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Abstract The suprachiasmatic nuclei (SCN) of the anterior hypothalamus con-
tain the master circadian pacemaker in mammals. On the occasion of the 25th
anniversary of the discovery of the SCN as the circadian clock, Charles A.
Czeisler and Steven M. Reppert organized a meeting to review milestones and
recent developments in the study of the SCN. The discovery that the SCN contain
tissue necessary for generation of circadian rhythmicity was established by lesion
studies published in 1972. The second phase of study demonstrated unequivo-
cally that the SCN contain an autonomous circadian pacemaker. The principal
studies in this period showed the presence of metabolic and electrical activity
rhythms in the SCN in vivo and progressed to studies showing that the SCN
maintain rhythmicity in vitro, demonstrating that the transplanted SCN can
restore circadian function following destruction of the host SCN and ultimately
showing that single SCN “clock cells” exhibit independent rhythmsin firing rate.
The third phase of study, aimed at identifying the biochemical and molecular
mechanisms responsible for rhythmicity within the SCN, has begun with the
identification of circadian mutants (tau mutant hamsters and Clock mutant mice)
and the isolation of the Clock gene. This report traces the important steps forward
in our understanding of the suprachiasmatic circadian clock by recounting the
information presented at the SCN Silver Anniversary Celebration.
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Circadian rhythms are endogenous rhythms in
physiology or behavior with a cycle length of approxi-
mately 1 day. The “circadian timing system” consists
of input pathways that convey information to the
circadian pacemaker, the circadian pacemaker itself,
and the mechanism leading to expression of rhythmic
outputs. Overwhelming evidence has accumulated
over the past 25 years to show that the suprachias-
matic nuclei (SCN) of the anterior hypothalamus are
the site of the master circadian pacemaker in mam-
mals. The highlights in this period show that the SCN
are necessary for circadian behavior, that the SCN are

rhythmic in vivo, and that the SCN contain an autono-
mous circadian clock that maintains rhythmicity when
isolated in vivo, when isolated in vitro, or when used
in transplantation. Taking advantage of the fact that
most roads to the 1997 Gordon Conference on Chrono-
biology (held in New London, New Hampshire)
passed through Boston, Charles A. Czeisler and
Steven M. Reppert organized a meeting to celebrate
the 25th anniversary of the “discovery of the SCN as
the circadian clock” and to review these milestones
and recent developments in the study of the SCN. The
meeting was held 8-9 August 1997 at Harvard Medical
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School and was attended by 135 scientists from around
the world.

The format of the meeting was unusual in that
speakers were encouraged to discuss how they came
to make their contributions rather than just present
their data. Speakers discussed the approaches, as-
sumptions, insights, and errors that led to the articles
forming the basis for our recognition of the SCN as the
circadian clock in mammals (Table 1). However, recol-
lection of the scientific basis for their discoveries was
only a part of this meeting. The sometimes tortuous
ways in which investigators came together were dis-
cussed, and the contributions of friends no longer
among us (including Colin Pittendrigh and Gerard
Groos) were recognized. Martha Gillette acknowledged
the value of critical input from colleagues, and David
Welsh listed on the blackboard a set of guidelines “for
the younger investigators in the audience.” Ironically,
the previous speaker, Martha Vitaterna, had just listed
advice she received from well-meaning colleagues
that, if followed, would have led her to abandon the
project that resulted in isolation and identification of
the Clock mutation in mice. As always, the difficulty
about advice is distinguishing the good from the bad;
these presentations made it abundantly clear that
these categories of advice will become distinct 5 years
too late to be of value in the decision-making process.
With the advantage of more than 5 years for most of
these studies to prove themselves in the literature, the
conference organizers had an easier job in identifying
the studies that provided critical advances in under-
standing the SCN circadian clock. My objective in this
meeting report is to recount the milestones as they
were discussed by the speakers and to record some of
the numerous anecdotes that were shared in the hopes
of providing an enduring record of the SCN Silver
Anniversary Meeting.

Discovery of the SCN as the
Circadian Pacemaker in Rodents

The discovery that the SCN represent a major cir-
cadian pacemaker in rodents occurred simultaneously
in two laboratories, one headed by Robert Y. Moore
(then at the University of Chicago) and the other
headed by Irving Zucker at the University of Califor-
nia, Berkeley.

Moore came to study the SCN indirectly as an
outgrowth of his interests in monoamines. Moore per-
formed early lesion studies demonstrating ascending
monoamine pathways from the brain stem to the lim-
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Table 1. List of speakers and highlighted references.

Session I: The Discovery
Charles A. Czeisler, chair
Robert Y. Moore
Friedrich K. Stephan
Irving Zucker

Welcome and introduction
(Moore and Eichler, 1972)
(Stephan and Zucker, 1972a)
(Stephan and Zucker, 1972a)

Session II: Milestones
David C. Klein, chair
Shin-Ichi Inouye
Benjamin Rusak
William J. Schwartz
Martha U. Gillette
Steven M. Reppert

Fred W. Turek

Welcome and introduction
(Inouye and Kawamura, 1979)
(Rusak, 1977)

(Schwartz and Gainer, 1977)
(Prosser and Gillette, 1989)
(Reppert and Schwartz, 1983)

After-dinner speaker

Session I11: Recent Developments
Steven M. Reppert, chair
Michael Lehman and Rae Silver
Martin Ralph and Michael

