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I. INTRODUCTION 

Twenty-four-hour rhythms in many behavioral and physiological func- 
tions have long been ascribed to the environmental day-night cycle. Various 
external variables besides the alternating light and darkness also have 24-h 
cycles, such as temperature and humidity. The role of all these external 
cycles in generating rhythmicity has systematically been falsified in exclu- 
sion experiments. Finally, it was recognized that 24-h rhythms can be endog- 
enous, that is, arise within organisms. 

The first experiment that we know of was carried out by de Mairan (45) 
at the beginning of the 18th century. Normally, the leaves of the lMimosa 
plant are open during the day and closed at night. However, when de Mairan 
put it in constant darkness, he noticed that the leaves continued to open and 
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close periodically. Obviously the 24-h rhythm in the movements of the leaves 
is not caused by the prevailing light-dark cycle. However, de Mairan con- 
cluded that another environmental cycle must have induced this rhythmicity. 
Johnson (105, 106) was probably one of the first to recognize that 24-h 
rhythms are induced by an endogenous clock. He not only showed that his 
mice (Peromyscus Zeucopus) sustained an activity rhythm in constant dark- 
ness but also that the revolution or period of the cycle deviated somewhat 
from 24 h. Such rhythms are commonly referred to as circadian rhythms 
(circa: approximately; dies: day). Under constant conditions, these rhythms 
are free running. This makes it unlikely that the rhythm is driven by some 
undetected cycle in the external world. 

Many circadian rhythms have now been described, from single cellular 
organisms to many higher species of plants and animals, in many functions. 
In a constant environment the rhythmicity in all of these functions is main- 
tained. In this review we confine ourselves to the circadian system of rodents. 

Despite their endogenous nature, circadian rhythms are responsive to 
light and to darkness (Fig. 1). A circadian rhythm can to a certain extent be 
advanced or delayed, depending on the phase (or time of the cycle) at which 
light or dark is presented (20,38,42,184,249). Such advances and delays are 
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FIG. 1. A: activity rhythm of a hamster is schematically drawn. Each horizontal line 
represents 1 day. Consecutive days are plotted beneath one another. Active period of animal is 
indicated in black. This nocturnal animal is entrained to a light-dark regime (indicated above 

record) until it is released in constant darkness (indicated by arrow) at day 17’. Activity rhythm 
is now free running. B: schematic representation of effects of light pulses on free-running 
activity rhythm of hamster. Day of light pulse is indicated by an arrow and hour by an asterisk. 

First pulse is applied at end of animal’s activity and induces a phase advance. A phase delay is 
induced by a light pulse presentation at beginning of activity. No shift is observed after a light 
pulse during inactive period. C: phase-response curve for circadian activity rhythm of hamster 
[modified f rom Takahashi et al. (249)]. Phase advances are plotted in positive direction along 
vertical axis, and phase delays are plotted downward. Horizontal axis represents 1 circadian day. 
Circadian time (CT) 12 corresponds with onset of activity. 
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called phase shifts. In Figure IB, light-induced phase shifts are shown for a 
hamster that is housed in constant darkness. For this nocturnal animal, 
presenting light at the beginning of its active period induces a phase delay, 
whereas light at the end of the activity causes a phase advance. Light pulses 
during the resting phase of the animal do not affect the rhythm, even when 
the animal is wakened. The time-dependent responsiveness of the circadian 
system is usually summarized in a phase-response curve (Fig. IQ. When an 
animal is exposed to the natural light-dark cycle, light will advance or delay 
the circadian rhythm, depending on when the animal is exposed to the light. 
The consequence will be an advance for animals with a period >24 h and a 
delay when this period is <24 h. Thus the overall result is that the endoge- 
nous rhythm adopts the environmental period of precisely 24 h. This process 
is called entrainment. 

The concept of an endogenous clock that was first formulated by Johnson 
remained largely hypothetical for another 33 years. In 1972, two research 
groups independently identified a structure in the anterior hypothalamus of 
the rat that appeared essential for circadian rhythmicity in wheel running, 
drinking, and the synthesis and secretion of several hormones (155,239). The 
localization of the 24-h clock was guided by the expectation that a neuronal 
connection between this clock and the optic pathways could reasonably be 
expected because the circadian clock is susceptible to light. By selective le- 
sioning along the optic pathways, the suprachiasmatic nuclei (SCN) were 
eventually found to be essential for the circadian activity rhythm. Consecu- 
tive lesion experiments have demonstrated that the SCN drive a great num- 
ber of other circadian rhythms in rodents, such as the sleep-wake cycle, the 
food intake rhythm, and the rhythm in pineal melatonin and temperature 
(197,206). In other mammalian species this function of the SCN has not been 
falsified (5-7, 61). 

Although the SCN are a major circadian pacemaker in rodents, they may 
not be the only pacemaker. An additional pacemaker in the eye may induce 
light-sensitivity rhythms (253), and a so-called “food anticipatory pace- 
maker” may explain a memory for feeding time (19, 34, 36, 198). Third, the 
occurrence of rhythms in SCN-lesioned rats that are chronically treated with 
amphetamines could also indicate remaining oscillators in these animals 
(95). None of these putative pacemakers has as yet been a subject of extensive 
physiological research or has even been localized precisely. Knowledge on the 
precise function of these putative circadian pacemakers will have to await 
future studies. 

The identification of the SCN as a circadian pacemaker makes it worth- 
while to consider some new questions in this field of research: 1) How are 
circadian rhythms entrained by the external light-dark cycle? 2) How can the 
SCN generate circadian rhythms? and 3) How do the SCN control this great 
variety in physiological and behavioral circadian rhythms? These three ques- 
tions are discussed in sections II, III, and IV of this review. 
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II. INPUT OF CIRCADIAN PACEMAKER 

The circadian rhythm that is generated by the SCN is entrained by the 
external light-dark cycle. Comparative studies have indicated that the ver- 
tebrate circadian system can receive photic information through retinal, 
(para-) pineal, and encephalic photoreceptors (145, 206, 262). In adult mam- 
mals, however, pineal and encephalic photoreceptive systems are absent (23, 
26, 44, 84, 99, 262). Instead, phototransduction of the day-night cycle occurs 
exclusively in the retina. 

Whether rods or cones mediate photic entrainment of the circadian 
pacemaker remains controversial. Evidence in favor of cones mediating en- 
trainment includes the finding that rats entrain to red light pulses of a 
wavelength beyond the sensitivity of rods (138). Rats that are housed in 
continuous light display strong degeneration of the rod cell layer (8,33,X20). 
Nevertheless, their corticosterone rhythm is normally entrained to the ex- 
ternal light-dark cycle (49). It is not clear whether cones or a small number of 
surviving rods have mediated entrainment in such cases (206). Finally, the 
threshold of the circadian system is very high compared with the threshold 
of rhodopsin (141,249). Giildner and Phillips (81) have shown that the post- 
synaptic density of optic synapses in the SCN varies under different lighting 
conditions (see sect. IQ?). This indicates that the sensitivity to light may be 
regulated postsynaptically and not only by the photoreceptors. Thus the high 
threshold for a visual response may not contradict a role for rods in mediat- 
ing entrainment. Recently the spectral sensitivity of the circadian system 
has been described for the hamster (249). Apparently most of this curve 
follows the spectral sensitivity of rhodopsin, but it decreases more rapidly 
toward the red wavelengths. However, the overall similarity between the two 
curves indicates that rods or rodlike pigments mediate entrainment (249). 
The light responsiveness of SCN cells is discussed in section IIB. 

A. IdentiTcation of Neural Afferents 

The SCN receive several afferents. From the retina, two neural projec- 
tions reach the SCN. One is a direct, bilateral pathway that leaves the optic 
chiasm dorsally to terminate with fine unmyelinated fibers (150, 153) along 
the ventrolateral aspect of the SCN of the rat (92,133,150,152,177). In the 
hamster, the terminals also end more dorsally (32, 176, 230), laterally, and 
caudally (230) from the SCN. This pathway is known as the retinohypotha- 
lamic tract (RHT). The second visual input involves a retinofugal projection 
to the ventral lateral geniculate nucleus (vLGN) and the intergeniculate 
leaflet (IGL) (93, 94, 178, 191, 245). A subpopulation of neuropeptide Y 
(NPY)-immunoreactive vLGN and IGL perikarya in turn send axons to the 
SCN (30-32, 87, 178, 245). This latter projection is called the geniculohypo- 
thalamic tract (GHT). 
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Optic synapses inside the SCN form Gray-type I and Gray-type II syn- 
aptic contacts. Gray-type I (or asymmetric) contacts are characterized by 
thick postsynaptic density and may be excitatory (for references see Ref. 77), 
whereas Gray-type II contacts (symmetric) lack postsynaptic density and are 
inhibitory. Intermediate contacts have also been encountered (77). When rats 
are kept in constant light, a decrease in postsynaptic density material is 
observed in the SCN, whereas an increase in postsynaptic density material is 
found after constant darkness (79, 81). 

It is not clear to what extent the RHT and the GHT are independent of 
one another. At least some RHT fibers are collaterals of the retinal projec- 
tion to the geniculate nucleus (178). Thus one ganglion cell can give rise to 
both projections. Moreover, the terminal fields of the RHT and the GHT 
largely overlap in the SCN (30-32,92,177,191,245). According to Fuchs and 
Moore (60), both pathways may contact the same cells in the SCN or even one 
another. Therefore the neuroanatomical data do not reveal whether these 
pathways represent redundant visual afferents of the SCN. Alternatively, 
the RHT and the GHT could display a complex interaction to produce normal 
entrainment (204). The functions of both pathways are discussed in sec- 
tion 1K. 

