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ClaudeClaude Bernard's famous pricking of the floor of the fourth ventricle 

withh a probe resulted in a rise of sugar in the urine7. He suggested that 

sugarr was secreted from the liver into the blood as a consequence of 

'internall  secretion'. Although his experiments were far from precise and 

thee exact site of his pricking has never been established, the conclu-

sionn drawn from these and following experiments, that blood glucose 

levelss are under the influence of the central nervous system is now 

widelyy accepted. 

Almostt a century after Bernard's experiments the term homeostasis 

wass introduced by Walter B, Cannon29. He extended Bernard's concept 

of'milieuu interieur' and hypothesized that the maintenance of a rela-

tivelyy constant internal environment is of crucial importance for an 

organism.. This constant internal environment is maintained by neu-

ronall  and endocrine systems that detect disturbances and activate com-

pensatingg mechanisms. For the homeostatic regulation of blood glu-

cosee levels this means secretion of hormones such as insulin and glu-

cagonn and activation of the autonomic nervous system innervating 

peripherall  organs (i.e. liver, pancreas and adrenals). 
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I.. MAINTAININ G GLUCOSE HOMEOSTASIS 

Storage,, mobilization and utilization of glucose are regulated by neuronal and hormo-

nall  mechanisms. When glucose has to be mobilized, for example during exercise or dur-

ingg starvation, the mobilization of glucose from the storage tissues is induced by activa-

tionn of the sympathetic branch of the autonomic nervous system. Sympathetic activa-

tionn leads to the outflow of catecholamines, i.e. neuronal norepinephrine (NE) and hor-

monall  epinephrine (E). NE and E directly enhance hepatic glucose production via stimu-

lationn of both glycogenosis (the conversion of glycogen to glucose) and gluconeogen-

esiss (generation of glucose from non glucose precursors) in the liver. These 

catecholaminess also stimulate muscle glycogenosis, thereby limiting the expenditure 

off  circulating glucose. The most important indirect effect of catecholamines on glucose 

metabolismm is the stimulation of glucagon secretion, which promotes hepatic glucose 

production.. Finally, E and NE may increase circulating glucose levels indirectly by in-

hibitingg insulin release from the pancreatic cells71156,175. 

Whenn blood glucose levels are high, glucose has to be stored and consequently para-

sympatheticc activity increases. The main parasympathetic efferents involved in energy 

storagee are those projecting to the liver and the endocrine pancreas. In the liver, stimula-

tionn of the parasympathetic nerve leads to conversion of circulating glucose to glyco-

gen166.. Stimulating the parasympathetic projections to the pancreas leads to an increased 

outputt of insulin by pancreatic (3-cells175. In turn, insulin lowers blood glucose levels via 

suppressionn of hepatic glucose production and stimulation of glucose uptake in other 

tissues49.. More specifically, circulating insulin will inhibit hepatic glycogenolysis and glu-

coneogenesiss and it wil l stimulate the storage of glucose in the liver in the form of glyco-

gen. . 

II .. DAIL Y RHYTHMS AND THE SCN 

Althoughh the term homeostasis refers to (stable) balanced levels, mammals, including 

humans,, under normal circumstances display pronounced changes in homeostasis that 

aree associated with the daily rhythms in behavior (sleep/wake-cycle) and physiology 

(hormones/substrates)) I52. In other words, in diurnal species like humans, the activity 

periodd requires day-time homeostasis and the rest/sleep-period requires night-time 

homeostasis.. Daily rhythms are generated by the biological clock, positioned in the Su-

prachiasmaticc Nucleus of the Hypothalamus (SCN), that contains the circadian pace-

makerr of the brain101. The neurons in the SCN display daily rhythms in electrical16,67,75 

andd metabolic activity160, and also in the release of neurotransmitters55,87,192. Only re-

centlyy some insights have been obtained in the mechanisms responsible for the imple-
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mentationn of rhythmic information generated by the SCN into rhythms in behavior and 

physiology85. . 

Transmitterr release from the SCN 

Circadiann rhythms in hormone levels are very different and are proposed to be the result 
off  transmitter release from the SCN in different target areas in the hypothalamus. In this 
regardd the circadian rhythms in plasma concentrations of corticosterone, melatonin and 
luteinizingg hormone (LH) were studied. The neurotransmitters vasopressin (VP) and 
gamma-aminobutyricc acid (GABA) are both released during the (subjective) light-pe-
riodd and serve as the day-time signal from the SCN. 