Menaker
Martha Hotz Vitaterna and
Joseph S. Takahashi
David K. Welsh and
Steven M. Reppert

Welcome and introduction
(Lehman et al., 1987)
(Ralph et al., 1990)
(Vitaterna et al., 1994)

(Welsh et al., 1995)

Robert Y. Moore “Whither the SCN”

bic system. This led to collaboration with Julius Axel-
rod, Dick Wurtman, and Sol Snyder to study pineal
monoamine metabolism and work showing that vis-
ual pathways controlling pineal biosynthetic activity
run through the median forebrain bundle (Axelrod
et al., 1966; Moore et al., 1967, 1969; Wurtman et al.,
1967a, 1967b). This stimulated interest in defining vis-
ual pathways, which Moore pursued using “new”
methods for tract tracing. Following injection of *H-
amino acids into the eye, a novel bilateral projection
to the hypothalamus, the retinohypothalamic tract
(RHT), was identified in rodents (Moore et al., 1971,
Moore and Lenn, 1972) and subsequently in other
mammals (Moore, 1973). Hendrickson et al. (1972)
independently identified the RHT in rats.

Fred Stephan and Zucker also were interested in
visual pathways to the hypothalamus but from the
perspective of understanding how light and the cir-
cadian clock influenced neuroendocrine function (e.g.,
the induction of persistent estrus in rats by constant
light and the circadian control of the luteinizing hor-
mone surge). Studies by Stephan and Zucker (1972b),
Moore and colleagues (Axelrod et al., 1966; Moore et
al., 1967; Moore et al., 1969; Wurtman et al., 1967a,
1967b) and others (Critchlow, 1963) showed that per-
ception of light by the circadian system was inde-
pendent of the visual pathways responsible for visu-
ally guided behavior (e.g., the primary optic tracts).
Curt Richter had attempted to localize the circadian
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clock in an extensive series of lesion studies and re-
ported a single rat with a lesion in the anterior hypo-
thalamus that disrupted rhythmicity (Richter, 1965).
Moore was unaware of the Richter studies. To
Stephan, Richter’s studies provided more an indica-
tion of where the clock was not than of where it was.
Zucker had read Richter’s article and come to believe
that a site important for circadian rhythmicity was
presentinthe anterior hypothalamus. Richter also had
suggested that this site might be “near the ventrome-
dial nucleus.” Of course, Zucker, with his firm com-
mand of neuroanatomy, might not have realized that
the ventromedial hypothalamus is not in the anterior
hypothalamus (see below). Hints existed in the litera-
ture to suggest that the SCN might be involved in
photoreception relevant to neuroendocrine systems. A
direct RHT had been proposed earlier, but the data
were inconclusive prior to the tract-tracing studies of
Moore (Moore and Lenn, 1972; Moore, 1973) and Hen-
drickson et al. (1972).

Moore’s finding of the RHT (Moore et al., 1971)
stimulated both groups to focus on the SCN as a site
in the visual pathway to the circadian pacemaker
(Moore and Eichler, 1972; Stephan and Zucker, 1972a).
Both groups had the expectation that the SCN might
be arelay on the visual input to a central oscillator and
thus that destruction of the SCN might lead to free-
running rhythms. Instead, electrolytic lesion of the
SCN produced arrhythmicity, suggesting that the SCN
(or a nucleus near it) were a necessary component of
the central circadian oscillator (Moore and Eichler,
1972; Stephan and Zucker, 1972a). Stephan performed
additional lesion studies with electrodes at an angle
from the midline to further convince himself that it
was the SCN, rather than a nucleus dorsal to it, that
was the site of the circadian clock. Once Moore and
Eichler’s (1972) article was published, Stephan felt
more comfortable with his assertion that the SCN were
the site of the pacemaker, comforted by the knowledge
that if he was wrong, then at least he was in good
company.

Moore and Eichler (1972) assessed adrenal corticos-
terone content 3 weeks after placement of SCN lesions
or knife cuts. This method requires pooling data from
a population of subjects. Stephan and Zucker (1972a),
on the other hand, were able to record locomotor
activity and drinking behavior from individual ani-
mals, thanks to the technical advance (loosely used)
that they acquired with access to Esterline-Angus
event recorders. It is much easier to distinguish loss of
oscillatory function from other alternatives (such as

desynchronization of individuals in a population)
when the rhythms of individual animals are studied,
and the Stephan and Zucker (1972a) article is thus the
more compelling one of the two (not compelling
enough, however, for publication in Science, to which
it was initially submitted). It is worth noting the
Zucker laboratory’s reluctance to believe the results
from initial experiments in which 3 animals with SCN
lesions became arrhythmic, indicated by the heading
on a page from Stephan’s data book in which a repli-
cate experiment had been dubbed “Fred’s Folly 11I”” by
a laboratory assistant. This was not folly, as we can
now appreciate, but (together with Moore and
Eichler’s [1972] report) rather was the foundation for
recognizing that the SCN are the primary pacemaker
regulating circadian rhythms in mammals.

Zucker’s involvement in a seminal contribution to
the neuroanatomy of the mammalian circadian sys-
tem is incongruous with his performance in
neuroanatomy while agraduate studentat the Univer-
sity of Chicago. He shared that his performance in
neuroanatomy was so poor that one instructor sug-
gested he consider leaving graduate school. That in-
structor was Moore. In their presentations at the Bos-
ton meeting, Zucker did not comment on the quality
of Moore’s lectures in the classes in Chicago, but
Moore did concede that his opinion of Zucker’s
neuroanatomical expertise has improved.

