Gaston
and Menaker (5) showed that pinealec-
tomy of house sparrows, Passer domesti-
cus, abolishes circadian locomotor
rhythms in constant darkness (DD), dem-
onstrating the pineal was critical for rhyth-
mic behavior. They also showed that the
gland is only part of a circadian system;
pinealectomized sparrows entrain to light
dark (LD) cycles and, on transfer from LD
to DD, only gradually become arrhythmic.

The role(s) played by the pineal gland in
rhythms and the mechanism of its rhyth-
mic regulation of behavior became more
apparent when Zimmerman and Menaker
(6) demonstrated that pineal transplanta-
tion into the anterior chamber of the eye
to pinealectomized, arrhythmic sparrows
conferred rhythmic locomotion to the re-
cipient birds. These data indicated the
pineal confers its message via humoral
signals, because rhythmicity returned to
the recipients within a day of their trans-
plant. Importantly, the study showed that
the pineal gland carried within it a phys-
iological correlate of time of day. Recip-

ient birds expressed an earlier time of
activity if they received pineal glands from
donors entrained to an early LD cycle,
whereas recipients who received pineal
glands from donors entrained to a later
LD cycle expressed later activity cycles.

After the discovery and characteriza-
tion of the pineal hormone melatonin and
its biosynthetic pathway (cf. ref. 7), several
groups showed the pineal’s humoral signal
to be melatonin. Further, the avian pineal
gland was found to express circadian
rhythms of melatonin biosynthesis, con-
tent and release in vitro (8—-11), that could
be entrained to LD in vitro (8-11). Thus,
the avian pineal is important for overt
rhythmicity, has physiologically relevant
input (light), an endogenous circadian os-
cillator and an easily measured rhythmic
output, melatonin (Fig. 14).

Molecular Regulation of Avian Melatonin
Rhythms

Although the biochemical and molecular
mechanisms by which the avian pineal
gland synthesizes melatonin are largely
understood (cf. ref. 7), the molecular
mechanism(s) by which endogenous
rhythmicity is generated are completely
unknown (Fig. 14). No cellular or molec-
ular component of the avian pineal gland
has been identified that affects the phase
or period of the circadian oscillation that
produces melatonin. What do we know
about melatonin?

Melatonin is synthesized from the
amino acid tryptophan, which is taken up
from the bloodstream. It is converted to
S-hydroxytryptophan (5-HTRP) by tryp-
tophan hydroxylase (TrH) and then to
5-hydroxytryptamine (SHT) by aromatic
amino acid decarboxylase (AAADC).
Then, during the night, SHT is N-
acetylated by arylalkylamine N-acetyl-
transferase (AANAT) to form N-acetyl-
serotonin (NAS), a substrate for the final
enzyme in the pathway, hydroxyindole-O-
methyltransferase (HIOMT). The circa-
dian clock within each chick pinealocyte
regulates melatonin biosynthesis tran-
scriptionally in at least three of the enzy-
matic steps in this process, because
mRNA of TrH, AANAT, and HIOMT are
expressed rhythmically in both LD and
DD in vivo and in vitro (7, 12). AANAT
activity parallels the presence and absence

of AANAT mRNA under these condi-
tions, so it is presumed the clock regulates
rhythmicity transcriptionally in birds (7),
although posttranscriptional regulation
occurs as well (13).

Molecular Regulation of Biological
Clocks

At about the same time as the discovery of
the circadian importance of the avian pi-
neal gland, another revolution was brew-
ing, when Konopka and Benzer (14) iden-
tified the period (per) mutation in
Drosophila melanogaster that altered or
abolished circadian rhythms of eclosion.
In the 30 years since that seminal obser-
vation, a growing army of molecular ge-
neticists, particularly the groups of Hall,
Rosbash, and Young (15, 16), has pieced
together the Drosophila biological clock-
works from an ever-growing list of gears
and escape mechanisms. Those authors,
their students, and postdocs clearly
showed the central importance to circa-
dian clock function of six genes: per, time-
less (tim), cryptochrome (cry), clock (clk),
bmall, and double-time (dbt). Further,
they have proposed and successfully tested
a plausible model by which these genes’
products interact to produce overt rhyth-
micity. These, of course, have been re-
viewed extensively elsewhere (15, 16) and
will not be belabored here.

However, through a variety of modern
molecular techniques, similar, perhaps ho-
mologous, genes have now been isolated,
cloned, and sequenced from rodents (17),
and a few have been isolated in birds (18,
19). The remarkable similarity of the se-
quence of these genes with those in Dro-
sophila and the remarkable similarity in
the nature of their interactions have led
many researchers to propose that these
clock mechanisms, schematically repre-
sented in Fig. 1B, represent a phylogeneti-
cally ancient molecular clock loop whose
core is conserved among all animals.

Memories of Seasons Past in the House
Sparrow Pineal

What do these ruminations have to do
with the paper by Brandstitter et al. (2)?

See companion article on page 12324.
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Although we know much about the biosynthesis of melatonin by the avian pineal gland, we know nothing of the clock that generates its rhythm. (A)

The biosynthetic mechanism is regulated transcriptionally by a circadian clock that presumably resides in the nucleus. Rhythms of TrH, AANAT, and HIOMT activity
are driven by rhythms in their mRNA levels. (B) A generalized schematic of the interactions of the putative components of the mammalian molecular clock.
Positive elements BMAL1 and CLK drive transcription of the negative elements per1, per2, per3, cry1, and cry2. They then are translated, dimerize and, on
transport back into the nucleus, disrupt positive regulation of clock gene transcription. Does a similar mechanism regulate avian melatonin rhythms?