The development of the retinogeniculosuprachiasmatic tract is only 
partly known. The retinal innervation of the vLGN of the rat appears to be 
present at birth, as is indicated by autoradiographic and degeneration tech- 
niques and also by horseradish peroxidase studies (130, 235). The develop- 
ment of the geniculate projection to the SCN has not yet been described. 

The RHT is not complete at birth. Autoradiographic techniques revealed 
SCN labeling after eye injections in rats on and after the 3rd day of life (235). 
Retinohypothalamic tract synapses appear at day 4 (123). Nevertheless, Z- 
deoxyglucose studies have shown an increase in metabolic activity in the SCN 
after light exposure of the animal at the 1st postnatal day (60). Because it is 
unlikely that the RHT mediates light responsiveness at this age, the GHT 
may have mediated the suprachiasmatic response to light. Alternatively, 
Fuchs and Moore (60) suggested that nonretinal photoreception, which may 
still be present in the neonatal rat pineal gland (282), explains the light 
responsiveness of the SCN. 

The suprachiasmatic response to light increases over the first 21 days of 
life (60). This corresponds well with the increasing density of RHT termina- 
tions in the SCN that has been found up to the 2nd or 3rd wk (56, 134). The 
eyes open at -day 14. Apparently the visual innervation of the SCN is more 
or less complete by that time. 

In addition to the two optic pathways to the SCN, other afferents have 
been described. Afferent systems originate in the septal nuclei and the ven- 
tral subiculum (177), in the anterior hypothalamic area (194), the midbrain 
periaqueductal gray, the retrochiasmatic area, the paraventricular nucleus, 
the paraventricular thalamic nucleus, and in other hypothalamic areas (154). 
However, little information is available on these afferents. An exception to 
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this is a prominent projection from the raphe nuclei. The median and dorsal 
raphe nuclei project with serotonergic fibers to the SCN (10,113,157,172,177, 
236), which explains the high concentration of serotonin in the suprachias- 
matic area (113, 207, 236). In one study, retinal innervation of the raphe 
nuclei has been reported (58), which implies that the raphe projection to the 
SCN could be photic as well. In other studies, retinal innervation of the raphe 
has not been described. The terminal field of the raphe in the SCN of the rat 
overlaps with the projection area of the RHT and the GHT (31,157,236). 

B. Visual Properties of Suprachiasmatic Nuclei 

Extracellular single- and multiple-unit recordings inside the SCN have 
shown that SCN cells respond to illumination of the retina (68,71,72,74,102, 
141, 147, 165, 211) and also to electrical stimulation of the optic nerve (165, 
212). Single-unit recordings in the rat, hamster, and cat revealed that about 
one-third of the recorded cells responded to sustained retinal illumination 
(71, 72, 141). Most visual cells respond to an increment in light intensity by 
increasing their spontaneous activity (73% of all visual cells in the rat and 
84% in the hamster; see Ref. 141). The other visual cells decrease their 
spontaneous discharge rate in response to light. These cell types have accord- 
ingly been classified as light activated and light suppressed, respectively (72). 

Both light-activated and light-suppressed cells respond to long-duration 
light stimuli with a sustained elevation or suppression of their mean dis- 
charge rate (68, 71, 72, 74, 102, 141, 147, 165). The sustained response is 
sometimes preceded by a transient increment in spike frequency in light-ac- 
tivated but not in light-suppressed cells (74, 141). This transient response is 
more common in the hamster than in the rat (74, 141). Very short light 
presentations (tl s) are much less effective stimuli for evoking a visual 
response compared with longer light stimuli (68, 74, 141). Thus the SCN is 
capable of monitoring enduring light intensities but does not appear to follow 
fast alterations in illuminance. The question arises whether the light-acti- 
vated or light-suppressed response is exclusively mediated by either the RHT 
or the GHT. After geniculate lesions in the rat, both types of responses could 
still be recorded (74). This indicates that at least the RHT can mediate 
activation and suppression by light. 

When an animal is exposed to increasing light intensities, light-acti- 
vated SCN cells will follow the light intensity by increasing their discharge 
rate (71,72,74,141). At a certain level of illumination, saturation is reached, 
and the cell will not respond with a further increment in discharge rate. 
Light-suppressed cells respond oppositely by decreasing their spontaneous 
discharge rate with increasing illumination. Thus, for a certain range of light 
intensities, visual cells can code for luminance (74, 141). 

The threshold for a visual response is -10 lux in the hamster and 0.1 lux 
in the rat (141). Saturation occurs at -500 lux. Although a great variability 
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has been observed between different cells (141), their working range remains 
strikingly narrow compared with the light intensities that actually occur in 
nature (4 X 10W5-lo5 lux) (85). The working range of visual cells is more or less 
comparable with light intensities occurring at dawn and dusk. Thus SCN 
cells differentiate between day and night but do not discriminate either 
between dark and bright nights or between cloudy and sunny days (74,141). 
This is also consistent with these visual suprachiasmatic cells having large 
receptive fields (7.2). As such, these cells are not capable of spatial discrimi- 
nation but instead they can integrate information on environmental light 
intensities. 

Long and variable response latencies, ranging from 25 ms to 10 s, have 
been observed after the onset of a light pulse (141,211). The small diameter of 
the RHT fibers that bifurcate from larger fibers in the optic chiasm causes a 
slow conduction velocity, which may provide a partial explanation for the 
slow response (134). Moreover, visual SCN cells receive photic information 
via unmyelinated RHT fibers (150,153) or even indirectly via the IGL and the 
vLGN (31,32,87,88,177), which may also contribute to a slow response. The 
response latency after electrical stimulation of the optic nerve is -50 ms less 
than the latency after retinal illumination (211). Therefore some proportion 
of the latency can also be explained by slow retinal processes (211). Neverthe- 
less, it is difficult to explain latencies up to several seconds by these factors. 

c . 

I. 

Functional Signi$cance of ARerent Pathways 

Geniculohypothalamic tract 

The significance of the GHT for the visual responsiveness of the SCN as 
well as for circadian rhythmicity in locomotor activity has been investigated 
in a number of studies. The visual properties of the SCN have been studied 
after disruption of the GHT by means of transsection of the optic tracts (ZlZ), 
by bilateral lesions of the vLGN (75), and by hypothalamic deafferentation, 
sparing only the RHT (104). Electrophysiological recordings inside the SCN 
showed that the SCN remained visually responsive under all these condi- 
tions, and no difference in visual properties of the SCN could be demon- 
strated in comparison to intact animals (74,212). Thus it is evident that the 
GHT is not necessary for the expression of tonic light suppression and acti- 
vation in SCN cells. 

Other studies have focused on the behavioral consequences of a disrup- 
tion of the GHT. It was shown that bilateral lesions of the LGN did not affect 
steady-state entrainment (40, 281). The RHT is therefore sufficient to medi- 
ate ongoing entrainment of the circadian clock. However, after a 12-h shift of 
the light-dark regimen, LGN-lesioned hamsters reentrained significantly 
more slowly to the new cycle compared with intact animals (40,202,204,281). 
Moreover, destruction of the IGL appeared to affect the magnitude of the 
phase shift that is induced by short light pulses (89, 180). 
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In intact nocturnal animals, such as the rat and the hamster, the period 
of the free-running activity rhyth m in cons tan t light is normally gre ater 
than i t is in continuous dar kness. However, in IGL-abla ted hamsters, the 
effects of continuous light on the free-running period are greatly reduced (91, 
180). It is therefore suggested that the tonic action of light on the circadian 
pacemaker is partly mediated via the GHT. Thus, although single-unit re- 
cordings of visual SCN cells in LGN-lesioned animals do not reveal any 
difference with intact animals, the behavioral studies indicate that the GHT 
does affect the photic behavior of the circadian system. 

With the demonstration of NPY-like immunoreactivity in the terminals 
of the vLGN (30-32), another approach to investigate the role of the GHT 
became available. Albers’ (3) studies have demonstrated that direct applica- 
tion of NPY in or near the SCN results in time-dependent phase shifts in the 
free-running activity rhythms of hamsters. Electrical stimulation of the 
IGL, which presumably induces the release of NPY at the terminals, induces 
similar phase shifts (142). 

Phase shifts that are induced by NPY injections or by electrical stimula- 
tion of the IGL resemble those observed after dark pulse presentations in 
hamsters free running in constant light (20). It is difficult to interprete this 
similarity. Probably NPY-induced phase shifts represent a physiological pro- 
cess that is activated by light. Part of the vLGN projection to the SCN may be 
visual, as is suggested by antidromic stimulation experiments (68, 75), and 
NPY-immunoreactive cells that project to the SCN appear to receive retinal 
innervation (88). Moreover, most GHT neurons appear to be activated by 
light (75,90). The main effect of NPY on SCN neurons of the hamster in vitro 
is excitation (136). The main effect of light on visual SCN cells in the hamster 
is also excitation. Nevertheless, the phase-response curve for NPY mimics 
the phase-response curve for dark pulses. 

