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Based on: Mammalian Clock Output Mechanisms

To be published in: Essays in Biochemistry

Andries Kalsbeek, Chun-Xia Yi, Cathy Cailotto, Susanne E. la Fleur, Eric Fliers & Ruud Buijs

rhythms are everywhere
In mammals many behaviors (eg, sleep/wake, feeding) as well as physiological (eg, 
body temperature, blood pressure) and endocrine (eg, plasma corticosterone con-
centration) events display a 24-rhythmicity. These 24-hour rhythms are induced by 
a timing system that is composed of a hierarchical arrangement of oscillators. It is 
thought that this internal timing system has developed during evolution in order to 
enable organisms to coordinate and anticipate their metabolism and milieu intérieur 
in accordance with the (predictable) changes in the external environment. The master 
oscillator is the biological (brain) clock located in the hypothalamic suprachiasmatic 
nuclei (SCN). Additional oscillators have been reported in a variety of other struc-
tures in the central nervous system, including other hypothalamic nuclei, as well as 
in all peripheral organs studied thus far (among which for instance, pancreas, liver 
and muscle) 253. 
 The intrinsic period of the master brain oscillator in the hypothalamic SCN displays 
an intrinsic rhythm of approximately 24-hours (i.e., circadian) that is generated and 
maintained at the molecular level by transcription/translational feedback loops of the 
so-called clock genes 254. As the intrinsic period of the master brain oscillator in the 
hypothalamic SCN, is approximately, but not exactly 24-hours, this oscillator has to be 
reset on a regular basis in order for the organism and its internal homeostasis not to 
drift out of phase with the (exact) 24-hour rhythm of the environment. The circadian 
rhythm generated by the SCN is entrained with or synchronized to the external day/
night cycle mainly by the action of environmental light relayed from the retina through 
the retinohypothalamic tract. The current model for the light-induced entrainment of 
the master clock proposes that glutamate and pituitary adenylate cyclase-activating 
peptide (PACAP) are co-released in the SCN upon photic stimulation 255. Next to this 
light-induced entrainment, the SCN is certainly also sensitive to other, so-called non-
photic, stimuli, such as feeding, social interactions, sleep deprivation and exercise 256. 
Subsequently the entrained rhythm of the central oscillator in the SCN is relayed to the 
peripheral oscillators in the brain and periphery. However, whereas the environmental 
light/dark cycle is the most important entraining signal for the SCN oscillator, the 
peripheral oscillators seem to be sensitive to many more stimuli, such as hormones, 
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temperature and metabolic cues 256, 257, next to the light-entrained synchronizing sig-
nals from the SCN 258.

neural versus humoral
In order for an organism to benefit from its biological clock, the timing signal should 
be communicated to the rest of the body. Therefore, the products (i.e., proteins) of 
the clock genes in the SCN neurons are not only involved in the maintenance of the 
24-hour transcription/translational feedback loops, but they also drive the day/night 
rhythm in neuronal firing of the SCN neurons 259 as well as the expression of so-called 
clock-controlled (output) genes (CCGs) such as vasopressin 260 and vasoactive intesti-
nal polypeptide (VIP) 261, two well-known peptidergic neurotransmitters of the SCN 
(Fig. 1). Indeed daily rhythms in the mRNA and peptide expression in SCN neurons, 

Figure 1 Confocal laser scanning microscopic image of the bilateral rat suprachiasmatic 
nuclei (SCN). A vibratome section was double-immunostained with a mixture of primary 
antibodies against vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) followed 
by a mixture of Cy3- and Cy5-conjugated secondary antibodies. Laser scanning took place 
with a 543 and 633 nm laser beam where after the corresponding pictures (of the same opti-
cal section) were combined and displayed in pseudo-colors: VIP-immunoreactive perikaryal 
profiles, nerve fibers and endings, green; AVP-immunoreactive perikaryal profiles, nerve 
fibers and endings, red. The yellow color indicates a close connection between AVP- and 
VIP-immunoreactive structures, i.e. AVP terminals on VIP-containing cell bodies (b) or vice 
versa (c).

