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Cellular and biochemical mechanisms underlying circadian 
rhythms in vertebrates 
Martha U Gillette 

Circadian clocks organize neural processes, such as motor 

activities, into near 24.hour oscillations and adaptively 

synchronize these rhythms to the solar cycle. Recently, the 

first mammalian clock genes have been found. Unpredicted 

diversity in signaling pathways and clock-controlled gating 

of signals that modulate timekeeping has been discovered. 

A diffusible clock output has been found to control some 

behavioral rhythms. Consensus is emerging that circadian 

mechanisms are conserved across phylogeny, but that 

mammals have developed a great complexity of controls. 
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Abbreviations 

CLK 
CREB 
FRQ 
ICER 
IGL 
NMDA 
NO 
NOS 
NPY 
PACAP 
PER 
PKG 
SCN 
TIM 
WC-2 

protein product of the clrcadlan clock gene clock 

Cap+/cAMP response element bindlng protein 

protein product of the clock gene frequency 

Inducible CAMP early repressor 

intergentculate leaflet 

N-methyl-D-aspartate 

nitnc oxide 

NO synthase 

neuropeptide Y 

pituitary adenylyl cyclase-activating peptide 

protein product of the clock gene period 

cGMP-dependent protein kinase 

suprachiasmatic nucleus 

protein product of the clock gene timeless 

protein product of the clock gene white collar-2 

Introduction 
Organismic behaviors and activities of their underlying 

motor systems do not occur at random. nor are the! 

constant. Rather, they vary in quality and amplitude with 

near Z-l-hour periods. Thus, these daily oscillations in 

behaviors are termed ‘circadian rhythms’. Locomotor) 

activity, sleep/wake states, feeding. drinking and vocal- 

izations are behaviors that exhibit circadian rhythmicity. 

Each circadian behavior oscillates with a fixed phase 

relationship to the major environmental oscillation on 

earth, the cycle of light and darkness. If light fialls within 

usual daylight hours, rhythms continue unperturbed. 

However, when light occurs at night, it signals a mismatch 

between external and internal time. Organisms respond 

by adjusting the phasing of their behaviors, forward or 

backward. so that they reassume their normal 

relationship to day and night in the environment. 

(:ircadian rhythms of behavior are characteristic 

broad range of life, including cyanobacteria and 

phase 

of the 

molds: 

therefore. a nervous system is not required for 24hour 

timekeeping or phase adjustmenr. \Yith centralization of 

sensory processing and mOtOr commands. rhe primary 

loc115 of circadian control became cephalic. Exactly 2i 

years aqo, discrete lesions of rat brain identified a brain 

site controlling circadian rhythms of corticosterone [l], 

drinkinK behavior and locomotor activity [2]. Remarkably, 

the tiny suprachiasmatic nucleus (SCN). which lies paired 

ar the base of the hypothalamus and nested In the optic 

chiasm. 11.35 found to be essential. Loconioror~ behavior 

continued to occur in animals with XI lesions. but 

activity no longer \j’as patterned into daily oscillations. 

In addition. the SCN was found to recei\.r from the 

eye a direct projection. the retinoh?-pothalllmic tract. that 

ih essential for synchronization to light/dark cycles [3]. 

‘I’herefore. the SCN fulfilled the major criteria for a 

circadian clock. in that it was necessary both for generating 

and transmitting a timcbase for circadian patterning (i.e. it 

i5 a timekeeper) and for channeling clock sensitivity so 

as to rccognizc signals of temporal desynchronization. 

such as nocturnal light, and orchestrating appropriate, 

rcs)nchronizing phase adjustments (i.e. it is a gatekeeper). 

‘I‘hc bilateral XX compose the site of the primary 

circadian clock in mammals and some birds. \\hereas in 

other \.crcebrates. circadian beha\.ioral control lies in the 

pineal gland or i5 shared betn,ern the pineal and SCN [4]. 

In addition, a circadian clock is contained \\ithin the retina 

in lower r.crtebrates [S] and, recently has been identified 

in mammals as well [P). Although the phase control that 

the retinal clock exerts may be limited to retinal functions. 

it has the potential to modulate signals from the retina to 

the SC3 by shaping light capture and cfferent information 

flour: as ~~11 a5 to be itself shaped by feedback from the 

SCS. These issues have not )-et been addressed. 