VPP in the dorsomedial hypothalamic nucleus (DMH), that originates from the SCN, 
playss an important inhibitory role in corticosterone release88,93. Infusion of a VP-antago-
nistt in the DMH during the middle of the light period, i.e. when there is a the trough of 
thee circadian rhythm in plasma corticosterone concentrations, caused an immediate 
(dose-dependent)) increase in plasma corticosterone concentrations. Moreover, infu-
sionss ofVP at the end of the light period completely prevented the circadian rise in plasma 
corticosteronee concentrations94. In addition to this inhibitory role of SCN-derived VP 
secretionn on corticosterone secretion, VP secretion in the medial preoptic area (MPO) 

AnatomyAnatomy of the suprachiasmatic nucleus 
Thee SCN is a paired nucleus, located in the mediobasal hypothalamus just above the 
opticc chiasm, and on opposite sides of the third ventricle. The SCN is characterized 
byy a high density of small neurons and it can be divided into a rostral area and a 
caudall  area with a dorsomedial part and a ventrolateral part. The ventrolateral part 
hass a high concentration of vasointestinal polypeptide (VIP),colocalized with pep-
tidee histidine-isoleucine (PHI), and partially colocalized with gastrin-releasing pep-
tidee (GRP). The dorsomedial part has a higher concentration of neurons containing 
vasopressinn (VP). Somatostatin-producing neurons are found in between these two 
celll  populations and do not colocalize with either VP or VIP. Gamma amino-butyric 
acidd (GABA) is contained by many SCN neurons, and is colocalized with all the 
neuropeptidess mentioned above. In addition, several other substances have been re-
portedd to be produced in SCN neurons198. 

Thee ventrolateral area of the SCN receives visual information via a glutamatergic-
inputt from the retina via the retino-hypothalamic tract (RHT) and via a 
neuropeptide-YY (NPY)- and GABA-input from the intergeniculate leaflet (IGL). In 
addition,, there is a direct serotonergic input from the dorsal raphe nucleus22. 

Animall  and human tracing studies have shown that the SCN projects mainly to 
areass within the hypothalamus; the sub paraventricular zone (sPVN), the 
periventricularr part of the PVN, the dorsomedial nucleus of the hypothalamus 
(DMH),, and the medial preoptic nucleus (MPN).The paraventricular nucleus of the 
thalamuss (PVT) and the IGL are areas outside the hypothalamus that receive projec-
tionss from the SCN. 

9 9 
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resultss in a stimulatory signal for the LH peak in SCN-intact female rats138 and in SCN-

lesionedd female rats140 and has an inhibitory effect on the female prolactin surge139. But 

VPP does not seem to contribute to the control of the daily rhythm in melatonin concen-

trations,, i.e. VP infusions in the PVN had no substantial effect on melatonin secretion91. 

Onn the other hand, an endogenous rhythm in GABA release from the SCN, with peak 

releasee occurring during the (subjective) day-period, does seem to be important for the 

controll  of the daily melatonin rhythm. Infusion of a specific GABA agonist in the PVN 

causedd a decrease of night-time melatonin secretion89. In addition, the infusion of a GABA 

antagonistt bilaterally in the PVN during the light-period resulted in a melatonin peak91. 

Consequently,, the SCN regulates melatonin secretion mainly by inhibiting autonomic 

PVNN neurons during the (subjective) light-period. 

Thus,, neurotransmitters act as output signals from the biological clock in different 

targett areas in the hypothalamus, which results in completely different hormonal rhythms 

too serve homeostatic mechanisms. 

SCN-neuroendocrinee control and SCN-autonomic control 

Thee corticotropin-releasing hormone (CRH)-containing neurons in the PVN which 

regulatee the release of adrenocorticotrophic hormone (ACTH) from the pituitary, are 

importantt for the circadian rhythm in plasma corticosterone concentrations. Anatomi-

call  studies revealed, however, that only a limited number of CRH-containing neurons in 

thee PVN receive direct projections from SCN-fibers25. Further anatomical and physi-

ologicall  studies revealed that the circadian signal may reach the CRH-containing neu-

ronss indirectly via the DMH, an area which is heavily innervated by VP-fibers originat-

ingg from the SCN73,85 and which projects to the medial parvocellular part of the PVN. In 

additionn to this neuroendocrine regulation of the circadian rhythm in corticosterone 

concentrations,, evidence was provided for another regulatory mechanism in this circa-

diann rhythm97,98. Comparing congruent responses in both corticosterone and ACTH in 

ratss receiving VP-antagonists at different times of the light/dark-cycle showed that, 

whereass pronounced changes in corticosterone were induced, ACTH concentrations 

showedd only minor changes94. Thus, SCN control on plasma corticosterone concentra-