Milestones

After these initial reports involving destruction of
the SCN, the field gathered momentum slowly. As
noted by David Klein in his introduction to the mile-
stones section, among these articles were studies dem-
onstrating that the 100-fold rhythm in serotonin N-
acetyltransferase (NAT) activity in the pineal gland,
and thus the large-amplitude melatonin rhythm, rep-
resents a reliable output of the circadian clock and is
generated by the SCN (Moore and Klein, 1974; Klein
and Moore, 1979). Klein also noted the wealth of cur-
rent clinical research that employs melatonin mea-
surement as a marker of the circadian clock in humans.
From an early stage, studies of the mammalian SCN
and of melatonin were coupled. Many researchers
maintain interests in both the SCN and melatonin.

Refined Assessment of the

Effects of Destruction of the SCN

Among the most notable of the lesion studies that
followed the initial “discovery” studies is a study by
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Benjamin Rusak conducted while he was a graduate
student with Zucker at Berkeley (Rusak, 1977). An
important aspect of this work was the use of Syrian
hamsters (see also Stetson and Watson-Whitmyre,
1976), which have become the species of choice for
many laboratories because of their remarkably precise
circadian activity rhythms. Hamsters also are seasonal
breeders, which allowed investigation of the circadian
mechanisms underlying photoperiodism. Rusak also
pioneered efforts in the mathematical analysis of
rhythmicity, with the assistance of David Brillinger’s
time-series analysis, which allowed (most of) the field
to pass from the “Rorschach” method of assessing
rhythmicity to a more scientific and statistical ap-
proach. This careful analysis revealed additional peri-
odicities, notably 8- and 12-h periodicities in lesioned
hamsters, and led to the proposal that the SCN is a
master integrator (composed of populations of oscil-
lators) that coordinates the activity of a variety of
independent oscillators. Rusak also described studies
that required him to assess the extent of visual func-
tion remaining in hamsters with lesions. His intention
was to train hamsters to use visual cues to select one
door of a “choice paradigm” to avoid foot shock. The
hamsters foiled the behavioral paradigm by scent
marking to distinguish the safe area, jumping to avoid
shock, and selecting both options at once in a choice
paradigm. With considerable time and effort, Rusak
finally succeeded in showing what he knew at the
start, that an enucleated hamster was in fact blind. It
appears that this stage of his academic career might
have served us all by preparing him for the frustration
he was to encounter as the first editor of the Journal of
Biological Rhythms (1986-1994).

The SCN Oscillate in vivo: SCN Neurophysiology

The next stage in the appreciation of the pacemaker
role of the SCN came from studies showing that the
SCN oscillate in vivo. The Introduction section of the
Inouye and Kawamura (1979) article, which Shin-Ichi
Inouye credits to Pittendrigh, made it clear that defini-
tive demonstration of the presence of an autonomous
circadian clock in a tissue could be accomplished by
one of two means—transfer of clock properties with
tissue transplantation or demonstration of rhyth-
micity within the tissue in vitro. The studies that suc-
ceeded in realizing these goals represent a later wave
of milestone studies.

Inouye described studies demonstrating that multi-
unitelectrical activity in the SCN is rhythmic, with
higher levels during the day, and that this rhythmic
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electrical activity persists within “hypothalamic is-
lands” containing the SCN (Inouye and Kawamura,
1979). In intact rats, the firing rate outside the SCN is
higher at night. This rhythmicity is lost following iso-
lation from the SCN. Of 51 rats whose data were
presented in the article, the critical results came from
4 rats with complete isolation of the SCN within a
hypothalamic island. These technically demanding
studies demonstrated the autonomy of the SCN and
suggested that the SCN imparts rhythmicity on other
structures by way of its neural connections. (More
recent evidence suggests that diffusible substances
from the SCN also might play a role in driving rhyth-
mic behavior [Silver et al., 1996]).

The SCN Oscillate in vivo: Metabolic
Activity Measurement with 14C-2-de0xyg|ucose

William J. Schwartz described studies of SCN me-
tabolic activity, the value of being at the right place at
the right time, and the importance of being well
dressed. The place was the National Institutes of
Health campus in Bethesda, Maryland, the time was
the middle 1970s, and Schwartz was impeccably
dressed (as always). One of his research subjects
seemed to be particularly appreciative of his sense of
fashion, based on the enthusiasm with which it
greeted him. Schwartz, a neurologist, was initially
involved in electrophysiological studies of the primate
Substantia nigra under the direction of Ed Evarts but
became involved with the “hot new method” of study-
ing metabolic activity through use of radiolabeled
2-deoxyglucose (2-DG) pioneered by Sokoloff and col-
leagues (Schwartz et al., 1976). Application of the 2-DG
method to the SCN allowed Schwartz and Gainer
(1977) to demonstrate directly that the SCN oscillate
in vivo. During the daytime, SCN metabolic activity is
high, independent of environmental lighting. SCN
metabolic activity is low at night but can be increased
by acute exposure to light. Activation of the SCN by
light at night was consistent with data showing that
pineal NAT activity was shut off by light at night and
that the pathway to the pineal passed throughthe SCN
(Klein and Weller, 1972; Moore and Klein, 1974; Klein
and Moore, 1979). Persistence of the SCN metabolic
activity rhythm in the absence of environmental light-
ing cues demonstrated its endogenous origin, al-
though it was many years until the autonomy of this
rhythm was shown by studies of the SCN in vitro
(Newman and Hospod, 1986). Schwartz and Gainer
(1977) also suggested that the 2-DG method would be
useful in assessing neural structures responsible for
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generating circadian rhythms in vivo, providing an
important complement to the only method used to
that point—destruction of the SCN.