a B
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as well as release of these peptidergic neurotransmitters (i.e., neuropeptides) have been 
described several times. In principle the SCN has 2 ways to convey its rhythmic mes-
sage to the rest of the brain and subsequently the rest of the organism, i.e., a humoral 
or a neural pathway. Transplantation and parabiosis experiments as well as “temporal 
chimeras” have provided support for the humoral mechanism 262-264, suggesting that the 
SCN drives circadian rhythms of (e.g., locomotor) behavior by the rhythmic secretion 
of paracrine factors in its immediate surroundings and in the third ventricle. By now a 
number of peptides have been proposed to serve as a humoral SCN output, the most 
notable examples being vasopressin, TGF-ά, prokineticin-2 and cardiotrophin-like 
cytockine 265-267. But, of course, many more may be out there 268. On the other hand, 
the same transplantation experiments also provided evidence for the existence of a 
neural transmission pathway due to the absence of hormonal rhythms in the animals 
in which (encapsulated) graphs had re-instated behavioral rhythms 269, 270. But the 
clearest evidence for the existence of point-to-point neural connections was provided 
by the elegant experiment of de la Iglesia et al 271.

scn output rhythms
In this chapter we will provide evidence that the master clock in the SCN imposes 
a temporal structure on the brain and subsequently the peripheral organs via daily 
rhythms in the release of its (peptidergic) neurotransmitters in its target areas. Given 
the pivotal role of the hypothalamus in homeostatic regulation, the discovery that 
the master circadian clock resides in this region was not surprising. After this dis-
covery in 1972 272 numerous neuro-anatomical tracing studies have shown that the 
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Figure 2 Schematic representation of the diurnal release pattern of SCN transmitters in-
volved in the circadian control of corticosterone release.
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projection fibers from the SCN are surprisingly limited and by large restricted to a 
few hypothalamic nuclei, prime targets being the paraventricular nucleus of the hy-
pothalamus (PVN), the medial preoptic area (MPOA) and the dorsomedial nucleus of 
the hypothalamus (DMH). Therefore propagation of the timing signal from the SCN 
mainly proceeds through its contacts with the neuro-endocrine and pre-autonomic 
motorneurons of the hypothalamus 273. In the following paragraphs we will show ex-
amples of how the SCN enforces its circadian rhythmicity onto the endocrine rhythms 
via its neuronal projections to the neuro-endocrine neurons within the hypothalamus, 
as well as how it controls metabolic rhythms via its projections to the sympathetic and 
parasympathetic pre-autonomic neurons within the hypothalamus. Most likely the 
SCN control of behavioral rhythms, such as the daily sleep/wake rhythm, is effectu-
ated via its projections to so-called intermediate neurons in integrative hypothalamic 
nuclei such as the DMH and subparaventricular zone (SPZ or subPVN) 274. Indeed, we 
will show an example of how the SCN control of glucose metabolism and sleep/wake 
behavior can be integrated via its projections to the orexin (also known as hypocre-
tin) neurons in the lateral DMH. Finally, we will provide evidence that light-induced 
phase-shifts of the SCN can be transmitted instantaneously from the SCN to the 
molecular clocks of the peripheral organs via the autonomic nervous system.