tionss did not occur solely via its control of the hypothalamus-pituitary-adrenal(HPA)-

axis.. It was shown that denervation of sympathetic fibers innervating the adrenal gland 

resultedd in increased secretory activity of the adrenal cortex in the day-time79,80. To-

getherr these data suggest an important role for the neural innervation of the adrenal 

glandd in the control of the circadian rhythm in plasma corticosterone concentrations as 

well.. However, the first evidence that the autonomic nervous system may be important 

forr the transmission of the SCN signal is derived from studies investigating the circa-

diann release of the pineal hormone melatonin70102,114188. This release is controlled by 

noradrenalinee secreted from sympathetic nerve fibers originating in the superior cervi-
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call  ganglion205. Information from the SCN reaches the sympathetic nervous system via a 
pathwayy in which descending hypothalamic projections are involved. More recently, the 
importancee of neuronal projections in the SCN-control on the adrenal was evidenced 
byy anatomical and physiological experiments revealing the existence of a functional 
multisynapticc neural pathway between the SCN and the adrenal cortex, via neurons in 
thee PVN and in the IML in the spinal cord27. 

Thus,, in addition to the SCN-control of circadian rhythms in hormone concentra-
tionss via neuroendocrine signals, the SCN may transfer its circadian message via its pro-
jectionss to the autonomic nervous system that innervates peripheral organs. 

Rhythmss in glucose metabolism 

InIn view of the daily changes in many hormones it is not surprising that concentrations of 
manyy metabolic components, for instance glucose, show a daily rhythm as well. Meta-
bolicc demands in the active period are different from those in the resting period; in other 
words,, day-time homeostasis will be different from night-time homeostasis. Humans 
showw higher glucose output and insulin requirements in the early morning hours, the 
so-called'dawn-phenomenon'14190,, suggesting anticipation of glucose metabolism to the 
upcomingg activity period. Variations for glucose tolerance over the day have also been 
described;; oral glucose, intravenous glucose infusions, or consumption of a meal result 
inn a markedly higher plasma glucose response in the evening than in the morning35112' 
204.. Diminished insulin sensitivity and decreased insulin responses to a glucose load have 
bothh been suggested to cause the reduced glucose tolerance later in the day129. Rodents 
showw similar daily variations in hormones involved in glucose metabolism and in en-
ergyy substrates, taking into account the 12-hour shift due to the different activity pat-
ternss (i.e. humans are day-active; rodents, such as mice and rats, are night active); plasma 
concentrationss of glucose and insulin are higher in the dark period than in the light 
period82'141.. So far, there is littl e evidence for a direct control of the SCN on daily rhythms 
inn plasma concentrations of glucose and insulin, independent of food intake. An increase 
inn plasma glucose concentrations due to food intake is a strong physiological stimulus 

GlucoseGlucose tolerance and insulin sensitivity 
GlucoseGlucose tolerance refers to the relative amount of glucose taken up by peripheral tis-
sues.. Increased glucose tolerance (i.e. a higher glucose uptake) may result from vari-
ouss processes, such as a higher amount of insulin secreted from the pancreatic $-
cells,, an increase in (non)-insulin-mediated glucose transporters, and a higher avail-
abilityy and sensitivity (i.e. specificity and affinity) of the insulin receptor. 

InsulinInsulin insensitivity refers to the increasing quantity of insulin that needs to be 
secretedd to maintain euglycemia and can result from a lesser availability or less sen-
sitivee insulin receptors. This results in reduced glucose uptake by insulin-sensitive 
tissuee and in impaired inhibition of hepatic glucose production. 

11 1 
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FEEDINGG BEHAVIOR 

GLUCOSEE METABOLISM 

Fig.. 1 The SCN-driven rhythm in food intake seems to be the main cause of the rhythm in glu-
cosee metabolism 

forr insulin secretion. Therefore, it is likely that a daily rhythm in food intake will also 
causee a daily rhythm in plasma concentrations of glucose and insulin. Indeed, in ro-
dents,, restricted feeding during the day-time will induce the glucose and insulin peak to 
shiftt to the day-time53,58. Therefore, the (SCN-driven) rhythm in food intake seems to be 
thee main cause for daily rhythms in plasma concentrations of glucose and insulin (Fig. 1). 
SCN-lesionedd rats show a disruption of daily rhythms in plasma concentrations of glu-
cosee and insulin208. However, these animals also show arrhythmic feeding behavior131 

andd they do therefore not provide evidence for a direct control of the SCN on plasma 
concentrationss of glucose and insulin. 