The SCN Contain an Autonomous
Circadian Clock: in vitro Electrophysiology

The study of Inouye and Kawamura (1979) was
pivotal in leading to studies of SCN neurophysiology
using the in vitro hypothalamic slice preparation.
Martha Gillette, of the University of lllinois, traced the
development of this field, which began with the near-
simultaneous appearance in 1982 of articles from three
groups describing rhythms in the firing rate of SCN
neurons in culture (Green and Gillette, 1982; Groos
and Hendriks, 1982; Shibata et al., 1982). This ap-
proach produced one of two lines of evidence directly
demonstrating the autonomy of the SCN circadian
pacemaker (the other is transplantation).

The approach used by Dan Green and Rhanor Gil-
lette most resembles the way in which this method is
now used in that SCN slices were maintained in vitro
for several hours and rhythmicity in the firing rate of
the population was detected by sampling many single
units over time (Green and Gillette, 1982). Green’s
movement out of Rhanor Gillette’s laboratory, Martha
Gillette’s interest in second messengers based on her
previous work on invertebrates, and her desire to find
aniche outside her husband’s research shadow led her
to take up the SCN slice work. Martha Gillette has
become the champion of this approach, performing
many of the studies that establish the in vitro SCN slice
as a valid method for studying responsiveness of the
SCN to neurochemical inputs and also allowing stud-
ies of signal transduction pathways that are not feasi-
ble in vivo. In this method, the SCN are maintained
within a 500-micron thick coronal slice in warm, oxy-
genated buffer containing salts and glucose, and the
firing rate of single SCN neurons is sampled for up to
three cycles under constant conditions in vitro. This
previously unequaled ability to extend the recording
into the second and third days allowed Rebecca
Prosser and Martha Gillette to prove that the shifts in
the time of peak firing rate observed in vitro reflect a
stable phase shift of the underlying oscillator (Prosser
and Gillette, 1989). Furthermore, this article reflected
the proof-of-principle for the in vitro approach to
resetting the circadian clock by demonstrating that
manipulations that elevate cyclic AMP levels (or
stimulate adenylyl cyclase) cause phase-dependent
phase shifts of the electrical activity rhythm. This
method has been used by many investigators in sub-

sequent years, including Martha Gillette’s laboratory;,
which continues to use the SCN slice to study neuro-
chemical and second messenger pathways influenc-
ing the SCN circadian clock.

The Developing SCN Contain

a Functional Circadian Clock

Reppert described experiments demonstrating that
the circadian clock in the SCN is a functional, entrain-
able oscillator prior to birth. An early indication that
this might be the case came from studies by Deguchi
(1975), who showed that the level of NAT activity in
rat pups reared in constant darkness since before birth
was not random but rather was rhythmic. Direct dem-
onstration of a functional clock mechanism in the fetal
SCN required direct measurement of an intrinsic as-
pect of the SCN. The opportunity to address this came
about when Schwartz came to Massachusetts General
Hospital as a faculty member in the Neurology Ser-
vice, bringing his expertise with the 2-DG method
with him. Ignoring the fact that Fuchs and Moore
(1980) had reported that there is no rhythm in meta-
bolic activity in the fetal SCN, Reppert and Schwartz
(1983) demonstrated that rhythms in metabolic activ-
ity are present in the fetal SCN; in the fetal SCN, high
metabolic activity occurs during the day, as in the
maternal SCN. Additional animal models have been
used to demonstrate that entrainment of the fetus
occurs in several species (Davis and Gorski, 1986;
Reppert and Schwartz, 1984; Weaver and Reppert,
1987), but not in all species (Rivkees and Reppert,
1990). In rabbits, prenatal entrainment likely has a
marked positive impact on postnatal growth and devel-
opment (Hudsonand Distel, 1989). More recent studies
have focused on mechanisms of maternal entrain-
ment. The maternal SCN are necessary for the entrain-
ment of the fetus, and time-of-day information is com-
municated from mother to fetus by redundant signals
(for review, see Reppert, 1995). Two “signals” that are
capable of entraining the fetal SCN are dopamine and
melatonin (Viswanathan et al., 1994; Viswanathan and
Davis, 1997), and the investigation of cellular and
molecular mechanisms underlying maternal entrain-
ment of the fetus continues. Other important ques-
tions, such as what determines the potential ofan SCN
cell to function as a circadian oscillator, are just begin-
ning to be addressed. The oscillation of metabolic
activity within the fetal SCN cell is remarkable when
one considers that metabolic activity generally reflects
energy used for Na*-K*-ATPases involved in restoring
ion gradients across the cell membrane (Schwartz et
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al., 1979; Mata et al., 1980), but the fetal SCN cell is
virtually devoid of synapses (Moore and Bernstein,
1989) and has extremely low levels of electrical activity
(Shibata and Moore, 1987). How and when individual
SCN neurons become rhythmic and synchronized to
a single phase remains to be determined. Entrainment
of the fetus is a unique example of nonphotic entrain-
ment.