2. Raphe afferents 

The functional significance of the serotonergic raphe projection to the 
SCN is still a matter of dispute. Lesions of the dorsal and median raphe or 
transsection of the rostra1 raphe projections do not interfere with circadian 
rhythmicity in locomotor activity when rats are housed in a light-dark cycle 
(107, 125). However, when rats are placed in continuous darkness, their cir- 
cadian activity rhythm shows clear disruptions. In constant light, the circa- 
dian activity rhythm appears to be even less coherent and may decay com- 
pletely after prolonged exposure to this condition (125). p-chlorophenyla- 
lanine (PCPA) is a depletor of brain serotonin. Circadian rhythms of 
locomotor 
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disappear 
light and 

for several days 
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The significance of the raphe for the generation, expression, or control of 
circadian rhythms appears to be very different from the role of the genicu- 
late afferents. For example, as in intact rats, the free-running period of 
raphe-lesioned rats in continuous light is greater than the period in constant 
darkness (125). In geniculate-lesioned animals this typical difference be- 
tween animals housed in the dark and in constant light had disappeared. 
Thus the GHT seems to be involved in the control of phase of the circadian 
pacemaker by transducing photic information to the SCN. Although the 
raphe receives retinal afferents (58), the effects of the median and dorsal 
raphe on the circadian pacemaker are not so clearly related to entrainment of 
the circadian pacemaker. Instead the raphe seems to be of importance in the 
generation of a recognizable and coherent circadian rhythm. Because neither 
lesions of the dorsal and median raphe nor treatments with PCPA reduce the 
amount of serotonin completely, it remains difficult to assess the actual 
importance of this neurotransmitter for the circadian system. 

Electrical stimulation of the raphe results in decreased discharge inside 
the SCN of the cat and the rat (15, 73). Electrophysiological recordings of 
single-unit activity inside the SCN with concomitant application of serotonin 
on the recorded cell revealed that about one-half of the SCN cells are seroto- 
nin sensitive. The main response to this transmitter is inhibition (l&135,140, 
164). Serotonin decreases the neuronal discharge of SCN cells by 60% (140). 
Iontophoresis of serotonin with a simultaneous test for visual responsiveness 
of the recorded cell reveals that none of the visual cells are responsive to 
serotonin (140). This is in agreement with the hypothesis that the raphe is 
not primarily involved in entrainment to the external light-dark cycle. A 
diurnal variation in the response to serotonin that had undergone ionto- 
phoresis has been observed in the rat, with a two- to threefold increase in 
postsynaptic sensitivity to serotonin during the animals’ active phase (135). 
A circadian rhythm also exists for the excitatory transmitter NPY. During 
the animals inactive period, more NPY-responsive cells could be recorded 
(136). The significance of the fluctuating sensitivities to NPY and serotonin 
inside the SCN remains unexplained. 

3. Retinohypothalamic tract 

It has, as yet, not been feasible to interrupt the RHT without damaging 
the optic tract. This difficulty severely constrains the current knowledge on 
both the significance of the GHT and of the RHT. For one thing, such an 
experiment would reveal whether the GHT is by itself sufficient for entrain- 
ment of the circadian pacemaker. Conversely, it was established that the 
RHT is sufficient for ongoing entrainment by lesioning the geniculate nu- 
cleus. Although one should in general be cautious with the interpretation of 
lesion experiments, these studies suggested that the GHT is particularly 
important in transducing information on sustained illumination levels (180). 
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Such a hypothesis has at least a heuristic value in stimulating future re- 
search on the precise role of the GHT. Because selective ablation of the RHT 
has not been performed, the question of whether the RHT is important for 
one particular aspect of entrainment remains. If the neurotransmitters of 
the RHT were known, long-term injections with antagonists could be used 
instead of surgical RHT transection. 

Besides NPY, acetylcholine (ACh), glutamate, and aspartate have all 
been implicated as important transmitters for relaying photic information to 
the pacemaker. They are discussed in the next section. 

D. Pharmacological Manipulation of Circadian Rhythms 

1. Acetylcholine 

Several studies have indicated that ACh may be involved in the trans- 
duction of photic information to the SCN. Zatz and Herkenham (279) have 
demonstrated that intraventricular injections with the cholinergic agonist 
carbachol in blinded mice produce small phase advances (0.5 h) in about 
one-third of the animals when injections take place 10 h after the onset of 
activity. Injections 3 h after activity onset produce phase delays (-1.0 h) in 
about one-half of the animals. This effect of carbachol resembles the effect of 
light on the circadian activity rhythm of mice (38). Complete phase-response 
curves for intraventricular carbachol injections have been described for 
hamsters that were kept in constant darkness (50, 51) or both in constant 
light and constant darkness (144). In both studies, phase delays were induced 
after injections 2 h after activity onset under both light conditions. However, 
phase advances late in the subjective night were not reproducible in one 
study (144). Instead, phase advances were observed after injections at the 
mid-subjective day. 

It is questionable whether the shape of a phase-response curve for a 
particular agonist of a transmitter indicates whether the transmitter is 
involved in photic entrainment. For example, it is conceivable that several 
transmitters combine in a complex way to produce the characteristic light 
responsiveness of the circadian pacemaker. Studies in which agonists and 
antagonists of y-aminobutyric acid (GABA) were applied indeed suggest a 
complex mechanism to underly the phase-response curve for light pulses 
(186,187). Therefore one should be cautious in interpreting the shape of the 
carbachol-induced phase-response curve with respect to the question of 
whether carbachol mediates light-induced phase shifts. 

Several other experiments focused on the significance of ACh for en- 
trainment of the circadian system. Some of these are apparently in support 
of a putative role for ACh in photic entrainment; others, however, contradict 
this hypothesis. Strong evidence in favor of ACh in mediating light input to 
the SCN stems from Keefe et al. (111). These authors injected an anticholin- 
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ergic drug, mecamylamine, 10 min before exposing a hamster to a short light 
pulse. As a result, the phase-shifting effect of light on the circadian rhythm 
in running wheel activity was blocked. On the other hand, depletion of the 
brain ACh store by central infusion of hemicholinium-3 did not interfere 
with the phase-shifting effect of light (173). These experiments seem to 
contradict one another. Possibly some substances used are not as speci .fic or 
effective as they are supposed to be . 

Incomplete know 
often interferes with 

edge concerni 
unambiguous 

w . 
in 

the precise action of certain drugs 
.terpretation of results. This is also 

demonstrated for experiments in which cu-bungarotoxin is used as a nicotinic 
cholinergic antagonist. Light can rapidly reduce the nocturnal enzyme activ- 
ity (serotonin N-acetyltransferase) in the pineal gland. The effect of light on 
pineal enzyme activity is probably mediated via the RHT and the SCN (146, 
206). Carbachol injections near the SCN also reduce the pineal enzyme activ- 
ity (277), whereas injection of cu-bungarotoxin near the SCN prevents the 
effect on serotonin N-acetyltransferase (277). These experiments strongly 
suggest that nicotinic cholinergic receptors mediate the carbachol-induced 
effects of light on the pineal. However, ovariectomy eliminates cu-bungaro- 
toxin binding in the SCN of the rat. Thus cholinergic binding sites in the SCN 
are probably eliminated after ovariectomy. Nevertheless, ovariectomized 
rats are as responsive to the phase-shifting effects of carbachol injections as 
intact female rats (151). The latter result suggests that carbachol affects the 
circadian system of rats via receptors that are not nicotinic cholinergic if 
a-bungarotoxin binding indeed reflects nicotinic cholinergic receptors. This, 
however, is a matter of dispute (35). 

Other evidence in favor of a role for ACh in mediating the light input to 
the SCN was provided by Murakami et al. (160), who showed increased con- 
centrations of ACh in the SCN 30 and 60 min after the onset of light. The 
effect of ACh on suprachiasmatic discharge has been investigated in a num- 
ber of in vivo and in vitro studies. Nishino and Koizumi (164) reported exci- 
tation of 80% of SCN cells in response to iontophoretically released ACh. The 
remaining cells were inhibited by (11%) or not responsive to (9%) ACh. Kow 
and Pfaff (116) found predominantly inhibitory responses to ACh in SCN 
slices. These authors injected ACh in the bath as opposed to Nishino and 
Koizumi, who applied ACh on the cell that was being recorded. The results of 
Kow and Pfaff may be explained by transsynaptic effects of an inhibitory 
interneuron that can reverse the sign of the response. Nishino and Koizumi 
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moreover, i nvestigated whe ther ACh-responsive cells were also re- 
ve to electr ical stimulation of the optic nerve. Apparently ACh- re- 

sponsive cells can be both light activated and light suppressed as well as 
nonvisual. Thus no relation exists between the sign of the response to ACh 
and the response to light. In another in vivo study, the suprachiasmatic 
response to intravenous nicotine, a nicotinergic cholinergic agonist, was 
compared with the response to photic stimulation (147). The results showed 
that the response to intravenously injected nicotine was similar to the re- 
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sponse to light. Injection of a nicotinic blocker, mecamylamine, eliminates or 
even reverses this response (147). 

Although most experiments suggest that ACh is involved in the control 
of phase of the circadian pacemaker in the SCN, others make it unlikely that 
ACh is a primary transmitter of the RHT. Choline acetyltransferase is, as 
opposed to acetylcholinesterase, a reliable marker for cholinergic neurons 
(98, 124). Choline acetyltransferase is, however, not present in the optic 
nerve, according to some authors (272), or only in the ventral half of the 
chiasm, according to others (188). Moreover, it has been shown in a SCN in 
vitro preparation that stimulation of the optic nerve induces field potential 
responses in the SCN. Suprachiasmatic nuclei responsiveness appears not to 
be affected by ACh agents (28, 221) but instead is affected by antagonists of 
excitatory amino acid transmission (28). These experiments suggest that 
excitatory amino acids and not ACh are transmitters in the RHT. 