Too investigate whether there is also a direct impact of the SCN on parameters of glu-
cosee metabolism (Fig. 2), it is necessary to eliminate the influence of the SCN on feeding 
behavior.. Fasting is one of the approaches which may be used to study the direct impact 
off  the SCN on glucose metabolism without the disturbing (or masking) effect of feeding 
behavior.. Indeed, mammals, including humans, show persistent rhythms in plasma in-
sulinn and glucose when fasted6'58115' '41. However, the results of these experiments were 
nott clear-cut, due to differences in fasting regimens. Yet another approach to eliminate 
thee rhythmic pattern in feeding behavior is feeding constantly or at regular intervals. 
Thiss approach is similar to the constant-routine protocols (i.e. continuous bed rest) 
usedd to study circadian rhythms in body temperature and cardiovascular parameters in 
humanss without the disturbing (or masking) influence of (locomotor) activity. Experi-
mentss with rats on a six-meals-a-day schedule, with a four hour interval between every 
meal,, revealed a clear diurnal rhythm in meal-induced responses in glucose and insulin. 
Thee data on the pre-meal glucose values from that study suggested a daily rhythm in 
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FEEDINGG BEHAVIOR 

GLUCOSEE METABOLISM 

Fig.. 2 Is there a direct impact of the SCN on glucose metabolism next to its indirect effect via its 
controll  of feeding activity? 

II I I I 1 I 
SCHEDULEDD FEEDING 

GLUCOSEE METABOLISM 

Fig.. 3 Model to study the direct impact of the SCN on glucose metabolism. Rats are fed 6 meals 
aa day with 4 hours in between every meal. The influence of the SCN on feeding behavior is elimi-
nated. . 

basall  plasma glucose concentrations independent of the feeding pattern as well92. Loco-

motorr activity patterns were not disturbed by this scheduled feeding regimen, indicat-

ingg that the six-meals-a-day feeding schedule only disrupts the daily pattern in feeding 

activityy and not overall behavior. 

Therefore,, this scheduled feeding regimen of 6 meals a day (Fig. 3) is a good model to 

testt our hypothesis that: "The SCN generates rhythms in glucose metabolism independent 

ofof its influence on feeding activity". 
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Hormonall and neuronal regulation involved in the rhythm in glucose metabolism 

Sincee glucose metabolism is regulated by hormonal and neuronal mechanisms, both 
mayy be involved in the SCN control on glucose metabolism. Indeed, next to insulin and 
glucagon,, daily rhythms in plasma concentrations of a number of hormones have been 
describedd that may affect glucose metabolism, i.e. glucocorticoids, growth hormone and 
adrenalin47'82208.. Glucocorticoids and growth hormone both stimulate hepatic glucose 
productionn by activating gluconeogenic enzymes169'203, support the transfer of amino 
acidss to the liver59 and induce hepatic resistance to insulin84. Human studies describe 
correlationss between glucose metabolism rhythms, i.e. circulating glucose levels and glu-
cosee tolerance, and rhythms in hormones such as Cortisol (a glucocorticoid) and growth 
hormone170'I94'l97.. The coincidence of hormonal changes with the glucose peak suggests 
theirr involvement in the generation of the rhythms in glucose metabolism. The evidence, 
however,, is only correlative. Blockade of the circadian Cortisol rise, for instance, did not 
preventt the increase in blood glucose concentrations in the early morning161, indicating 
thee absence of a causal relationship. In addition, the 24h-rhythm in growth hormone in 
ratss is totally different compared to that in humans, i.e. rats do not display a clear circa-
diann rhythm in growth hormone concentrations, but a strong ultradian rhythm of 3 
hours40-148.. Therefore, it is unlikely that growth hormone, at least in rats, is responsible 
forr the daily rhythm in plasma glucose concentrations. Adrenalin is a well-known 
counterregulatoryy hormone, it can rapidly stimulate hepatic glucose production. The 
dailyy rhythm in basal adrenalin concentrations, however, does not correlate with the 
rhythmm in glucose levels, but correlates more strongly with locomotor activity levels47. 
Thus,, it is unlikely that, under normal conditions, adrenalin is involved in the control of 
thee daily rhythm in glucose metabolism. 

InIn view of the above described (lack of) correlations between rhythms in hormones 
andd in glucose metabolism, growth hormone and adrenalin have not been investigated 
inn the experiments presented in this thesis. Corticosterone concentrations, however, were 
measuredd in most experiments to examine whether our feeding model affected the daily 
rhythmicityy of the rat and to verify that experiments were performed under non-stress-
full  conditions. 