Localization of the Circadian Clock
“Brought Respect” to the Study of Rhythms

Fred W. Turek presented an after-dinner address
that was largely humorous and full of “Harvard bash-
ing,” aimed at the conference organizers. Turek de-
scribed the unusual photophilia (spotlight-seeking be-
havior) that appears to go along with affiliation with
Harvard Medical School. Moving on to science, Turek
noted that one of the last proponents of the idea that
circadian rhythms represented responses to unseen
environmental perturbations (rather than an intrinsic
timekeeping mechanism) was Frank Brown, then a
professor of biology at Northwestern University.
Turek noted the irony in having followed in these
footsteps; he is now a professor of biology at North-
western. Turek then provided an interesting perspec-
tive on the importance of the discovery that the SCN
function as the circadian clock in mammals. In the
1970s, biological rhythms research was lumped (by
some observers) in a disreputable category along with
“biorhythms,” astrology, and mood rings. Turek main-
tained that the discovery of a discrete brain area that
regulated circadian rhythms “gave us respect” and
put to rest proponents of Brown’s viewpoint. As a
result of this discovery, circadian rhythms became
viewed not simply as endocrine or behavioral fluctua-
tions but also as the output of a central circadian
oscillator worthy of study. The discrete localization of
function to a small area of brain attracted attention as
amodel for the neural basis of behavior. These factors,
combined with the many levels at which circadian
rhythms can be studied (from endocrine/physiologi-
cal to anatomical, cellular, and molecular), continue to
attract investigators with varied backgrounds to study
the SCN.

Turek also traced the relationship between the
study of the SCN and the study of pineal melatonin.
In mammals, melatonin is important for seasonal re-
production (in some species) but has only a modest
impact on the circadian system. By contrast, melatonin
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does not play a role in seasonal reproduction in birds
but is very important—even critical—for circadian
organization (in some species). Furthermore, the cir-
cadian rhythm of melatonin production has been one
of the rhythms used most extensively as a marker, or
output, of the circadian clock. These facts have cou-
pled the study of circadian biology with that of mela-
tonin, for better or for worse.

Recent Developments

In his introduction to the “Recent Developments”
section, Reppert demonstrated that he does in fact
know how to tie a necktie. Reppert explained that four
papers were selected to represent recent advances in
the study of the SCN and that the conference orga-
nizers intended that each paper would be discussed
by the junior and senior members of each investigative
team.

The SCN Contain an Autonomous

Circadian Clock: SCN Transplantation

The organizational format described by Reppert
was immediately ignored by Mike Lehman and Rae
Silver in their discussion of SCN transplants (Lehman
et al., 1987). Joined by collaborator Eric Bittman, the
trio presented a memorable description of their work
punctuated by songs with Lehman on guitar. Songs
included Treat Your Students Well (referring to Marie
Gibson’s status first as a student of Silver’s and later
as the collaborator with the knowledge of how to
perform hypothalamic transplantation), Little Ticky
Tock, and If | Were a Smart Man. There were others, but
I was laughing too hard to write them down. During
one song, Marty Zatz walked down from his seat in
the audience, tossed a few coins into the still open
guitar case, turned, ascended a few steps, paused,
shrugged in Jack Benny style, and returned to add a
few more coins.

This very entertaining session included a descrip-
tion of initial attempts to make use of differences in
period among strains of mice to show that period
could be transplanted and the failure of this approach
due to the poor precision of locomotor onset in mice
and Bittman’s difficulty in using the M4 bus to get
uptown through a Manhattan traffic jam. The group
eventually succeeded in using hamsters to demon-
strate that transplantation of fetal hypothalamic tissue
containing the SCN can restore behavioral rhyth-
micity in adults previously made arrhythmic by de-
struction of the SCN. The SCN transplant model has
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drawn interest from those interested in clinical appli-
cation of neural transplantation because there is a high
rate of recovery (80-90%), a robust behavioral assay of
function, and a good structure-function relationship.
Indeed, it is the careful correlation between the anat-
omy of the grafts and the restoration of behavior (and
not merely that this paper too was rejected by Science)
that makes this article stand out among several dem-
onstrating restoration of function following SCN
transplantation. (Other articles resulting from trans-
plantation work conducted during this period are De-
Coursey and Buggy [1989], Drucker-Colin et al. [1984],
and Sawaki et al. [1984].) More recent studies show
that functional restoration can be accomplished using
an SCN cell suspension (Silver et al., 1990), indicating
that the structural integrity of the SCN need not be
maintained (or perhaps that the SCN can re-form its
own structural integrity following transplantation).
The transplantation model makes readily apparent
several critical questions, including the need to iden-
tify the efferent signals from the SCN (see Silver et al.,
1996), to identify the target structures that control
specific circadian behaviors, and to identify the pace-
maker cells within the SCN.

The tau Mutation

Martin Ralph and Michael Menaker presented their
recollection of studies leading to the discovery of the
tau mutant hamster and its use in transplantation
studies to unambiguously demonstrate that a major
feature of the circadian clock, its free-running period,
can be transferred by transplantation of SCN tissue.
Ralph was involved in studies of chronopharmacol-
ogy in Menaker’s laboratory at the University of Ore-
gon in 1985 (cf. Ralph and Menaker, 1985) when he
noted that a Syrian hamster obtained from Charles
River Laboratories had an extremely strange activity
pattern, with much of the activity occurring during the
day. The circadian cycle length (tau) of the animal in con-
stant darkness was unusually short, and subsequent
breeding indicated that the mutant short-period phe-
notype was semi-dominant and inherited in a Mende-
lian fashion (Ralph and Menaker, 1988). In contrast to
normal hamsters (which have a free-running period of
24 h), heterozygous tau/+ mutant hamsters have a
free-running period of approximately 22 h, whereas
the homozygous tau/tau mutants have a period of
approximately 20 h.