2. Excitatory amino acids 

Excitatory amino acids are at present the best candidates for the RHT 
neurotransmitters. Stimulation of the optic nerve in a hypothalamic slice 
preparation induces the release of [3H]glutamate and [“Hlaspartate in the 
SCN (126). In a calcium-free Krebs solution or after application of tetrodo- 
toxin (TTX) in the bath, [3H]glutamate and [“Hlaspartate are not released. 
Because TTX and the lack of calcium do not affect nonneuronal elements, 
glutamate and aspartate are probably released by neurons of the RHT (126). 
This hypothesis is further substantiated by electrophysiological recordings 
in SCN slice preparations. After electrical stimulation of the optic nerve, two 
positive field potentials followed by a large negative field potential can be 
recorded in the SCN (221, 224). This negative deflection is caused by trans- 
synaptic changes in neurons of the SCN. The positive waves are explained by 
excitation of the optic nerve (225,226). Perfusion of the tissue with excitatory 
amino acid agonists inhibits the negative field potential, which could be 
explained by desensitization or depolarizing inactivation of the SCN neurons. 
The amino acid antagonist baclofen, which blocks the release of aspartate 
and/or glutamate, inhibits the amplitude of the negative wave (221). Cahill 
and Menaker (28) have studied the effects of kynurenate, another antagonist 
of excitatory amino acid neurotransmission, and of several acetylcholinergic 
agents on evoked responses in the SCN. Their results are consistent with 
those of Shibata et al. (221). Kynurenate blocks postsynaptic responses in the 
SCN, whereas ACh agents do not affect field potentials in the SCN. 

The effect of glutamate on the SCN has been described in more detail 
than the effects of other excitatory amino acids. Most SCN cells are excited 
by iontophoretically applied glutamate (140, 164). In the most extensive of 
these studies, inhibition by glutamate was also observed in a few cases (164). 
Cells that are inhibited by glutamate are not responsive to photic nerve 
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stimulation, whereas an equal number of visually activated and suppressed 
cells are excited by glutamate (164). 

The possibility that glutamate is involved in photic entrainment is fur- 
ther substantiated by behavioral experiments. Transmitters that are in- 
volved in entrainment are expected to exert an (phase dependent) effect on 
the phase of the circadian cycle. The effects of acute glutamate injections in 
the area of the SCN on the free-running activity rhythm have been described 
for the hamster. These injections induced phase advances during the mid- 
subjective day and possibly induced small delays during the early subjective 
day (143). It is not understood why glutamate-induced phase shifts mimic the 
effects of dark pulses instead of light pulses. The phase advances that were 
obtained in hamsters free running in constant light appeared greater than 
the phase advances obtained in constant darkness. This could be explained by 
desensitization or depolarizing inactivation [as was described by Shibata et 
al. (221)] if glutamate is normally released in the darkness (143). The similar- 
ity between the glutamate-induced phase shifts and the dark pulse phase-re- 
sponse curve does not argue against this possibility (143). 

3. y-Aminobutyric acid 

Benzodiazepines potentiate the action of the mainly inhibitory neuro- 
transmitter GABA. Triazolam is one of the short-acting benzodiazepines. 
When triazolam is injected intraperitoneally in hamsters that are housed in 
constant light or darkness, phase shifts of the free-running activity rhythm 
are induced (258). Under both light conditions, phase advances are observed 
after injections 3-9 h before the activity onset, whereas phase delays are 
observed at the end of the activity period. According to these authors, the 
similarity of the phase-response curves obtained in the light and in the 
darkness indicate that triazolam does not act along the photic pathways to 
the biological clock (258). Moreover, in blinded animals with a degenerated 
RHT the same phase-response curve for triazolam injections has been ob- 
tained (267). These results demonstrate that the triazolam-induced phase 
shifts are not mediated by the RHT (267). 

In another series of experiments, the GABA antagonist bicuculline and 
the GABA-potentiating drug diazepam were injected intraperitoneally in the 
hamster in combination with light pulses at various circadian times. When 
hamsters are kept in constant darkness, light pulse presentation 2 h after 
activity onset produces phase delays, whereas light pulses delivered 6 h after 
the onset of activity induces phase advances of the circadian rhythm. How- 
ever, phase advances but not phase delays are blocked when diazepam is 
injected 30 min before the light application (187). On the other hand, the 
injection of bicuculline blocks light-induced phase delays when it is injected 
2-4 min before the light pulse (186). 

Besides its GABA-potentiating effect, diazepam acts on a number of 
other mechanisms in the central nervous system (187). This makes it difficult 
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to understand precisely the blocking of phase advances by diazepam. Never- 
theless, the differential effects of diazepam and bicuculline suggest that the 
optic input of the circadian clock is under the control of different neurochem- 
ical systems that involve GABA (187). Other evidence that indicates GABA is 
of importance for the circadian system stems from the observation that 
diazepam enhances the rate of reentrainment of rats after exposure to a 
shifted light-dark cycle (268). Moreover, the effect of light on the pineal 
enzyme activity is similar to the effect of a diazepam injection (277). 

III. ORGANIZATION OF CIRCADIAN PACEMAKER 

A. Evidence j&r Suprachiasmatic Nuclei as a Pacemaker 

Accumulating evidence exists that the SCN function as a pacemaker in 
mammals (73,154,197,206,252). Evidence for this stems, on one hand, from 
experiments that indicate the SCN contain an endogenous oscillator. Other 
experiments suggest that the SCN impose their rhythm on other functions 
and thus are a circadian pacemaker. We review next both lines of evidence 
separately. 

Theoretically an endogenous circadian oscillator should be able to oscil- 
late with a period of ~24 h and should not require any oscillating input to 
exhibit a sustained oscillation. Circadian rhythms in electrical multiple-unit 
activity have been recorded inside as well as outside the SCN (103,104,210). 
Interestingly, in the SCN of the diurnal chipmunk, multiple-unit activity is 
highest when the activity outside the SCN is also maximal (210). In the 
nocturnal rat, the highest activity in the SCN occurs when the activity in the 
rest of the brain is lowest (103, 104). When the SCN is surgically isolated 
from the rest of the brain, electrical activity inside the SCN persists, whereas 
rhythms in other brain areas as well as behavioral rhythms are abolished 
after isolation (103, 104, 210). Obviously, the SCN do not require neural 
afferents for generating a circadian rhythm. The possibility that a rhythmic 
humoral input or a temperature rhythm is necessary for the expression of 
circadian rhythms can, however, not be excluded. Therefore these experi- 
ments provide no conclusive evidence that the SCN contains an endogenous 
oscillator. 

A rhythm inside the SCN of the rat and the hamster was shown to be 
independent of other rhythmic driving forces in in vitro experiments. With 
this approach a circadian rhythm in electrical activity was recorded for up to 
30 h in a brain slice that contains the SCN (64,65,67,70,136,225,226; except 
Ref. 256). In the rat SCN the highest activity was measured during those 
hours at which the animal would have been exposed to light (64, 67, 70,225, 
226). In the hamster the electrical activity peaked at the end of the light 
phase and was minimal at the beginning of the dark phase (136). In all these 
experiments the circadian rhythm in electrical activity was determined by 
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pooling mean discharge rates from different cells at different circadian 
phases. A recording from one single cell for >24 h has not yet been per- 
formed. This may explain the large standard error in mean discharge rate 
relative to the amplitude of the circadian rhythm. First, the spike frequency 
differs between cells at one particular phase of the cycle. Second, the dis- 
charge rate of suprachiasmatic cells fluctuates within one cell [Green and 
Gillette (67) only sampled stable cells]. Third, not all SCN cells may display a 
(similar) circadian rhythm. For example, Mason et al. (136) report a circa- 
dian rhythm in regular and irregular firing cells but not in SCN cells with a 
bursting spike pattern. Nevertheless, the persistence of circadian rhythmi- 
city inside the SCN demonstrates that this nucleus does not require rhythmic 
input to maintain its rhythm. 

The dorsomedial SCN contain neurons that produce vasopressin (154, 
266). These neurons are responsible for a circadian rhythm of vasopressin in 
the cerebrospinal fluid (217), since the rhythm is eliminated after an SCN 
lesion. Suprachiasmatic vasopressin release can also be recorded in a static 
organ culture in brain explants containing the SCN (52). In this culture 
system it appeared possible to measure a circadian vasopressin release for 
four circadian cycles (52). Thus the circadian rhythm in the isolated SCN 
sustains for at least four cycles. 

Finally, a circadian rhythm has been measured in SCN glucose uptake 
(57,60,199,214,215,.218). In the dark, glucose utilization is -50% lower than 
in the light-exposed phase in both nocturnal animals (rats, hamsters, and 
cats) and a diurnal species (squirrel monkey), with the exception of the 
diurnal ground squirrel (57). Rhythmicity in glucose consumption also exists 
in other brain areas. In the supraoptic nuclei, the rhythm in glucose con- 
sumption is reversed compared with the suprachiasmatic rhythm, whereas in 
the mesencephalic median raphe nuclei the activity pattern is bimodal(l99). 
The possibility exists that the rhythm in suprachiasmatic glucose utilization 
is driven by rhythmicity elsewhere in the brain. The endogenous nature of 
rhythmic glucose consumption in the SCN was suggested by suprachiasmatic 
glue0 se consumption measuremen ts in vitro . In 
the S CN, it was possi .ble to record a change i n 59 
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after incubation that paralleled the activity changes observed in an intact 
animal (163). 