O\zr the quarter of a century since its discover): the 

XX has been the subject of increasing attention. until, 

presently. the number of publications focusing upon 

the SCN is in a logarithmic phase of gron~th [7*,8’]. 

Although the past year has seen unparalleled progress in 

understanding mechanisms underlying circadian rhythms 

in a wide range of organisms, the emphasis of this revien 

is on the remarkable insights that have been gained 

into the circadian clock in the jrertebrate brain. I will 

focus upon nen’ insights into SCK regulatory mechanisms 

in mammals, including clock genes that participate in 
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timekeeping, clock-controlled gating of input signals and 

output mechanisms. 

Clock genes in the SCN 
A large literature from genetically tractable organisms. 

such as the fruit fly (Dlnsophiln) and the bread tnold 

(~\Tewospom), has elegantly demonstrated that circadian 

rhythms are encoded in the genome. Specific ‘clock genes’ 

essential for timing and resetting circadian rhythms have 

been identified. \\‘hen Dmsophih are maintained under 

constant conditions. thepef-;oII@el-) and tI~t~~Ie.cs (lit//) genes 

undergo alternating cycles of transcription and translation 

over each near Z+hour period. Alterations in thcsc genes 

can shorten, lengthen or abolish periodicit? of complex 

behaviors under circadian control. such as locomotor> 

activity and eclosion of pupae into adults [9]. 

The genes pe/‘ and /i/n encode PER and ‘l‘I\l. proteins 

with unusual properties. \iyhen PER and TIAI reach 

adequate concentrations, they heterodimerize [lO**]. The 

heterodimeric conformation marks them for transloca- 

tion from cytoplasm to nucleus. where they inhibit 

transcription of pr/- and ti/~ mRN.4. Over the nest 

hours, they undergo extensive post-translational modifi- 

cations, including hyperphosphorylation and clcgrarlation 

[ 1 l**,lZ**], These modifications represent :I point at \\.hich 

cellular biochemistry and/or signal transduction path\vuys 

can intersect with the molecular machinery although 

mediators have not yet been identified. The programmed 

decay of PER and TI\l permits reinitiation of their 

transcription. Thus. PER and TIhl gencratc a negative 

feedback loop: by inhibiting their o\vn transcription for 

about one quarter of the circadian cycle, they contribute 

significantly to the length of the circadian period. So strong 

was the genetic evidence from invertebrates. as \\,cll as 

from mold .Vern/-ospow/ [ 13”. 14’1, that it has been surprising 

that no clock genes had been isolated in ~~~a~n~~uls sooner. 

A genetic basis for mammalian clocks had been dcmon- 

strated by the spontaneous appearance of ;I heritable 

mutation in hamster that shortened the circadian period 

of locomotory activity [15], but the gene had not been 

identified. Suddenly, within recent months, a no\~l gent, 

~/or,4 (r/,4), has been cloned from nx~usc [16”], after it had 

been identified by screening mutagenized mice for defects 

in their behavioral rhythms and localized by chromosomal 

mapping [17]. r/,4 encodes a DNA-binding protein. CLK. 

\vhich suggests that it ma>- directly regulate transcription. 

Ilost intriguingly CLK also contains an unusual protein- 

protein binding region, the PAS domain. Among the very 

few proteins that contain PAS domains are the products 

of two clock genes. per (cloned from Drosophih [ lO”]) 

and ZY--2 (cloned from L~ewo.~por~ [18”]). Therefore, it 

is possible that CLK could interact with a PER- or 

\VC-Z-like protein, should one exist in mammals. No 

mammalian gene functionally equivalent to per- had been 

found, despite intense interest in \uch ;I possibility. Just as 

this review was written, a per homologue was cloned from 

mouse and human [19**,20”]. It is expressed in the SC&, 

in which it cycles. 

These exceptional findings will focus attention upon both 

the molecular and biochemical mechanisms by which 

these genes and their proteins are regulated and b) 

which they contribute to circadian timing in the SCN. 

‘I‘he exciting possibility exists that mammalian PER 

may regulate circadian period through interactions \vith a 

CLK- and/or TIhl-like protein. The nearly simultaneous 

discoveries of two mammalian clock genes. both \vith 

PAS domains and the potential thereby to hetcrodimerize. 

can be predicted to spur intense activity and progress in 

molecular and biochemical aspects of clock mechanisms. 