Thee involvement of the autonomic nervous system in SCN-driven changes in glucose 

metabolismm was first suggested by Nagai and colleagues, since they showed that electri-

call  stimulation of the SCN resulted in an increase in plasma glucose concentrations. This 

effectt could be prevented by blocking the autonomic nervous system by (i.p.) adminis-

trationn of a- and p-adrenergic blockers62-131. Furthermore, it was observed that expo-

suree of one eye to bright light resulted in an increase in sympathetic nerve activity to the 

adrenall  gland, the liver and the pancreas and in a decrease in vagal nerve activity to the 

pancreass and the liver136. Since the SCN receives retinal input via the RHT, light may act 

viaa the SCN to modulate autonomic activity to peripheral organs. Indeed, lesioning of 
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thee SCN eliminated the changes in autonomic activity after light exposure, indicating 

thee involvement of the SCN in the light-induced autonomic activity changes. Together, 

thee stimulation studies and the light exposure studies demonstrate that the SCN may 

regulatee glucose metabolism by altering the activity of the autonomic nervous system 

thatt projects to the pancreas, liver and adrenal gland. 

Wee hypothesize that: "The SCN-controlled daily rhythm in plasma glucose concentra-

tionstions is generated via its effect on the autonomic control of the liver, and not via the control 

ofof hormonal rhythms". 

III .. MELATONIN AND GLUCOSE METABOLISM 

Onee of the best known output signals of the SCN is the release of the pineal hormone 

melatonin.. Melatonin is only secreted during the dark period, and may therefore serve 

ass a night-signal for the body. Several studies have suggested an effect of melatonin on 

glucosee metabolism but the exact mechanisms underlying those effects are poorly un-

derstood.. It is thought that melatonin might have a direct effect on the target cells, e.g. 

hepatocytess and pancreatic fi-cells1,145, which are known to contain melatonin-binding 

elements,, but it is also possible that melatonin influences glucose metabolism via its 

modulatoryy action on SCN activity125. Effects of exogenous melatonin administration 

and/orr melatonin deprivation via pinealectomy on components of glucose metabolism 

havee been studied in vitro and in vivo but the results are rather contradictory. Levels of 

insulinn secretion from pancreatic p-cells exposed to various dosages of melatonin at 

variouss time points of the light/dark-cycle have been alternately reported as 'unchanged' 

andd 'decreased' in in vitro studies in rodents60,146. Contradictory results were also found 

forr in vivo studies; in pinealectomized rats, for example, plasma glucose concentrations 

weree found to be elevated in one study and decreased in another42'52. Similar inconsist-

enciess characterize the literature on the effects of melatonin on glucose and/or insulin 

responses.. Data on melatonin effects on glucose metabolism in humans are scarce. A 

literaturee search has only identified two studies, one describing the inhibiting effect of 

melatoninn on the growth hormone response to insulin-induced hypoglycemia172, and 

thee other study describing effects of carbohydrate ingestion on melatonin concentra-

tions2.. The fact that in humans melatonin levels are high in the inactive period, while in 

rodentss melatonin levels are high during the activity period, renders comparison of the 

dataa of melatonin effects on glucose metabolism in humans with those in rodents com-

plicated,, if not impossible. 

Wee hypothesize that: "Melatonin will  affect glucose metabolism in such a way that it 

enhancesenhances the night signal of the SCN, be it via direct action on target cells or through its 

influenceinfluence on SCN activity \ 
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IV.. SCOPE OF THE THESIS 

Thee aim of the present thesis was to investigate: 

-- the existence of daily rhythms in plasma concentrations of glucose and insulin 

-- the contribution of the SCN to a 24h-rhythm in concentrations of plasma glucose 
andd insulin, independent of the SCN-driven rhythm in feeding behavior 

Afterr establishing the existence of a daily rhythm in plasma glucose concentrations in-
dependentt of the temporary distribution of feeding behavior, we focused on the mecha-
nismss behind the daily rhythm in plasma glucose concentrations. The aim of the follow 
upp studies was to investigate: 

-- whether the SCN is responsible for daily fluctuations in glucose uptake and how these 
fluctuationss relate to the rhythm in plasma glucose concentrations 

-- the possibility that hypothalamic centers, including the SCN, have multi-synaptic neu-
ral-connectionss to the liver 

-- whether the SCN is connected to the liver via both branches of the autonomic nerv-
ouss system, i.e. parasympathetic and sympathetic 

-- whether the sympathetic and/or the parasympathetic projections to the liver are in-
volvedd in the control of the daily rhythm in plasma glucose concentrations 

-- whether melatonin is responsible for the declining glucose concentrations during the 
darkk period 
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