A pacemaker function of the SCN has been suggested in many studies in 
which complete bilateral lesions or surgical isolation of the SCN abolished 
various circadian rhythms in rodents (206). These experiments, however, are 
not conclusive in addressing the question of whether the SCN is a pacemaker 
of circadian rhythmicity. First, the SCN may function as a relay station for 
those particular rhythms that are abolished after SCN lesions. The demon- 
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terns does not solve this problem, since other, undisrupted, inputs may be 
responsible for maintaining the activity rhythm. Second, physical injury that 
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causes neurons to die will bring about permanent changes in the structure of 
the nervous system, and this structural change is usually accompanied by 
long-lasting alterations in the functions of the affected areas (112). Such 
secondary effects of SCN lesions may not be restricted to the SCN. 

In several studies a nondestructive technique was used to investigate the 
pacemaker function of the SCN (3,4,142,143,205,251,277). Electrical stimu- 
lation of the SCN in hamsters and rats resulted in phase-dependent phase 
shifts of the free-running activity cycle (205). Phase-shifting effects are also 
observed after local stimulation of the SCN with NPY (3), with the choliner- 
gic agonist carbachol(277), and with glutamate (143). Local application of the 
protein synthesis inhibitor anisomycin also induces phase-dependent phase 
shifts (251). In all these cases the demonstration that stimulation of the SCN 
phase shifts circadian rhythms implies that the SCN drives rhythmicity by 
imposing its oscillation on structures located elsewhere in the animal. 

When suprachiasmatic tissue of young embryos is transplanted into the 
anterior chamber of the eye or in the lateral, third, or fourth ventricle, 
differentiation and growth occurs (16,195,274). Implantation of suprachias- 
matic tissue of rat fetuses in the third ventricle results in a number of 
efferent connections. Vasopressinergic connections have been observed to the 
medial preoptic area, the periventricular and dorsomedial hypothalamic nu- 
clei, the paraventricular nucleus of the thalamus and hypothalamus, the 
retrochiasmatic area, the arcuate nucleus, and the SCN of the host brain 4-6 
wk after the implantation (274). Iontophoretic application of the orthograde 
tracer Phaseolus vulgaris leucoagglutinin in the graft (after at least 14 wk 
posttransplantation) resulted only in a few labeled fibers in the adjacent host 
hypothalamus (122). These results show that transplanted SCN tissue grows 
with (few) efferents into the surrounding brain areas (see also sect. IV). 

Fetal or neonatal suprachiasmatic tissue has also been transplanted in 
host animals that had previously received a SCN lesion. Such transplanta- 
tions could restore rhythmicity of the behavioral activity and the drinking 
rhythm (2,43,48,122,213). Rhythmicity was restored in blinded host animals 
as well as in rats that were exposed to a light-dark cycle or constant dark- 
ness. In constant light, no restoration of the drinking rhythm was observed 
(2). The significance of this latter observation is not clear, since, in general, 
circadian rhythmicity is less pronounced in constant light. In one of these 
studies (122) extensive histological inspection afterward revealed that un- 
successful grafts were characterized by an incomplete immunostaining for 
several neuropeptides [vasoactive intestinal polypeptide (VIP), NPY, soma- 
tostatin, and neurophysin or vasopressin]. This may suggest that the organi- 
zation of peptides within the SCN is critical for locomotor rhythmicity (122). 
On the other hand, a well-organized peptidergic structure of the transplanted 
SCN may reflect an overall well-developed structure of this tissue. 

The transplantation experiments provide strong evidence that the graft 
contains a pacemaker. Although this evidence is very suggestive for a pace- 
maker role of the SCN, it is not conclusive. According to Lehman et al. (122), 
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“SCN transplants that restore overt behavioral rhythms may do so by or- 
ganizing oscillators that survive SCN lesions into a normal circadian struc- 
ture.” The demonstration that the phase or period of the circadian cycle of 
the transplanted graft is preserved would conclusively show that the SCN 
contain a pacemaker (280). 

In summary, it can tentatively be concluded that the SCN are not merely 
a circadian oscillator but also function as a circadian pacemaker. As yet, we 
lack criteria by which SCN neurons that are part of the rhythm-generating 
mechanism can be recognized. As a result, the distinction between the affer- 
ents of the circadian pacemaker and the pacemaker of the SCN itself is 
arbitrary. For instance, visual-responsive cells of the mammalian SCN have 
been discussed as input to the pacemaker. However, they could just as well be 
part of the rhythm-generating mechanism. This also holds for the neuro- 
transmitters that were discussed. The phase-shifting effects of these trans- 
mitters may indicate that they are of importance for photic entrainment (or 
entrainment to other physiological processes). Alternatively the induced 
phase shifts could also reflect that these substances are involved in mutual 
entrainment of groups of pacemakers (or pacemaker cells) inside the SCN. 
This latter possibility holds especially for transmitters that are implicated in 
suprachiasmatic interneurons (such as GABA). 

On the other hand, the properties of suprachiasmatic cells, as they are 
determined by electrophysiological experiments (see next section) may be 
primarily of importance for entrainment of the pacemaker and may not be 
relevant for the generation of rhythms. One should keep this in mind when 
reading the next section. 

B. Morphology and Anatomy of Suprachiasmatic Nuclei 

The SCN are located at the base of the third ventricle, just above the 
optic chiasm (76,154,263). Lydic et al. (132) have reconstructed the SCN from 
rats, hamsters, cats, and rhesus and squirrel monkeys by use of computer 
graphics and cresyl violet-staining techniques. The shape of the SCN differs 
considerably between these species, and the precise geometry in any of these 
species appears to be complex. The fine morphology of the SCN has mostly 
been investigated in the rat. The SCN of the rat each consist of 404 neurons 
(76, 263). In the medial part of the SCN, the cells are very tightly packed, 
whereas toward the dorsolateral and anterior SCN, the cell density drops. 
This makes it difficult to precisely determine the borderline between the 
SCN and the surrounding hypothalamus (76,263). The total volume of the rat 
SCN is -0.1 mm3 [as estimated by Giildner (76)] or 0.32 mm3 [as estimated by 
Van den Pol(263)]. The more conservative definition of the SCN borders used 
by Giildner (76) probably explains the difference in estimated volume. 

Suprachiasmatic cells are extremely small (76,263). In the rat the mean 
diameter of dorsomedial SCN cells is ~7.8 pm and of lateral cells is 9.6 pm. In 
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the mouse and the hamster a similar difference in cell size between the 
medial and lateral area has been observed with a mean diameter about 1 pm 
smaller than in the rat (263). 

Suprachiasmatic nuclei cells are separated from one another by axons, 
dendrites, or by one to six glial sheets. However, in the dorsomedial SCN, 
many cells, both glia and neurons, make perikaryal contacts and sometimes 
chains of apposed cells arise (263). In such cases ephaptic interaction between 
cells could occur, which means that one cell may cause an adjacent cell to fire 
if the membrane resistance of the apposed area is low (see Ref. 263 for a 
further discussion of this phenomenon). Thus ephaptic interaction increases 
the probability that extracellular current, ions, or the effects of neurotrans- 
mitters spread (263). 

Most axons in the SCN are small and unmyelinated. Many of these short 
axons arise and terminate in the SCN. They are called local circuit axons. 
Dendritic fields inside the SCN are also relatively small. Based on the num- 
ber and form of the dendrites, five classes of cells have been distinguished by 
Van den Pol (263). The simple bipolar cell with two dendrites is found espe- 
cially dorsal to the optic chiasm and close to the midline. Other cell types are 
the monopolar cell with one dendritic trunk, the curly bipolar with two more 
complex dendrites, the radial multipolar with three to five primary den- 
drites, and the spiny neuron with a round cell body and many varying den- 
drites. Cell bodies of astroglia have the same size as the suprachiasmatic 
neurons and 5-15 processes that always project to nearby blood vessels. Gap 
junctions may occur between them (154). 

A variety of synaptic contacts has been described in the SCN (76, 78-83, 
242). Most synapses are Gray-type II, which are thought to be inhibitory (for 
references see Ref. 77), whereas others are Gray-type I (76). Both types of 
synapses have also been described in the optic nerve afferents of the SCN 
(77). Gray-type II synapses can be dendrodendritic, dendrosomatic, somato- 
dendritic, and dendrospine contacts. In the SCN of the male, compared with 
the female, rat, more Gray-type I and dendrospine synapses and more post- 
synaptic density material exist (78). Self-innervating dendrites with Gray- 
type II synapses have been observed by Gtildner and Wolff (83). Thus nega- 
tive feedback could occur in some SCN cells that would take place in <IO ms 
(83). Reciprocal dendrodendritic Gray-type II synapses have also been ob- 
served in the SCN (82). They could also form negative feedback loops. Feed- 
back connections could be of importance for temporal limitation of local 
excitation (83). 