Clock-controlled gating of signaling pathways 
that regulate phase 
Structurally, the SCN is the most complex of biological 

clocks. In the rat, it contains -8000 neurons that lie 

in close apposition with a nearly equal number of xlia, 

in a \wlume of about 0.065mm-i [21]. XX ncuronh 

are among the smallest in the brain (7-1?-/~~) :lnd 

exhibit broad phcnotypic heterogeneity. Nc\.errhelcss. 

there is a consensus that even in such a complex clock 

structure. timekccpin,q is a cellular process. Indeed. this 

~viis demonstrated compellingly Tl,hcn individual neurons 

dissociated from the SCIK of nconatul rat cxprcsbed 

independently phased circadian firing rhythm:, while 

cultured on an elcctrodc array (221. It follov3 that gating 

of sensitivity to specific stimuli and phase rescttinr: must 

be cellular properties. hloreoyrr, the clock must be able 

to restrict the range of responses in the cellul:ir rcpcrtoire 

so that activation of select signaling path\\ays can occur 

only at the appropriate time in the circadian cycle. Ho\\ 

does the clock control signalirig path\\a\-s to product 

differential sensitivity? 

This issue has been vigorously addressed usin,q t\vo major 

paradigms. Classically. substances have been tcstecl i/l 

~ico, where the effects of reagents injected into the 

SCN or cerebral ventricles can be compared with the 

effect of the natural environmental stimulus in inducing 

17hase-adjustlilent in behaviors. Increasingly signaling 

pathlvays have been studied in a brain slice preparation, 

lr,here either agonists and antagonists can be applied 

to discrete sites and their effects on the endogcnous 

circadian rhythm of SCN nruronal activity can be as5esscd 

directly. Both approaches have proven useful. but can 

produce different results that then need to bc reconciled. 

Over the past year. technical refinements have made 

it possible to apply NXIDA (the potent agonist of 

ionotropic glutamate receptors) near the Xi% i/r vho. 

which generates a light-like, phase-response curve [23’]. 

This result appeared after many unsuccessful attempts 

it/ aico. It validated a range of well-controlled studies 

[24*] supporting the observations that injection of NhID:? 

antqqonist ;I, aico blocks the phase-resetting effect of light 
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Figure 1 
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Summary of signaling pathways regulated by the clock in four temporal domains. This figure incorporates new data reported this year 

and discussed in this review. Dashed arrows indicate points with an unknown number of steps. Relative positions of critical gating 

sites in each pathway are designated by an ‘XL AC, adenylyl cyclase; ACh, acetylcholine; DAG, diacylglycerol; GC, guanylate cyclase; 

GLU, glutamate; Ml mACh-R, muscarinic subtype 1 ACh receptor; MEL, melatonin; MEL-R, MEL receptor; NMDA-R, NMDA receptor; @A, phase 

advance; $D, phase delay; PACAP-Rl, type 1 PACAP receptor; PKA, protein kinase A; PKC, protein kinase C; PLA, phospholipase A; 

PLC, phospholipase C; VGF, vesicular protein regulated by growth factors. 

[Z] and that very localized application of NMDA directly 
to the SCN in v&7-o induces light-like phase shifts [26]. 

The recent year has witnessed intense work on clock 
regulatory pathways, which are activatable only during 
specific periods in the 24-hour cycle. On the basis of 
these temporal restrictions, the circadian cycle can be 
divided into discrete temporal states, termed domains of 
the clock: day, night, dusk and dawn (27”]. The new 
studies not only contribute to defining rhe properties of 
these clock domains, they also emphasize the complexity 
of control that the clock exerts over signal integration and 
phase resetting within the SCN. These new data have 
been incorporated into the putative clock-gated regulatory 
pathways depicted in Figure 1 -they will be discussed 
below in terms of the clock domain that they regulate. 

Daytime regulators 

Even in the conscant conditions of the brain slice chamber, 
the SCN exhibits differential sensitivities to resetting 

agents, including intracellular messengers. During the 
day, stimuli that activate the CAMP signaling pathway 
prevail [ZS]. While a variety of evidence suggests that 
daytime behavioral arousal can alcer clock phase via 
serotonin or neuropeptide Y (NPY), two papers recently 
appeared suggesting chat pituitary adenylyl cyclase-acti- 
vating peptide (PACAP) may be the first messenger for 
CAMP [29,30”]. PACAP is localized in retinal ganglion 
cells that project to the retinorecipient region of the rat 
SCN, where they can intertwine with serotonergic fibers 
from the raphe nucleus [31*]. They also project to a 
second site, the intergeniculate leaflet of the thalamus 
(IGL), which, in turn, innervates the retinorecipient SCN 
via NPY-containing fibers. This pattern of innervation 
suggests an integrative role for PACAP in communication 
involving eye, IGL and SCN. 