Transplantation of SCN tissue between hamsters of
these genotypes demonstrated that the period of re-
stored rhythmicity was characteristic of the donor
SCN rather than of the host (Ralph et al., 1990). These
studies represent a milestone because they brought to
aclose the phase of study begun with SCN lesions that
identify the SCN as the major pacemaker in rodents.
More recently, tau mutant hamsters have been used to
demonstrate that a circadian clock exists in the ham-
ster retina and that this clock is affected by the tau
mutation, as is behavioral rhythmicity (Tosini and
Menaker, 1996). Thus, the tau mutation affects circadian
clock function rather than SCN function specifically.

Ralph, now at the University of Toronto, made
several interesting points related to the tau mutation.
If the tau mutation had occurred in a genetically trac-
table animal such as a mouse, the effort would have
been to isolate the gene and clone it, and the discovery
of the mutation would not have been consummated
until the cloning was completed. The lack of molecular
tools for genetic analysis of hamsters means that we,
collectively, are stuck analyzing the phenotype, taking
advantage of it for what it will reveal, without (many)
being seduced into attempts to clone it. Nevertheless,
discovery of the tau mutation in hamsters might have
encouraged investigators to search for induced muta-
tions in circadian clock function (Pickard et al., 1995;
Sollars et al., 1996; Vitaterna et al., 1994). It is also
worth noting that if this mutant had gone to a labora-
tory not involved in circadian studies, then the muta-
tion would have been lost. Also noteworthy is that the
founder hamster was stolen in a laboratory break-in;
thus, this remarkable, irreplaceable mutant line would
have been lost had offspring not been available with
which to replenish the stock.

Molecular Genetics: Generation and
Identification of the Clock Mutation

Identification of a mutation affecting the circadian
system in mice, Clock, represents another milestone in
chronobiology, as described by Vitaterna and Joe Taka-
hashi of Northwestern (Vitaterna et al., 1994). Vitaterna
came to Northwestern with an interest in behavioral
genetics and did her doctoral work in Turek’s labora-
tory, studying strain differences in hamster circadian
rhythms (cf. Vitaternaand Turek, 1993). When Takahashi
and Turek decided to attempt a forward genetic ap-
proach to mouse circadian rhythms, Vitaterna moved
down the hall as a postdoctoral fellow to focus on a
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mutagenesisscreenforclock mutations, an effort that
soon became the primary focus of the Takahashi labo-
ratory.

The forward genetic approach of mutagenesis and
screening of progeny has been remarkably successful
in circadian biology. Induced mutations affecting
clock function have been identified in Drosophila
melanogaster (Konopka and Benzer, 1971; Sehgal et al.,
1994), Neurospora crassa (Feldman and Hoyle, 1973;
Crosthwaite et al., 1997), cyanobacteria (Kondo et al.,
1994), and Arabidopsis thaliana (Millar et al., 1995). As
described by Vitaterna, successful application of this
method to mice disproved several common assump-
tions about forward genetics including the assump-
tion that the rate of mutation is too low, the assumption
that screening of heterozygotes will not reveal defects
(in fact, many clock mutations are dominant or semi-
dominant [Dunlap, 1990]), and the fear that any mu-
tant animal identified will be so messed up as to
preclude systematic analysis. The success of this pro-
ject demonstrates that a forward genetic approach can
be applied to complex behaviors in mammals and
that, as Takahashi pointed out, it is more a numbers
game than a fishing trip. As any fisherman knows,
fishing is not always just luck but rather requires
wisdom in choice of location, bait, and timing. As
Vitaterna putit, the statement that “you guys were just
incredibly lucky” is not true; although they might
have been incredibly lucky to get the founder carrying
the Clock mutation in the first shipment of 42 animals,
they were not just incredibly lucky.

Heterozygous Clock/+ mutant animals have a
longer than normal free-running period (Vitaterna et
al., 1994). The homozygous mutants have a unique
phenotype characterized by a very long period (ap-
proximately 28 h) in constant darkness, with eventual
loss of rhythmicity after several weeks. The Clock mu-
tation was localized to mouse chromosome 5, and the
brute force effort of positional cloning began.

As described by Takahashi, the Clock locus recently
has been cloned and the product, CLOCK, has been
identified as a PAS-domain-containing member of the
basic helix-loop-helix family of transcription factors
(King et al., 1997; Antoch et al., 1997). The Clock muta-
tion is a single A-to-T transversion in the intronic
splice donor site in the intron just 3’ of exon 19, which
leads to deletion of exon 19 from the mRNA. Exon 19
encodes a portion of a glutamine-rich domain, which,
by analogy to other proteins containing basic and
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helix-loop-helix domains, might represent a transcrip-
tional activation domain. This suggests that the
CLOCK mutant protein is a less than fully functional
transcription factor. The structure also suggests that
CLOCK might dimerize with other PAS-domain-
containing nuclear proteins to form functional tran-
scription factors. The recent cloning of mammalian
genes with high homology to the PAS-containing pe-
riod gene of Drosophila (Tei et al., 1997; Sun et al., 1997),
together with the cloning of the Clock gene, has caused
great excitement and the hope that the biochemical
mechanisms (and perhaps even the molecules them-
selves) underlying circadian oscillations may be con-
served across a broad range of species.