Many putative neurotransmitters have been identified in the SCN (for 
an elaborate study and review of the literature see Ref. 265). These transmit- 
ters are either synthesized within the SCN and/or of extrinsic origin. Endog- 
enous transmitters of the SCN are vasopressin (27, 32, 46, 110,232,233, 265, 
266), neurophysin (232,233, 265), somatostatin (32,117,265), bombesin (ZOO, 
265), gastrin-releasing peptide (ZOO, 265), VIP (29, 63, 114, 170, 265), and 
GABA (265,269). Glutamic acid decarboxylase (GAD)-like immunoreactivity 
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has also been observed in SCN perikarya (32,265). Neurotransmitters origi- 
nating outside the SCN that are present in high density include serotonin (1, 
62,110,113,114,167,207,236,265) and NPY (30-32,87,131,156,177). Seroto- 
nin appears to be released by afferents from the raphe, and NPY appears to 
be released by the terminals of the intergeniculate leaflet and the vLGN. 
Glutamate and aspartate could be neurotransmitters of the direct RHT, since 
they are released after stimulation of the optic nerve (126). Glutamic acid 
decarboxylase-like immunoreactivity exists in the area of RHT terminals 
(32). Other putative transmitters that are present in the axons of the SCN are 
dopamine, norepinephrine, and epinephrine (171, 265). Their density inside 
and outside the SCN is about the same (171,265). Cholecystokinin, prolactin, 
substance P, and thyrotropin-releasing hormone have been detected in a 
small number of SCN axons, whereas immunoreactivity for luteinizing hor- 
mone-releasing hormone, adrenocorticotropic hormone, a-melanocyte-stim- 
ulating hormone, and neurotensin have only rarely been encountered in the 
SCN (265). 

Choline acetyltransferase, which is a marker for ACh, has been observed 
in the SCN in some studies (25,101,265) but not in others (188, 248). a-Bun- 
garotoxin binding, which probably reflects nicotinic ACh receptors (13; how- 
ever, see Ref. 35), occurs in the SCN (59,219; however, see Ref. 139). Further- 
more, ACh has been identified immunochemically in the SCN (160). Musca- 
rinic cholinergic receptors in the SCN have not been described. 

Several subareas can be distinguished inside the SCN based on immu- 
nostaining of perikarya and axons (32,265). For a further description of these 
regions and a specification of the amount of staining and neuropharmacolo- 
gically defined interconnections in the SCN, see Van den Pol and Tsujimoto 
(265) and Card and Moore (32). 

C. Electrical Activity of Suprachiasmatic Nuclei 

I. Spontaneous discharge of suprachiasmatic cells 

Hypothalamic neurons are characterized by low spontaneous discharge 
rates. The SCN form no exception to this. Extracellular single-unit record- 
ings in vivo in the rat SCN revealed discharge rates between 0.2 and 2.2 Hz 
(141), between 2 and 8 Hz (164), or between 0.1 and 11 Hz (66, 147) as being 
most common. Discharge rates between 0.1 and 2 Hz were most commonly 
encountered in the diurnal ground squirrel (J. H. Meijer, B. Rusak, and M. E. 
Harrington, unpublished data). In all of these in vivo studies, the discharge 
pattern of SCN cells was irregular (141, 147, 164), whereas the mean dis- 
charge rate fluctuated considerably with time (74, 141,147). 

In vitro studies provide a somewhat different picture of spontaneous 
suprachiasmatic discharge. Mean firing rates between 3 and 9 Hz are usually 
encountered in SCN brain slices (64, 67, 70, 223, 225, 226, 254, 256). These 
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discharge rates are comparable to those observed in vivo, although very low 
discharge rates (<l Hz) are not often reported in vitro. However, a special 
class of regularly firing neurons has been encountered in SCN slices. Groos 
and Hendriks (69) first characterized these cells as having a Gaussian inter- 
val distribution and a small coefficient of variation. Cells with a coefficient of 
variation <0.2 were defined as being regular. According to this classification 
criterion, 16% of the recorded SCN units were regularly firing. The other 
cells showed either a bursting or an irregular spike pattern. These authors 
extended this study with extensive SCN recordings in vivo. With the same 
selection criterion for regularity, only 2 of 397 SCN units were now found to 
be regular. Thus the occurrence of regularly firing neurons is much more 
common in SCN slices than in the intact animal. 

In a developmental study of suprachiasmatic cell types in vitro, Shibata 
et al. (225) have shown that regularly firing neurons make up 50% of all SCN 
units on the 7th day after birth. These recordings were performed during 
those hours at which the animal is normally exposed to light. The population 
of regularly firing neurons increases with age up to 80% in adult rats. At day 

79 ~50% of the SCN neurons show irregular patterns of firing. This propor- 
tion decreases to 19% in adult rats. Throughout all developmental stages, 
-1% of the suprachiasmatic neurons display a bursting discharge pattern. 
The proportion of regularly firing cells described in this study greatly ex- 
ceeds the proportion observed in adult rats (80 vs. 16%) by Groos and Hen- 
driks (69). Possibly a difference in the amount of calcium in the medium (2.4 
vs. 1.0 mM) explains these differences. In the SCN of the hamster, 29% of the 
suprachiasmatic cells were found to be regular (136). 

The occurrence of regularly firing neurons in SCN slice preparations has 
been confirmed in many other studies. Thomson et al. (256) assumed the 
interspike interval distribution to be log normal. Without a fixed criterion 
for regularity they showed more generally that an increase in firing rate, and 
thus a decrease in mean interspike interval, is associated with more regular 
firing. This holds also within one cell. A reduction of mean firing rate can be 
realized by reducing the extracellular potassium concentration or by apply- 
ing GABA. This results in a broader interval distribution. Application of the 
excitatory transmitter glutamate induced a narrower interval distribution. 
In another study (254), regularity of the firing pattern appeared dependent 
on the concentration of calcium in the medium. When calcium was replaced 
by other divalent ions (Mg2+, Co2+, or Mn2+), regular firing was disturbed, 
whereas no predictable effects on discharge rate were observed. These results 
have been partly confirmed by Shibata et al. (226). In their study, a calcium- 
free medium interfered with regular firing of suprachiasmatic neurons too. 
However, a lower discharge rate was also associated with the calcium-free 
condition in this study. Because regularity was shown to be dependent on the 
mean discharge rate (256), the question now arises whether either calcium or 
the mean discharge rate or both are of direct importance for regular firing. 

Comparing results obtained in vivo and in vitro leads one to consider 
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which preparation provides the “true” discharge rate and the “true” firing 
pattern of SCN cells. When the SCN are investigated in vivo, the animal is 
intact but anesthetized. In the slice preparation, on the other hand, the SCN 
is almost completely deafferented, for example, from its inhibitory input 
from the raphe and from its excitatory input from the IGL and vLGN. More- 
over, the spontaneous discharge in slice preparations is very much dependent 
on the precise composition of the medium. Thus both set-ups are artificial in 
their own way. 

Thomson et al. (256) have shown that addition of urethan or pentobar- 
bital sodium to the medium disrupted regular activity of SCN cells. Urethan 
is a common anesthetic in electrophysiological experiments. Therefore the 
use of urethan could explain the lack of regular firing in vivo. On the other 
hand, Glotzbach et al. (66) have performed some SCN recordings in freely 
moving, unanesthetized rats. Their results indicate that SCN discharge can 
indeed be as low as is often reported in vivo (i.e., 4 Hz) and that even in 
unanesthetized rats firing patterns were irregular. 

Extracellular recording techniques provide useful information on dis- 
charge rates (possibly as a function of electrical, visual, or pharmacological 
stimulation) and discharge patterns but do not elucidate other electrophysio- 
logical properties of SCN neurons. For this, intracellular recordings or 
patch-clamp techniques are required. 

Wheal and Thomson (273) have performed intracellular recordings in 
hypothalamic slices containing the SCN. In 22 SCN cells, a range in resting 
membrane potentials between -50 and -68 mV was measured. Furthermore, 
these cells were characterized by a high input resistance (72-260 ML!), short 
membrane time constants (3.0-15.5 ms), and short-duration action potentials 
(0.6-1.0 ms at half-amplitude) that were often followed by afterhyperpolari- 
zations of lo-20 mV. The action potential amplitude (&SD) was 83.8 t 12.6 
mV, and the threshold for an action potential (*SD) was -47.8 t 2.2 mV. 
Cells with a membrane potential less negative than -60 mV displayed spon- 
taneous activity. The discharge rate was dependent on the membrane poten- 
tial in such a way that the more negative membrane potentials were asso- 
ciated with less discharge. All the spontaneously active cells exhibited a 
regular firing pattern. Silent cells could be activated to fire by depolarizing 
pulses. Depolarization induces either regular or irregular activity or a burst 
of spikes. 

2. Suprachiasmatic responsiveness to some putative neurotransmitters 

Glutamate and NPY excite most SCN neurons (136, 140, 164). These 
putative transmitters are implicated in the two visual input pathways of the 
SCN (i.e., the RHT and the GHT). A serotonergic input originates in the 
median and dorsal raphe nuclei. Serotonin inhibits the discharge rate in 
-50% of the suprachiasmatic cells (15,135,140,164). y-Aminobutyric acid is 
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an intrinsic transmitter of the SCN and inhibits most neurons. Acetylcholine 
excites 80% and inhibits 11% of the SCN neurons when it is iontophoresed in 
vivo (164). Intravenously injected nicotine also elicits more excitation than 
inhibition (147). A comparison between these studies, however, is difficult, 
because the total population of responsive neurons is not described in the 
latter study. 

The above-mentioned transmitters are either for neuroanatomical and/ 
or for functional reasons associated with the input of the circadian pace- 
maker. Their effect on circadian rhythmicity is discussed in more detail in 
section II. Some other transmitters also affect suprachiasmatic discharge. In 
vitro, taurine inhibits 42% of SCN neurons (ZZO), whereas norepinephrine 
inhibits 10% (220). Nishino and Koizumi (164) found that 65% of the supra- 
chiasmatic cells in vivo were inhibited by norepinephrine, whereas 20% were 
excited. In the same study, 60% of the SCN cells were inhibited by dopamine 
versus 11% that were excited. Nishino and Koizumi furthermore demon- 
strated that if the discharge of a cell is inhibited by norepinephrine, dopa- 
mine, or serotonin, it is often also depressed by the remaining monoamines. 