When applied via microdrop to the SCN in vitro, PACAP 
induces a robust (6-hour) phase advance during the 
subjective midday, but not during the subjective nighr 
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Figure 2 
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PACAP, a CAMP-stimulating neuroactive peptide stored in terminals of the retinal ganglion cells that innervate the SCN, can adjust phasing of 

the clock in daytime. (a) Spontaneous activity of SCN neurons, maintained in a brain slice under constant conditions, oscillates with a 24-hour 

period and peaks midday (dashed line) at circadian time 7 (CT 7=7 hours into the light phase of the light/dark cycle of the animal from which 

the SCN was derived). (b) When applied to the SCN at midday, PACAP advances the phase of the rhythm measured at the peak by 3.5 hours. 

The SCN were maintained in vitro under constant conditions. Subjective night is marked by shaded horizontal bars. Replotted from [30**]. 

(Figure 2) [30”]. This effect requires activation of 

cAhlP-dependent processes. The mRNA for the type 1 

PACAP receptor, which couples positively to adenylyl 

cyclase, is localized to SCN neurons in the retinorecipient 

area. It will be important to determine which, if any, 

of the other daytime signaling agents can modulate the 

PACAP/cAhlP response, so as to identify the next steps 

in activation and to understand why the SCN appears to 

respond to PACAP in the day and to glutamate at night, 

even though both are localized to retinal ganglion cells that 

project to the SCN. 

Nighttime regulators 

Light, glutamate and NO 

The night is the best understood, yet most paradoxical 

domain of the clock. In animals maintained in constant 

darkness, stimulation by a pulse of light causes phase-re- 

setting of behavioral rhythms throughout the subjective 

night, but not during subjective day. The nocturnal 

response is curiously biphasic, so that during the early 

night, the response is a delay in phase of subsequent 

rhythms, whereas during late night, the response is a phase 

advance. Because this response pattern is present during 

constant conditions, the clock must gate both its sensitivity 

to the stimulus and the direction of the phase change. 

This complex response involves common elements of 

a signaling pathway that comprises glutamate-+NhlDA 

receptor activation+stimulation of nitric oxide synthase 

(NOS)+intercellular movement of nitric oxide (NO) [26). 

That the light signaling pathway should be based upon 

NO seemed surprising, as scant NOS had been detected 

in SCN by diaphorase staining. This issue was recently 

resolved [32”,33’]. The SCN was demonstrated by 

biochemical assays to possess ample NOS activity, with 

expression nearly as high as in the cerebellum (32**]. 

Further, under confocal microscopy of rat SCN stained 

with a highly specific antibody, neuronal NOS was 

observed to localize extensively in presynaptic terminals 

and fine processes throughout the SCN. Together, they 

form a nitrergic plexus that invests the entire nucleus 

so that no cell is far from a potential source of NO. 

Interestingly, in mouse, NOS appears to be largely within 

SCN neurons, suggesting diversity in NOS localization 

sites. In each case, NO has the potential to contribute to 

intracellular signal transduction as well as to intercellular 

signal transmission, but how it signals a delay at one time 

of night and an advance at another remains an enigma. 
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Figure 3 Transcriptional activation by light and glutamate 
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Clock-controlled gating of signaling by glutamate (Glu), acetylcholine 

(ACh) and cGMP. Application of glutamate, the cholinergic agonist 

carbachol or an analog of cGMP to the SCN in a brain slice has no 

effect on phasing of the circadian rhythm of neuronal activities in the 

subjective daytime, but causes robust resetting at night. To express 

this phase-response relatlonship graphically, the lack of effect on 

phase by treatment midday at circadian time 7 (CT 7) is plotted as 

zero change, while the phase advance to the cholinergic agonist, 

carbachol, applied at midnight (CT 18) IS plotted at +6.5 hours. 

Although the sensitive periods to these three substances overlap, 

the patterns of responses differ. Glutamate induces phase delays in 

early night (CT 14=X0 hours) and advances (CT 20=+3.5 hours) 

in late night, whereas chcllinergic and cGMP stimulation Induce phase 

advances throughout the night. Replotted from [26,34,37**]. 