Oscillatory Properties of Single SCN Neurons

An enduring question in the study of the SCN has
been, “What is the minimal functional unit capable of
circadian rhythm generation?” Welsh came to this
question with the bias that most, if not all, SCN cells
would be capable of independent circadian oscilla-
tions. This bias led him to develop a novel approach,
based on long-term recording of electrical activity
from individual, dissociated SCN cells using a mul-
timicroelectrode plate. The data from this project, con-
ducted in the Reppert laboratory, show clearly that
individual SCN neurons in culture can maintain inde-
pendent free-running rhythms of firing rate (Welsh et
al., 1995). Within a single culture, cells with distinct
phases and periods can be detected with no evidence
of oscillator interactions despite the clear evidence for
functional synaptic interactions. The phenotypic iden-
tity of SCN neurons that possess oscillatory capacity
remains to be determined, and it is not clear whether
all cells displaying oscillatory capacity in vitro would
represent functional oscillators in vivo. It also remains
to be determined whether single SCN clock cells pos-
sess the capacity to phase shift and entrain and
whether the phase response curve is asingle-cell char-
acteristic or a network phenomenon.

Welsh also recounted lessons about science and life
learned along the way to his degrees. Trying some-
thing new can demystify exotic techniques and is a
good experience to have early in one’s career, and the
Neurobiology course at the Marine Biology Labora-
tory in Woods Hole, Massachusetts, served that pur-
pose well for Welsh. Welsh also learned the danger of
meeting Society for Neuroscience abstract submission
deadlines while having no data, and the need to think
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before you talk (e.g., don’t share your ideas publicly
when you don’t know how long it will be before you
will be ready to go to press). Welsh described his
apprehension at learning that “the $10 million Center
for Biological Timing” was moving into “his” area
while he was “one graduate student with a borrowed
Macintosh.” It is important to recognize that percep-
tion of your competition’s interests and resources is
likely inaccurate, that each individual brings to a prob-
lem his or her own unique approach and perspective,
and that no area of research is “yours” until your work
is published. Welsh also noted that tough problems
require persistence and that persistence requires long-
term support from one’s mentor. In his brief remarks,
Reppert noted that the idea and approach for this
study originated with Welsh, that initial studies were
carried out in Diomedes Logothetis’s laboratory at
Children’s Hospital, and that the project came to frui-
tion at Massachusetts General Hospital.

Whither the SCN

The meeting concluded with Moore providing his
view of the direction of the field in a talk titled
“Whither the SCN.” | was relieved to learn that this
was not atalk about pseudorabies infection of the SCN
(Card et al., 1991), that is, wither the SCN.

Most of us conceptualize the circadian timing sys-
tem as an input pathway, a central oscillator, and
various output pathways. Moore predicts that we will
make the most progress with the input pathway. This
seems reasonable. The retina is the circadian photore-
ceptor in mammals, providing an unambiguous start-
ing point, and the retinal ganglion cells projecting to
the SCN have been defined. Evidence that glutamate
is the transmitter of the RHT seems very strong. Al-
though the circadian photoreceptor has spectral sen-
sitivity similar to cones, not all present agreed with
Moore that cones are the circadian photoreceptor.
Moore proceeded to be even more provocative by
stating that “there is no such thing as nonphotic en-
trainment.” (Several of Nicholas Mrosovsky’s ham-
sters have responded in kind, stating that there is no
such thing as Bob Moore.) Moore’s meaning was that
nonphotic inputs should be studied in the context of
their influence on photic entrainment, and indeed this
is beginning (Ralph and Mrosovsky, 1992; Biello et al.,
1997).  would suggest, however, that there is much to

be learned from comparing the apparently distinct
mechanisms by which the clock can be reset, for it is
the diversity of mechanisms that will help identify the
common denominators. Furthermore, entrainment of
the fetus by maternal signals clearly represents a form
of nonphotic entrainment (Reppert and Schwartz,
1983), and it occurs at developmental stages when
photic entrainment is not possible (Speh and Moore,
1993).

Moving to discuss oscillator questions, Moore iden-
tified several issues that are important for under-
standing the role of the SCN as a circadian clock. These
include determining where the anatomical borders
between SCN and non-SCN cells occurs, determining
whether all or only some SCN neurons possess oscil-
latory capacity, and understanding how the multiple
oscillators within the SCN are coupled to produce a
functional network pacemaker and determining
whether specific subpopulations of oscillators are re-
sponsible for driving specific output rhythms. Moore
suggested that internal desynchrony of rhythms
might represent the dissociation of several functional
SCN oscillator populations. Another issue is whether
there are additional functional pacemakers. Clearly,
the retina contains a circadian clock, there is a non-
SCN food- entrainable oscillator, and there is some
indication of an enteric pacemaker. Whether these
different clocks are constructed of the same springs
and gears remains to be determined. The issue of how
alterations in gene products comprising the proposed
molecular loop produce rhythmicity in action poten-
tials (which appears to be the primary output of SCN
neurons) also remains to be determined.