scn control of neuro-endocrine rhythms
Under baseline conditions, plasma concentrations of the glucocorticoid hormones 
released from the cortex of the adrenal gland vary predictably across the day/night 
cycle. Both in nocturnal and diurnal species plasma corticosterone (cortisol in hu-
mans) concentrations are highest around the time of arousal (i.e., morning for hu-
mans and evening for rats). Adrenal glucocorticoid hormones have highly integrated 
effects on both energy metabolism and behavior 275. It is thought that the increased 
levels of corticosterone at awakening act to enable foraging behavior by increasing the 
amount of available energy. Corticotrophin-releasing hormone (CRH) is the principal 
neural signal controlling the release of corticosterone from the adrenal gland via its 
stimulatory action on the adrenocorticotrophic hormone (ACTH) producing cells 
in the anterior pituitary. Together this neuro-endocrine pathway is known as the 
hypothalamo-pituitary-adrenal (HPA) axis. CRH is synthesized in neuroendocrine 
neurons in the medial parvocellular part of the PVN. Therefore we set out to test the 
hypothesis that the circadian rhythms generated in the SCN were incorporated in the 
daily activity of the HPA-axis via the release of SCN neurotransmitters onto the CRH 
neurons in the medial PVN 276. The combined results of this and several follow-up 
experiments are shown in Fig. 2 & 3. 
 It turned out that vasopressin was an important signal from the SCN necessary to 
shape the daily rhythm in plasma corticosterone. As for now the hunt for the hypoth-
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esized excitatory SCN signal is still open, although VIP seems a likely candidate 277. 
Contrary to our initial hypothesis, however, not the direct connections between SCN 
fibers and CRH neurons, but indirect connections via GABAergic interneurons in the 
subPVN and the DMH, were most important for this SCN control. The intermediate 
neurons in the subPVN and DMH explain the sparse contacts between SCN fibers 
and CRH neurons (Fig. 4) as well as the inhibitory effect of an excitatory transmitter 
such as vasopressin on the activity of the HPA-axis. More importantly, however, these 
intermediate neurons provide a degree of flexibility to the system that helps to explain 
how a 12-hour shift can occur in the timing of the corticosterone peak between noc-
turnal and diurnal species, if the timing of the daily peak in vasopressin release is not 
changing between diurnal and nocturnal species.
 The daily rhythm in vasopressin release also turned out to be important for the 
control of the daily surge in luteinizing hormone (LH) in female rats 278, 279. Again the 
SCN projection to intermediate neurons, in this case in the MPOA, seems to be most 
important for the control of the daily LH surge, despite the existence of direct SCN 
projections also to the GnRH neurons 280.
 Our investigations on the circadian control of the nocturnal rhythm in melatonin 
release from the pineal gland revealed that in this case vasopressin release from the 
SCN fibers was of no importance 281. On the other hand, the recent work of Li et al. 
shows that in addition to serving as an important SCN output, vasopressin also has an 
important influence within the SCN 282, 283. Moreover, in Alzheimer patients the loss 
of SCN vasopressin neurons correlates significantly with an increases fragmentation 
of their sleep/wake-rhythms 284.