Acetylcholine and cGMP 

Overlapping with the nocturnal sensitivity of the SCN 

to light. glutamate/NhIDA receptor activation and NO. 

the SCN expresses sensitivity to cGhlP analogs [34] 

and to cholinergic activation via muscarinic receptors 

[35,36*]. Indeed, a recent paper [37**] has demonstrated 

convincingly that muscarinic activation of the SCN at 

midnight rapidly induces a transient rise in cGRIP levels 

and protein kinase G (PKG) phosphotransferase activity. 

These studies establish acetylcholine as a first messenger 

for cGLlP in the SCN. While timing of sensitivity to both 

glutamatergic and cholinergic activation is overlapping, the 

responses are opposite in early night whereas they match 

in late night (Figure 3). This suggests that at late night, 

glutamatergic and cholinergic signaling pathways may 

be related through activation of IC’OS, with concomitant 

production of cGhlP. The cholinergic pathway may 

mediate transmission from other brain sites that interact 

with retinal stimuli at the level of the SCN. 

Accumulating evidence indicates that light-induced phase 

shifts involve signal transduction events that lead to 

transcriptional activation. A mechanism by which ligand 

binding to a membrane receptor induces changes in 

transcription involves a cascade of changes that activate 

protein kinases, phosphotransferases that can translocate to 

the nucleus. There they may phosphorylate transcription 

factors, such as the Ca-‘+/c.UIP response element binding 

protein (CREB). When CREB becomes phosphorylated 

at a single regulatory site (Ser133) forming P-CREB, it 

increases the transcription rate of the genes it regulates 

by fourfold [38]. A recent report demonstrated that, like 

light [39], both glutamate and NO induce P-CREB [40**]. 

Surprisingly, the CREB protein is present at relative]! 

constant levels in midday and midnight. Because CREB 

is present in both day and night, but glutamate and 

NO induce P-CREB only at night, a gate that regulates 

clock-resetting by light. glutamate, NhIDA receptors and 

NO must lie between KO and CREB. 

An interesting report demonstrated induction of a CREB 

relative, ICER (inducible cr\hIP early repressor). lvhich 

can also be induced by CaZ+ signaling, for up to 

3 hours after exposure to 1 hour of light in the late 

night [41’]. ICER is the first transcriptional inhibitor 

to be associated \vith light-induced phase shifts and 

is speculated to inhibit cAhlP-inducible genes via its 

trans-repressing potency. \Vhile a role for cAhIP has not 

yet been demonstrated in nighttime phase regulation, 

increased intracellular Ca’ -+ must certainly accompany 

NXlDA receptor opening. \Vhich second messenger leads 

to P-CREB formation in response to a light stimulus needs 

to be determined carefully. An important role for ICER is a 

strong hypothesis because phase shifts can, on theoretical 

grounds, be predicted to involve both activations of genes 

involved in the ncm temporal domains to which the clock 

is shifted and in inhibitions of genes associated with 

the old temporal state and/or the dynamic phase-shifting 

process. 

\Vhile a host of immediate-early genes. including members 

of the _fos and ;u)/ families, have been known to be 

induced by light, recent, more thorough studies have 

found temporal and spatial differences in their expression 

patterns. FOS has been found to colocalize with different 

and various peptidergic neurons during delays versus 

advances (see Figure 3) [42*]. Furthermore, when jurrB 

and fosB mRNAs were examined over a range of circadian 

times, they were found to be expressed spontaneously 

in the dorsal region of the nucleus [43*,44*]. In contrast, 

light-induced phase shifts were preceded by induction of 

immediate early genes only in the ventral SCN [43*,44’]. 

The first late response gene to be induced by light has 

been identified as vef[4.5’], but its function is unknown. 
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Whenever FOS expression has been evaluated in the 

context of the light/glutamate/NO signal transduction 

pathway, inconsistencies have appeared. In late night, 

intracerebroventricular injection of L-NAhlE, a compet- 

itive NOS inhibitor. blocks light-induced phase advances. 

but not the induction of FOS (461. A recent report 

[47’] examined the SCN of hamsters exposed to light in 

early night and found that L-NAhlE significantly atten- 

uated FOS. These data suggest that different signaling 

mechanisms, possibly located in different cell types, lie 

downstream from NO in the pathways by which light 

induces phase delays and advances. This subject deserves 

careful scrutiny. 

Together these data emphasize the complexity of trans- 

criptional activations that mediate phase shifts by light. 