3. Similarities between the suprachiasmatic nuclei and other brain areas 

The SCN are assumed to be (more or less) unique in containing a circa- 
dian pacemaker. Because we lack criteria by which we can identify those SCN 
neurons that are involved in the generation of rhythms, we can only study 
SCN cells in general. These are not necessarily “pacemaker cells.” Now that 
we have partly investigated and described the properties of SCN neurons, the 
question arises, To what extent are the properties of SCN cells unique? 
Hopefully the answer will ultimately lead to a better understanding of the 
machinery of this circadian pacemaker. 

As has been described by Van den Pol(263), the SCN are morphologically 
distinguishable from other hypothalamic nuclei in three aspects: I) SCN 
neurons are among the smallest in the brain, 2) the SCN are characterized by 
a paucity of axonal staining, 3) long perikaryal appositions and chains of cells 
exist inside the SCN. However, soma-soma appositions have also been ob- 
served in the magnocellular region of the supraoptic and paraventricular 
nuclei (263). Moreover, in the magnocellular region of the supraoptic and 
circularis nuclei, ephaptic interaction may occur (119, 259, 260, 263). 

Electrophysiological experiments have revealed low spontaneous dis- 
charge rates of SCN cells. Low discharge rates are not uncommon in the 
hypothalamus. For example, retrochiasmatic and arcuate neurons display 
mean discharge rates of 5.2 Hz when recorded in vitro (70). This is very 
similar to the mean discharge rate in the SCN. Moreover, the occurrence of 
regularly firing neurons is not restricted to the SCN. Magnocellular neurons 
of the supraoptic and paraventricular nuclei of the hypothalamus (273) and 
inferior olivary neurons (127, 128) display a similar firing pattern. However, 
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the discharge rate at which SCN neurons show regularity is much lower than 
the discharge rate in other brain areas. Moreover, supraoptic neurons do not 
require extracellular calcium to discharge regularly (255). 

The high input resistance of SCN neurons and their short time constants 
are also comparable to those of magnocellular neurons (137,263). Magnocel- 
lular neurons show afterhyperpolarizations with a similar time course (137), 
and at a high discharge rate, spike inactivation (47), spike broadening, and 
frequency adaptation occur in both types of neurons (for a discussion of these 
phenomena see Ref. 273). One difference that is mentioned by Wheal and 
Thomson (273) between SCN and magnocellular neurons is the much lower 
level of synaptic activity in the SCN. In conclusion, it appears that some 
differences exist between the electrophysiological properties of the SCN and 
similar brain structures. Whether these differences are important in relation 
to a rhythm-generating mechanism remains unknown. 

D. Machinery of Circadian Pacemaker 

Prolonged exposure to constant light, constant dim light, or darkness 
may induce a dissociation of the free-running rhythm into two components. 
This phenomenon is commonly referred to as “splitting” (Fig. 2). In mam- 
mals, splitting of the free-running rhythms in drinking, eating, and running 
wheel activity and in temperature has been observed (179, 183, 185, 227). 
When splitting occurs in one of these functions, it occurs simultaneously in 
the other function (227, 257). At the onset of splitting, the two components 
run with different periods. When they are -12 h apart, they regain a stable 
phase relationship and from then on they exhibit a similar period (185,257). 
Splitting may reflect two underlying circadian oscillators that have obtained 
an antiphase relationship (37,109,185). These two components respond simi- 
larly to dark pulses (18, 21, 121, 144) and to carbachol (144). The phase-re- 
sponse curve for dark pulses of a single component is similar to the phase- 
response curve of the normal free-running rhythm (21). Besides the two main 
components, additional components can sometimes be detected (22, 121, 158, 
159). This suggests that the pacemaker consists of either two groups of 
oscillators or that it is made up of a large number of oscillators (18, 158). 
Possibly these oscillators only differ from one another in their intrinsic 
periods (18). According to this view, a normal free-running rhythm appears 
as the result of mutual coupling between these single oscillators (for a review 
on multiple-coupled oscillators see Ref. 197). 

Partial lesions of the SCN in intact animals do not abolish circadian 
rhythmicity (41,53,181,182,192,264). This is evidence for redundant control 
of circadian rhythms. In vitro experiments, in which SCN slices were shown 
to exhibit a circadian rhythm in electrical activity (64,65,67,70,136,225,226) 
or in vasopressin release (52), also show that incomplete SCN can sustain a 
rhythm. In vivo, no indication was obtained for regional differences within 
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FIG. 2. Representation of running wheel-activity rhythm of a diurnal ground squirrel 

(Eutamias sibiricus) in constant dim light. Initially activity rhythm is free running with a period 
~24 h. Prolonged exposure to this light intensity (5 lux) causes an increase in period length and 
results eventually in splitting of circadian activity rhythm. Once split, rhythm is stable; 2 
activity components can be distinguished at 1 circadian day. Whole actogram has been double 

plotted to enable visual inspection of rhythm. 

the SCN with respect to the affected function (182). Only the size of the lesion 
appeared to be correlated with the affected function (264). Thus slices of the 
SCN are still rhythmic, and the capacity for oscillation seems to exist 
throughout this structure. These data, together with the observation of 
splitting and the existence of additional components in the actogram, make it 
likely that the SCN consist of a group of oscillators. 

Theoretical studies by Pavlidis (174,175) have shown that the period of a 
group of oscillators can be very different and much longer than the period of 
the single oscillators. The question arises as to whether the SCN are simi- 
larly organized. In particular, Groos and Hendriks (69) questioned whether 
coupled, regularly firing SCN cells could form a basis for circadian rhythms. 
For three reasons this is unlikely to be the case. Calculation reveals that a 
large number of such high-frequency oscillators is required to generate a 
circadian pattern. In vivo, only a few regularly firing cells have been en- 
countered. These did not respond to retinal illumination, whereas the circa- 
dian clock is responsive to light. In addition to this, regularly firing cells are 
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not confined to the SCN. Therefore this coupled oscillator model is not appli- 
cable to the SCN (69). 

The circadian pacemaker of the avian pineal gland resembles the SCN in 
some aspects. Small pieces of any part of the pineal gland still exhibit circa- 
dian rhythmicity (250). In a follow-up of this study (196), dissociated parts of 
the chick pineal gland in a flow-through chamber appeared to produce mela- 
tonin in a circadian fashion. Thus the pineal appears to be composed of a 
population of circadian oscillators (196, 250). Whether such small parts of 
SCN tissue can also function as oscillators has not yet been investigated. 

1. Role of action potentials f&r generation of rhythmicity 

Tetrodotoxin is a reversible blocker of voltage-dependent sodium chan- 
nels. Tetrodotoxin perfusion through a SCN slice preparation abolishes ac- 
tion potentials in the SCN (243). Thus, by perfusing TTX through the SCN, 
the effect of complete blocking of all sodium-dependent action potentials can 
be determined. This approach was followed by Schwartz et al. (216) in the 
SCN of the rat. When TTX was infused into the SCN of freely moving rats for 
14 days, the overt circadian activity rhythm disappeared. This indicates that 
the behavioral activity rhythm is neuronally controlled via sodium-depen- 
dent action potentials (216). Neuronal efferents that mediate behavioral 
rhythms are discussed in section IV. On termination of the TTX infusion, the 
rhythm reappeared. Interestingly, the phase of the circadian cycle could be 
predicted from the free-running activity rhythm before the TTX infusion. 
Thus the endogenous oscillator had continued to run during the infusion. Had 
the oscillator stopped during the TTX application, it would have commenced 
at an unpredictable phase, depending on the moment at which TTX stopped 
acting. 

Neuronal activity can also be blocked by injection of the local anesthetic 
lidocaine. The effects of lidocaine and TTX differ slightly in the way they 
suppress neuronal activity. Lidocaine competes with calcium for a site in the 
nerve membrane that controls sodium currents across the membrane (24). 
Possibly it also suppresses calcium-dependent spikes. Infusion of TTX or 
lidocaine via osmotic mini-pumps near the SCN for 3 days interferes with the 
circadian rhythm in food intake of the rat (Fig. 3). Tetrodotoxin renders an 
arhythmic eating pattern, whereas lidocaine suppresses food intake for the 
duration of the infusion. This latter result remains unexplained. After the 
drug application, the circadian drinking rhythm continues, which suggests 
that the endogenous oscillator of the SCN is not critically dependent on 
action potentials (G. A. Groos, unpublished data). 

The role of calcium ions in maintaining a circadian rhythm in the SCN 
has been investigated in vitro. In the SCN slice preparation, a circadian 
rhythm can be recorded in the electrical activity of suprachiasmatic cells. In 
a calcium-free solution, this circadian rhythm apparently disappears and 
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FIG. 3. Double-plotted representation of food intake rhythm in bilaterally enucleated rats. 
Timing of tetrodotoxin (TTX) (A) and lidocaine (LI) (B) infusions are indicated. TTX renders 

arhythmicity during injection, whereas lidocaine decreases food intake activity. After both 
infusions, rhythmicity reappears. Phase of food intake rhythm can now be predicted from 
activity pattern before injection (G. A. Groos, unpublished observations). 

neuronal activity is low throughout the circadian cycle (226). Calcium is 
essential for synaptic transmission in the SCN (222). Thus synaptic trans- 
mission is important for neuronal discharge in the SCN. Whether calcium is 
necessary for the generation of rhythmicity or for the expression of a circa- 
dian rhythm in neuronal discharge is not clear from this study. 