scn control of the autonomic nervous system
Using similar experiments as just described to unravel the function of vasopressin in 
the circadian control of the HPA- and HPG-axis, we found that the daily rhythm in 
plasma melatonin concentrations is generated by a combination of glutamatergic and 
GABAergic SCN outputs. However, in this case the prime targets of the SCN projec-
tions are not the neuro-endocrine or intermediate neurons, but the pre-autonomic 
neurons that are at the origin of the sympathetic innervation of the pineal 285. Ulti-
mately the synthesis and release of melatonin is controlled by the sympathetic input 
to the pineal gland 286. We proposed that the activity of the pre-autonomic PVN neu-
rons that are in charge of the sympathetic input to the pineal gland is controlled by 
the combination of glutamatergic and GABA-ergic inputs from the SCN 287, 288. The 
circadian and light-induced daytime activity of the GABA-ergic SCN projections to 
the PVN ensures low melatonin levels during the light period. The nocturnal arrest of 
the inhibitory GABA-ergic inputs, combined with the continuously active glutama-
tergic inputs, enables the pre-autonomic PVN neurons that control the sympathetic 
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Figure 3 Detailed anatomical scheme of demonstrated and putative connections of the supra-
chiasmatic nucleus (SCN) in the nocturnal rat and the diurnal Arvicanthis ansorgei brain to 
explain the opposite effects of VP on the HPA axis in these two species. VP is released during 
the light period, both in the nocturnal rat and the diurnal A. ansorgei. In rats VP release 
during the light period will inhibit the corticotropin-releasing hormone (CRH)-containing 
neurons in the paraventricular nucleus of the hypothalamus (PVN) by contacting gamma-
aminobutyric acid (GABA)ergic interneurons in the subPVN and dorsomedial nucleus of the 
hypothalamus (DMH). On the other hand, in the A. ansorgei, AVP release during the light 
period will stimulate CRH-containing neurons because it acts on the glutamatergic, instead 
of GABAergic, interneurons in the subPVN and DMH.
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← Figure 4 A transversal section of the hypothalamus in the region of the paraventricular 
nucleus (PVN) shows fibers arising from the suprachiasmatic nucleus (SCN), as labeled by 
an iontophoretic injection with the anterograde tracer Phaseolus vulgaris leucoagglutinin 
(PHA-L) into the SCN, that penetrate the boundaries of the PVN in which cell bodies im-
munoreactive for corticotrophin-releasing factor (CRF) are stained (dark brown). Branching 
and putative termination of SCN fibers are visible just ventral of the PVN close to the ventricle 
and in the periventricular and dorsal part of the PVN. 
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Figure 5 Schematic presentation of the daily activity pattern of populations of GABAergic 
and glutamatergic neurons within the SCN that are implicated in the autonomic control of 
the daily rhythm in melatonin release from the pineal gland. During the light period the 
pineal-dedicated sympathetic pre-autonomic neurons in the PVN are inhibited by GABA-
ergic neurons that are either active according their intrinsic circadian rhythm or because they 
are stimulated by light through the glutamergic efferents from the retina. Although during 
the light period also a glutamatergic input to the PVN neurons is active, this does not result 
in an increased activity of the pre-autonomic neurons due to the overwhelming inhibitory 
GABA input. During the dark period the GABA-ergic neurons are silent either because of 
their intrinsic rhythmicity or because they are not activated by light, thus enabling the excita-
tory glutamatergic input to become effective in stimulating the pre-autonomic PVN neurons 
and subsequently melatonin synthesis and release. However, during nocturnal light exposure 
(dashed lines in the right half of the figure) the silent GABA neurons (in the ventral SCN) will 
be rapidly activated and immediately inhibit the activity of the pre-autonomic PVN neurons 
and thereby shut down the synthesis and release of melatonin.
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input to the pineal gland to become active again and start a new period of melatonin 
synthesis and release (Fig. 5). 
 To investigate further the SCN control of the autonomic nervous system (ANS), 
especially its parasympathetic branch, next we focused our attention on the daily 
rhythm in plasma glucose concentrations. Maintaining a constant blood glucose level 
is essential for normal physiology in the body, particularly for the central nervous 
system (CNS), as the CNS can neither synthesize nor store the amount of glucose 
required for its normal cellular function. The liver plays a pivotal role in maintaining 
optimal glucose levels by balancing glucose entry into and removal from the circula-
tion. From a hypothalamic and chronobiological view glucose production by the liver 
is especially interesting because of the clear involvement of both the sympathetic and 
parasympathetic input to the liver in glucose metabolism 289-291 and the recently dem-
onstrated strong circadian control of (glucose) metabolism in the liver 292-295. In order 
to maintain glucose homeostasis, a complex glucose sensing and regulatory system 
has developed within the central nervous system, especially involving hypothalamic 
brain areas such as the arcuate nucleus (ARC), the ventromedial hypothalamic nucleus 
(VMH), and the lateral hypothalamus (LH). The major part of the neurochemical 
make-up of this hypothalamic network is still largely unknown, although recently it 
has been shown that the neuropeptide-Y (NPY) containing neurons in the arcuate 
nucleus are an important hypothalamic link to effectuate the inhibitory effect of insulin 
on hepatic glucose production 296. Using local intra-hypothalamic administration of 
GABA and glutamate receptor (ant)agonists we probed the contribution of changes in 
ANS activity to the daily control of plasma glucose and plasma insulin concentrations. 
The daily rhythm in plasma glucose concentrations turned out to be controlled pre-
dominantly by the activity of the sympathetic liver innervation. In fact, the activity of 
these liver-dedicated sympathetic pre-autonomic neurons in the PVN was controlled 
according to a mechanism very much similar to the mechanism just described for the 
SCN control of the daily rhythm in melatonin release, i.e., a combination of rhythmic 
GABA-ergic inputs and continuous glutamatergic stimulation. The major difference 
between the liver-dedicated and pineal-dedicated pre-autonomic neurons seems to be 
the timing of the GABA-ergic inputs. In case of the pineal-dedicated pre-autonomic 
neurons this inhibitory input is present during the major part of the light period with 
an acrophase around ZT6, whereas for the liver-dedicated pre-autonomic neurons the 
acrophase of the GABA-ergic inhibition is somewhere around ZT2 (Fig. 6).
 As has become evident from the daily variation in meal-induced insulin responses 
296, intestinal glucose uptake 297 and respiratory functioning 298 also the parasympa-
thetic branch of the autonomic nervous system is under control of the circadian timing 
system. Our intra-hypothalamic infusion studies revealed that also the daily changes 
in the activity of the parasympathetic pre-autonomic neurons involved a combination 
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of GABA-ergic and glutamatergic inputs. The daily rhythm in SCN-derived GABA-
ergic inputs turned out to be a general principle. However, a major difference between 
the circadian control of parasympathetic and sympathetic pre-autonomic neurons 
appears to be the origin of the excitatory glutamatergic inputs (Fig. 7). SCN-lesion 
studies clearly proved that the excitatory input to the sympathetic pineal-dedicated 
pre-autonomic neurons was derived from the SCN neurons 287, but similar SCN-
lesion studies also clearly showed that the glutamatergic inputs to the parasympathetic 
pancreas-dedicated pre-autonomic neurons are not derived from SCN neurons 299. 
At present, it is not clear from which extra-SCN source the glutamatergic inputs to 
the parasympathetic pancreas-dedicated pre-autonomic neurons originate, but likely 
candidates are the ventromedial hypothalamic nucleus (VMH) and arcuate nucleus.