Sequential transcriptional activations almost certainly 

extensively remodel the biochemistry and cell physiolog) 

of clock neurons as they make the transition from one 

temporal domain to the nest. 

Regulatory pathways at dusk and dawn 

The regulatory domains described above cover nearly the 

entire 24-hour period of the circadian cycle. However, 

they exclude two ob\,ious regions, one at the day-to-night 

transition (dusk) and another at the night-to-day (dawn) 

transition. hlelatonin was considered as a candidate clock 

regulator for these crepuscular domains because it has 

been shown to affect SCN neuronal firing rates acutely 

in brain slices and to cause entrainment of locomotory 

behaviors when injected into rats at dusk [48*]. This was 

recently confirmed by the demonstration that the SCN 

in the brain slice expresses sensitivity to phase-resetting 

by melatonin during the transitional domains. hlelatonin 

administration to the SCN ilr vitro advances the phase of 

the neuronal activity rhythm at both subjective dusk and 

dawn, but has no effect during the day or night [49”]. This 

phase-resetting is mediated via G protein-linked activation 

of protein kinase C. Thus, melatonin, whose production 

by the pineal is restricted to night via an efferent path%pay 

from the SCN, can feedback to directly regulate the 

circadian clock. 

The subtype of melatonin receptor that mediates phase- 

resetting is unknown. The melatonin la receptor (hlella) 

can lead to activation of protein kinase C when transfected 

into fibroblasts [SO’]. However, when the SCN of mice 

with targeted disruption of the hlella receptor were 

studied in the brain slice paradigm, no loss of phase-re- 

setting to melatonin was found [Sl”]. As the response 

was blocked by percussis toxin, the signal was transduced 

by G proteins, presumably at a membrane receptor. 

Nevertheless, acute suppression of SCN firing rate was 

lost. No binding of Z-1ZjI-melatonin could be found in the 

membranes of the SCN from these knock-out mice. While 

this may seem perplexing, it supports an observation 

from the study of melatonin phase-resetting of rat SCN 

in the brain slice, which examined the dose-response 

relationships at dusk and found that as little as 2 x lo-13 hl 

melatonin can induce phase-shifts of maximum amplitude 

(49”]. Thus, two very different studies [49”,51**] have 

found that only very low concentrations of melatonin 

are required for clock regulatory effects. The aggregate 

data demonstrate that melatonin has unusual signaling 

characteristics that are not presently understood. 

Mechanisms coupling clock output to control 
of circadian behaviors 
LInti recently, little was known regarding the mechanisms 

coupling SCN timekeeping to the sites of motor control. 

It seemed intuitive that specific neural pathways exiting 

the SC& should contribute signals Rating behavioral 

output at nearby hypothalamic regions known to regulate 

food intake, locomotory activity or reproduction. Yet, the 

mediators and modes of transmission to sites controlling 

specific behaviors had not been established. This notion 

\vas shaken with the report that fetal SCN transplanted 

in semipermeable polymeric capsules successfully restore 

some motor functions in SCN-lesioned hosts [W*]. The 

capsule excluded neural outgrowths from the transplant 

but allowed diffusion of molecules <SO0 kDa across 

the porous membrane. Therefore, some substance(s) 

that diffuse(s) from the encapsulated SCN can signal 

circadian rhythmicitp Rhythmicity in locomotor activity, 

feeding and related behaviors, but not neuroendocrine or 

reproductive functions, could be restored by encapsulated 

SCN. This suggests that the SCN may have a paracrine 

relationship, rather than the anticipated synaptic inter- 

action, with some efferent targets. It follows that SCN 

influence on receptive brain sites through which behaviors 

are controlled may function as a gated output that is rather 

generally permissive or inhibitory. 

Conclusions 
Rapidly accumulating evidence emphasizes the breadth 

of the role that the circadian clock in the SCN performs 

as it integrates brain and body systems temporally and 

synchronizes them with external time. Although we as 

yet know little about the individual component cells of 

the brain’s clock, progress is being made in defining 

processes and elements of the mechanisms that generate 

timekeeping, gating and output signals. Perhaps not 

surprisingly, fundamental properties of the mammalian 

clock appear to be very similar to those of circadian 

clocks in less complex organisms. However, the number of 

regulators appears considerably greater and more diverse. 

Will the pathways by which the SCN gates responses 

likewise show an amplification of control mechanisms? 

What is clear is that this fascinating puzzle box has many 

secrets left. 
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