Final evidence that underscores the lack of importance of sodium-de- 
pendent action potentials for the generation of a circadian rhythm stems 
from developmental studies. A circadian rhythm in Z-deoxyglucose con- 
sumption (and thus in metabolic activity) of the SCN has been detected 
several days prenatally (189, 190). A circadian rhythm in electrophysiologi- 
tally recorded single-unit activity could only be recorded from about the 14th 
day after birth onward (220). This discrepancy indicates that the circadian 
rhythm of the SCN is not dependent on the electrical activity of the 
SCN (197). 

IV. EFFERENTS OF SUPRACHIASMATIC NUCLEI 

The SCN drive a great number of behavioral and physiological rhythms. 
Suprachiasmatic nuclei lesions affect the rhythmicity in locomotor activity 
(202,239, 240), food intake (19,161,162,241, 264), water intake (19,239, 241, 
264), sexual behavior (54,231), as well as deep body temperature (53,201,208) 
and sleep-wakefulness cycle (53, $6,100). In addition, several hormone levels 
are under the influence of the SCN. This holds in particular for the synthesis 
and/or secretion of adrenocorticotropic hormone (9), adrenal corticosterone 
(155), pituitary prolactin (12, 108, 276), pineal melatonin (115), and gonado- 
tropin (108, 209,275). 



July 1989 CIRCADIAN PACEMAKER 697 

The involvement of neuronal pathways in the control of these functions 
becomes evident as effects of SCN lesions can be mimicked by surgical isola- 
tion of the SCN (39,54,55,97,166,168,169,238,275). Moreover, TTX infusion 
in the SCN, which blocks sodium-dependent spikes, produces arhythmicity in 
activity and food intake during the infusion (216). This result also indicates 
neuronal control of these rhythms. Transplantation of the SCN into an ar- 
hythmic animal can restore circadian rhythmicity in activity and drinking 
(see sect. IHA). In these experiments only a few efferents of the graft were 
detected (122). The transplantation experiments therefore contradict the 
importance of neuronal efferents for rhythmicity outside the SCN. Instead 
these results suggest humoral control of circadian rhythms (122). Although 
this matter remains as yet unresolved, it is conceivable that a small number 
of efferent projections is sufficient to impose rhythmicity on other functions. 

A. Neuroanatomy 

Evidence on the distribution of projections from the SCN is based on 
numerous studies, using anterograde- as well as retrograde-labeling tech- 
niques. Autoradiographic experiments using [“HIamino acids (11,237,244) as 
well as experiments using Phaseolus vulgaris leucoagglutin (PHA-L) (271) 
reveal six main efferent pathways to areas in which fiber terminals can be 
identified (see Ref. 271). 

A dense plexus of fibers originates in the SCN just dorsal and caudal to 
the nucleus between the periventricular nucleus and the anterior hypotha- 
lamic area. Fiber endings are mostly ipsilateral in a region ventral to the 
posterior part of the paraventricular nucleus, the subparaventricular zone. A 
few fibers continue dorsally from this zone, pass through the parvocellular 
parts of the paraventricular nucleus and midline thalamic nuclei, and end in 
the midrostral parts of the paraventricular nucleus of the thalamus, the 
dorsomedial nucleus, and the area around the ventromedial nucleus, as well 
as the posterior hypothalamic area. 

The other pathways consist of relatively smaller amounts of fibers. A 
second bundle runs rostrally and ends in the ventral parts of the medial 
preoptic area and anteroventral periventricular nucleus. Anterodorsally, 
fibers pass through the medial preoptic nucleus to end in the intermediate 
lateral septal nucleus. Caudally to this group, fibers have been traced that 
end in the preoptic continuation of the bed nucleus of the stria terminalis, in 
the parataenial nucleus, in the rostra1 part of the paraventricular nucleus of 
the thalamus, as well as into the midbrain central grey and the raphe nuclei 
(11, 17, 118, 237, 271). 

Laterally directed fibers end in the vLGN. Finally, descending fibers 
connect the SCN with the zone between the arcuate nucleus, the ventral part 
of the ventromedial nucleus, as well as in parts of the lateral hypothalamic 
area. All these pathways have been confirmed by retrograde labeling with 
fluorescent dyes (270). 
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A striking observation from these studies is the finding that retrograde 
labeling was never restricted to the SCN but was always accompanied by a 
marked labeling of the area around the SCN as well as of the subparaven- 
tricular zone (271). Implants of the dye true bl .ue in th e zona incerta, the 
dorsomedial nucleus, and the ventromedial nucleus labeled even more 
neurons in the area immediately surrounding the SCN than within the nu- 
cleus (271). 

Two efferent projections of the SCN terminate in areas from which 
arise, in turn, afferents to the SCN. One is the IGL (271), which projects with 
NPY-containing fibers to the SCN. The second is the raphe (17), from which 
serotonergic fibers arise. Both feedback loops could allow the SCN to modu- 
late its own input. 

B. Neuropharmacology 

Several attempts have been made to identify transmitter substances of 
these efferent systems (29, 154, 234, 261, 270). Neurochemically, cells are 
organized in several subfields within the SCN in a heterogeneous way (32, 
265, 271). Immunocytochemistry has been used to trace the efferent fibers 
from the SCN. However, as the origin of immunoreactive fibers is difficult to 
ascertain, other tracing techniques are required. 

Fibers from the SCN to the paraventricular nucleus have been described, 
containing vasopressin, neurophysin, and VIP (229,232). By a combination of 
immunohistochemistry and retrograde transport of fluorescent dyes (271), it 
can be shown that projections from the SCN to the midline thalamus, the 
subparaventricular zone, and the dorsomedial nucleus contain vasopressin-, 
VIP-, and neurotensin-stained fibers. These fibers follow separate pathways. 
Vasopressin axons run laterally around the lateral edge of the paraventricu- 
lar nucleus into the dorsomedial nucleus, whereas VIP neurons do not project 
as far laterally but terminate caudally to the paraventricular zone (271). For 
a detailed study and a review on the neuropharmacology of SCN efferents, 
see Watts and Swanson (270). 

An important finding is that the efferent fiber system of the SCN proj- 
ects to the same area that receives an input from the peri-SCN as well as 
from the supraventricular area. This suggests some integrative or amplify- 
ing function of the latter (270). However, the question still remains to be 
solved as to whether this only involves the transmission of the timing signal 
from the SCN pacemaker already controlled by the photic signal that is 
presented via the RHT (203). 

C. Functional Considerations 

The question arises as to what degree different homeostatic control 
systems are affected by the efferents of the SCN. The rostra1 fibers end 
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diffusely in the medial preoptic area. This connection allows the SCN to 
control the intake of water, the deep body temperature, as well as the repro- 
ductive behavior. In the female rat the cyclic control of gonadotropins is 
exerted by the anteroventral periventricular nucleus, which also contains 
endings of the SCN (228, 275). However, the control of neuroendocrine 
rhythms probably takes place by way of multisynaptic pathways, as there are 
no endings at the level of the median eminence (271). This is in contrast with 
earlier reports (237,244). In these studies neurons probably in the neighbor- 
hood of the SCN have been labeled (II, 271). This widespread distribution 
might explain why knife cuts posterior to the SCN abolish adrenal corticoste- 
rone and pineal N-transferase rhythms as well as the estrus cycle, whereas 
food intake and drinking are abolished only by larger semicircular knife cuts 
around the SCN (39,97,166,168,169,238,275). 

The caudal fibers reach the anterior hypothalamus, including the retro- 
chiasmatic zone, diverge, and end in zones immediately surrounding the 
arcuate nucleus, the ventromedial nucleus, as well as the dorsomedial nu- 
cleus. Luiten and Room (129) have shown that neuronal connections between 
the ventromedial and the lateral hypothalamic area all pass through the 
dorsomedial nucleus. This explains the finding that selective lesioning of the 
dorsomedial nucleus interrupts the circadian control of food intake without 
affecting the rhythm in body temperature, drinking, and locomotor activ- 
ity (193). 

An important pathway is the one involved in the generation by the SCN 
of the circadian rhythm in pineal N-acetyltransferase. This rhythm is con- 
trolled by a release of norepinephrine from postganglionic fibers of the supe- 
rior cervical ganglion. Preganglionic fibers originate in the intermediolateral 
cell column of the spinal cord. Monosynaptic projections to the spinal cord 
have been described from the dorsal and medial parvocellular area of the 
paraventricular hypothalamic nucleus as well as from the retrochiasmatic 
area (246,247). Both areas receive efferents from the SCN. 

Although the present studies provide some evidence that different cir- 
cadian rhythms are controlled by separate neuronal pathways, it remains to 
be solved whether or not there is any interaction between these pathways. 
Such interactions could explain complex behavior in which several functions 
are mutually integrated. 

NOTE ADDED IN PROOF 

In section IIIA, transplantation of the SCN is discussed. In a recent study (Ralph, M. R., et 
al. Sot. Neurosci. Abstr. 14: 462, 1988), it was shown that the period of the circadian cycle of the 
transplanted graft is preserved. Hereby it was conclusively shown that the SCN contains a 

circadian pacemaker. 
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