scn control of peripheral oscillators?
The discovery of clock genes outside the SCN initially scrutinized the status of the 
SCN as master oscillator. However, viable transplants of non-SCN tissue do not restore 
behavioral rhythms in SCN-lesioned animals 300, and co-culture models showed that 
only SCN cells, but not fibroblasts, can confer molecular and metabolic rhythms to 
co-cultured cells 301. According to the current opinion, the central pacemaker in the 
SCN coordinates the activity of local oscillators in peripheral tissues via behavioral, 
neuroendocrine and autonomic pathways 262, 273, 302, 303. However, a clear understanding 
of the role of peripheral oscillators in the regulation of the physiological functions of 
peripheral organs is still lacking. We investigated whether peripheral oscillators in 
the liver are a necessary link in the transfer of circadian information from the central 
biological clock to the hepatic glucose production. Removal of either the sympathetic 
or the parasympathetic input to the liver indeed caused an obliteration of the daily 
rhythm in plasma glucose concentrations 48, 251, but to our surprise transcript levels 
of all 5 clock genes studied maintained their rhythmicity in the liver 304. On the other 
hand, a liver-specific deletion of the clock-gene Bmal1 caused an exaggerated drop 
of plasma glucose concentrations during the light period 305, and demonstrated that 
>90% of the >300 rhythmically expressed hepatic genes are dependent on a functional 
clock in the hepatocyte 306. Consequently a rhythmic expression of clock genes in 
the liver is not sufficient to maintain a rhythmic glucose output from the liver, while 
suppressing the rhythmic expression of >90% of the rhythmically expressed genes in 
the liver severely disturbs glucose homeostasis. The ~10% cyclically expressed liver 
genes not affected by the liver-specific Bmal1 deletion must be regulated by oscillating 
systemic signals. Previously, corticosterone, feeding behaviour and body temperature 
have already been implicated as important systemic signals for the liver clocks 257, and 
now also the autonomic innervation can be added to this list. Using nocturnal light 
exposure we found immediate changes in the expression level of both clock genes and 
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Figure 6 Schematic presentation of the daily activity pattern of suprachiasmatic populations 
of GABAergic and glutamatergic neurons implicated in the autonomic control of the daily 
rhythms in pineal melatonin release and hepatic glucose production.
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Figure 7 Schematic presentation of the daily activity pattern of hypothalamic populations 
of GABAergic and glutamatergic neurons implicated in the autonomic control of the daily 
rhythms in hepatic glucose production (A) and feeding-induced insulin release (B). 
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glucoregulatory genes in the liver. Interestingly, a selective denervation of the auto-
nomic liver innervation completely prevented the light-induced changes in both clock 
genes and glucoregulatory genes 258, again pinpointing the autonomic nervous system 
as an important gateway for the SCN to (immediately) reset peripheral physiology. 

conclusions
From the above it will be clear that, in mammals, the output of the biological clock 
not only controls daily rhythms in behavior, such as the sleep/wake or feeding/fast-
ing rhythms, but also exerts direct control over many physiological and endocrine 
rhythms. Our studies indicate that by balancing its stimulatory and inhibitory output 
pathways the biological uses a “push-and-pull” mechanism to control the different 
hormone rhythms and the autonomic nervous system. Remarkably, a number of be-
havioral studies came to the same conclusion 264, 307. In our opinion, one of the most 
important aspects of the output of the biological clock is its control of the sympathetic/
parasympathetic balance. In view of the widespread influence of the autonomic nerv-
ous system on the physiological state of an organism, it is obvious that a “ying-yang” 
balanced regulation of their antagonistic properties is essential for a healthy control 
of our daily lives. However, there’s a reverse to every medal, thus a malfunctioning of 
the biological clock (or a misalignment of the central and peripheral oscillators) due to 
either aging 284, 308, shift-work 309, 310 or a modern Western lifestyle 311 may be an impor-
tant pre-disposing factor for pathologies characterized by an imbalanced autonomic 
nervous system, such as hypertension, type 2 diabetes and the metabolic syndrome.