Brandstétter et al. show that, in DD, the
circadian pattern of activity and pineal
melatonin retain an impression of the
photoperiod in which the bird was en-
trained for at least 6 days. Thus, if birds
were entrained in a long photoperiod,
similar to the long days of summer, the
duration of activity («) remained long in
both LD and DD, whereas the duration of
pineal melatonin content remained short.
Conversely, if birds were entrained to a
short photoperiod, indicative of the short
days of winter, a remained short in LD
and DD, whereas the duration of melato-
nin remained as long as the winter nights.
Perhaps, more remarkable is the fact that
if they removed the pineal glands from
these birds and measured melatonin ef-
flux, the memory of the season in which
the bird lived was retained for two of those
days in vitro. These data show that, in
addition to encoding a time of day, the
sparrow pineal gland encodes the time of
year and “remembers” that time of year in
DD for at least 6 days in vivo and 2 days in
vitro. This capacity presents a challenge to
molecular biologists who seek to under-
stand the molecular mechanisms of bio-
logical clock function, because the current
models do not incorporate this capacity.

Recent studies in Siberian hamsters,
Phodopus sungorus, suggest a similar ca-
pacity in the site of mammalian circadian
clock function, the hypothalamic suprachi-
asmatic nucleus (SCN) and the pars tube-
ralis of the pituitary gland (20, 21). In
these studies, the expression of per! (21)
and per2 (20) was determined by in situ
hybridization under long days or short
days. The authors discovered that the
rhythm of these “clock genes”” mRNA was
high during the day in LD and subjective
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day in DD, but that the duration of this
molecular rhythm reflected the duration
of the photoperiod. Interestingly, these
seasonal patterns of per expression are
partially influenced by administration of
exogenous melatonin (21).

Revenge of the Circadian System

Another important feature presented by
Brandstétter et al. (2) is the fact that
although the pineal gland “remembered”
the photoperiod for at least 6 days in vivo,
the effect of photoperiod on melatonin
duration in vitro was lost after 2 days.
Although this is pretty good, it is clear that
the pineal’s capacity to reflect photope-
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Fig. 2.

riod at least partially depends on its con-
nection to the rest of the circadian system.

Two complementary models for avian
circadian organization (3, 4) have been
used to explain the system level properties
of birds’ clocks. These models posit that
there are at least two circadian pacemak-
ers that form the core of the avian circa-
dian clock, the pineal gland and the avian
homologue of the SCN (Fig. 2). In some
species, but not the house sparrow, the
retinae also may be incorporated into this
system, but for simplicity’s sake, I will
ignore them. These models state that both
the SCN and the pineal gland are damped
circadian oscillators whose mutual inter-

ol

The neuroendocrine loop (or internal resonance) model of avian circadian organization. This

schematic of a sparrow brain shows the locations of the pineal gland and suprachiasmatic nucleus (SCN)
(in red), each of which are damped circadian oscillators that rely on their mutual interactions to maintain

rhythm stability and amplitude.
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actions maintain self-sustainment. The
SCN is active during subjective day and,
via a multisynaptic pathway including the
sympathetic nervous system, inhibits mel-
atonin biosynthesis in the pineal gland and
thereby restricts its output to the night.
Conversely, the pineal gland is active dur-
ing the night, secreting melatonin into the
bloodstream, and, among other targets,
inhibits activity within the SCN via spe-
cific melatonin receptors and restricting
the SCN's output to the subjective day.
Recent work from Gwinner’s group (4,
22) has established that, in many migra-
tory birds, amplitude modification of
these pacemaker components can alter
the amplitude of the entire system. This
modification of system amplitude can
have broad effects in the natural history of
birds, many of whom must migrate great
distances at certain times of year. By de-
creasing clock amplitude during migra-
tion, birds can rapidly adapt to new time
zones in their new locale. They would,
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therefore, experience no “jet lag,” which
may be uncomfortable for casual tourists
but deadly to small passerine birds. Fur-
ther, nocturnal migrants, normally active
during the day, may be enabled to fly
during the night by the “down-regulation”
of their clock. Perhaps the seasonal
change in the rhythm of melatonin en-
coded in the clock’s memory described by
Brandstétter er al. (2) is part of a global
system that modifies clock properties de-
pending on the time of year, ensuring that
clock function is adaptable to prevailing
environmental conditions.

I began this commentary with a some-
what cryptic quotation from John Keats’
Hyperion. 1t is worth recalling that Hype-
rion was a Titan, a god overthrown with
Saturn and the other Titans by Zeus,
Apollo, and the other Olympian gods. In
Keats’ unfinished epic, we find Hyperion,
the Titanic Father of Dawn, still in full
control of his powers but made anxious by
Saturn’s cataclysmic fall. He therefore
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seeks Saturn and the other Titans out to
rally them. We do not know whether he
succeeds; the poem is unfinished. Still,
Hyperion, the dawn, persists in dimin-
ished form throughout mythology. For his
part, Apollo, the sun, is wracked by the
battle as well and finds another Titan,
Mnemosyne, goddess of memory, who re-
turns to him the painful knowledge and
power that go with immortality. In the
end, “Apollo shriek’d; -and lo! From all
his limbs Celestial ...” and the poem
ends. Thus, memory gives to the sun,
perhaps the clock, too, its ascendancy.
Interesting, eh?
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