Turning to his anatomical slides, Moore presented
evidence for a core and shell section of the SCN and
noted the differences in connectivity of these regions.
Core and shell represent new names, but the concept
of a retino-recipient ventrolateral zone and a more
dorsomedial zone has been well defined. It is Moore’s
opinion that “specialization of structure means spe-
cialization of function,” but it is unclear what this
diversity of cellular phenotypes and connectivity
means in terms of the ability of the SCN to function as
a pacemaker and communicate its message to target
sites. Of the output pathways from the SCN, only the
projection to the pineal gland is well established from
start to finish. Moore posed the question of how other
effector tissues receive information from the circadian
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clock. Is it conducted by neural transmission or in
some cases by volume transmission? Does firing rate
alone convey information from the SCN to their targets?

Perspectives and Comments

The study of the SCN has advanced through dis-
tinct phases. In the initial phase, lesion studies led to
the discovery that the SCN are necessary for most
circadian rhythms in mammals (Moore and Eichler,
1972; Stephan and Zucker, 1972; Rusak, 1977). (One
clear exception is the food-entrainable oscillator.) The
second phase demonstrated that the SCN contain an
autonomous circadian pacemaker. These studies be-
gan with metabolic and electrical activity measured in
vivo (Schwartz and Gainer, 1977; Inouye and Kawa-
mura, 1979), progressed to in vitro analysis (Green and
Gillette, 1982; Groos and Hendriks, 1982; Shibataetal.,
1982; Prosser and Gillette, 1989) including studies
demonstrating that the transplanted SCN can restore
circadian function (Lehman et al., 1987; Ralph et al.,
1990), and ultimately to demonstrating that single
SCN clock cells exhibit independent rhythms in firing
rate (Welsh et al., 1995). The third phase, the search for
the mechanisms for rhythmicity, has begun and will
require understanding circadian mutants at the bio-
chemical and molecular levels. The forward genetic
approach being employed by the Northwestern group
should continue to identify mutations in genes neces-
sary for normal circadian behavior (Vitaterna et al.,
1994; Takahashi et al., 1994). As we gain more informa-
tion (or more precise hypotheses) about the molecular
players that make up the tag team responsible for
counting off 24 h, it will become possible to select
interesting candidate genes and then disrupt them
directly. Identification and study of genes necessary
for normal circadian clock function, some of which
might represent true clock genes, isamong the highest
priorities. A fourth stage, understanding how the
many single-cell oscillators within the SCN coordinate
their activity and interact to provide a unitary “cir-
cadian time” to the organism, remains to be ad-
dressed. The recent description of altered circadian
function in mice that lack a form of neuronal cell
adhesion molecule with polysialic acid may provide a
starting point (Shen et al., 1997). To complement the
reductionist approach to understanding the mecha-
nisms underlying circadian clock function, it also will
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be important to study the functional relevance of the
SCN (cf. DeCoursey et al., 1997).

Finally, itis interesting to note the cross-fertilization
that has occurred between chronobiology and other
fields in the past 25 years. Experimental approaches
borrowed from other disciplines have contributed to
the study of the SCN but also have given back consid-
erably to those disciplines. The regulation of NAT
activity in the pineal gland represented a useful model
system for the study of monoaminergic neurotrans-
mission; Axelrod received the Nobel Prize in 1970 for
his pioneering work on aminergic neurotransmitter
systems and the effects of drugs on them, a portion of
which involved study of the pineal (Udenfriend,
1970). Application of the *C-2-DG method to study
metabolic activity in the SCN helped to establish the
presence of oscillations within the SCN in vivo but
also was important in demonstrating the utility of this
method for metabolic mapping, as noted by Sokoloff
in receiving the Lasker Award. Methods for metabolic
mapping of brain activity, including current noninva-
sive methods using PET and MRI, can trace their
history back to the 2-DG method. Transplantation
studies demonstrated that the SCN contain an autono-
mous circadian clock (Lehman et al., 1987) and that the
SCN determine the cycle length (period) of circadian
oscillation (Ralph et al., 1990), but they also contrib-
uted at an early stage to demonstrating the restoration
of function possible through fetal tissue transplanta-
tion. Studies of photic induction of immediate early
gene (IEG) expression in the SCN might have contrib-
uted to the snowballing of interest in IEGs in the 1980s
(and represents one area in which a presentation was
appropriate but was not included in the program; my
choice would have been Kornhauser et al. [1990]). The
successful isolation of the Clock mutation in mice (Vi-
taterna et al., 1994) demonstrated that the forward
genetic approach is a viable method for identifying
genes involved in complex behavior in mammals
(Takahashi et al., 1994). Furthermore, Takahashi’s
group showed the utility of bacterial artificial chromo-
somes for transgenic rescue of a mutant phenotype in
mice (Antoch et al., 1997). This is reminiscent of the
pioneering success with transgenic rescue of arrhyth-
micity in per? flies by p element-mediated transforma-
tion (Bargiello et al., 1984), among the first studies
showing that a complex behavior could be rescued by
transgenesis. Thus, studies and approaches that have

Downloaded from jbr.sagepub.com at COLUMBIA UNIV on April 14, 2014


http://jbr.sagepub.com/
http://jbr.sagepub.com/

110 JOURNAL OF BIOLOGICAL RHYTHMS 7/ April 1998

made significant contributions in chronobiology also
have resulted in significant contributions to the
broader fields of neurobiology and physiology. It is
worthwhile knowing the brief history of our field to
recognize the methods we have borrowed from other
fields, the contributions we have made to those other
areas, and the diversity of individuals and approaches
that have contributed to our understanding of the
SCN as the master circadian pacemaker.
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