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CHAPTERR 1 

GeneralGeneral Introduction 

Contents Contents 

I.. Maintaining glucose homeostasis 
II .. Daily rhythms and the SCN 

Transmitterr release from the SCN 
SCN-neuroendocrinee control and SCN-autonomic control 
Rhythmss in glucose metabolism 

Hormonall  and neuronal regulation involved in the rhythm in glucose metabolism 
III .. Melatonin and glucose metabolism 

IV.. Scope of the thesis 

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-

8 8 



GENERALL INTRODUCTION 

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-

10 0 
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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 

12 2 
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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". 

13 3 
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Hormonall  and neuronal regulation involved in the rhyth m 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 

14 4 
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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 \ 

15 5 
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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 

16 6 
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suprachiasmaticsuprachiasmatic nucleus generated rhythm in basal glucose 
concentrations concentrations 

Susannee E. Ia Fleur, Andries Kalsbeek, Joke Wortel and Ruud M. Buijs 

journaljournal of Neuroendocrinology (1999) 11:643-652 

Abstract t 

Thee daily rhythm in feeding activity in mammals, as driven by the bio-
logicall  clock, largely determines the daily fluctuations in basal con-
centrationss of glucose and insulin. To investigate a possible direct im-
pactt of the suprachiasmatic nucleus (SCN) on these parameters, we 
subjectedd intact rats and SCN-lesioned rats to a fasting regimen of 36h, 
orr to a scheduled feeding regimen of six identical meals equally dis-
tributedd over the light/dark-cycle. Plasma profiles of glucose and insu-
linn in rats during the final 24h of the 36h of fasting, and in rats sub-
jectedd to the scheduled feeding regimen were compared to profiles in 
ratss fed ad libitum. In rats fed ad libitum, in fasted rats and in rats sub-
jectedd to a scheduled feeding regimen basal glucose concentrations 
showedd a pronounced 24h-rhythm that was not found in rats that had 
beenn SCN-lesioned. Basal insulin levels showed a 24h-rhythm in 50% 
off  the rats fed ad libitum and in 50% of the rats subjected to a sched-
uledd feeding regimen; neither rhythms were present in SCN-lesioned 
rats.. However, none of the fasted rats showed a 24 h-rhythm in basal 
insulinn concentrations. These data provide clear evidence that the SCN 
directlyy controls basal glucose concentrations independent of its in-
fluencefluence on feeding activity. At the same time, we found no consistent 
evidencee for a strong impact of the SCN on basal insulin concentra-
tions. . 
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Introductio n n 

Plasmaa concentrations of glucose and insulin show a daily rhythm in mammals682-] LS'143, 

inc lud ingg humans1 4 3 5 1 9 4. Many dai ly rhy thms are generated by an endogenous c i rcadian 

oscillatorr which, in mammals, is located in the suprachiasmatic nucleus (SCN). Numer-

ouss studies have shown that the SCN influences behavioral rhythms such as locomotor 

activity,, sleep-wake cycle and feeding behavior152. There is also clear evidence for the 

involvementt of the SCN in anterior pituitary hormonal release152. However, the direct 

involvementt of the SCN in the autonomic nervous activity and more peripheral hormo-

nall  systems, such as those involved in glucose homeostasis, is unclear. Recently, ana-

tomicall  studies have revealed that the SCN influences the adrenals via a multi-synaptic 

neurall  pathway26. We hypothesized that the SCN influences the pancreas and the liver 

viaa a similar pathway, which may contribute to the diurnal rhythm in glucose concentra-

tions. . 

Thee main physiological stimulus for insulin secretion from the pancreas is an eleva-

tionn in blood glucose concentrations due to food intake, which is controlled by the SCN 

andd shows a pronounced daily rhythm. This indicates that daily changes in basal con-

centrationss of glucose and insulin are at least indirectly mediated by the control of the 

SCNN of feeding activity. Consequently in order to assess whether or not a direct impact 

off  the SCN on basal concentrations of glucose and insulin exists, it is necessary to sup-

presss the influence of the SCN on feeding behavior. 

Inn several studies therefore rodents were subjected to a fasting regimen6'58,'15,141. How-

ever,, the results of these experiments were not clear cut, which maybe due to differences 

inn fasting regimen and to low sampling frequencies. Previous experiments92, in which we 

subjectedd rats to a feeding regimen of six identical meals a day, with an interval of 4h 

betweenn every meal, indicated a diurnal rhythm in food-induced responses of glucose 

andd insulin, independent of the previous feeding activity of an animal. 

Thee present study was designed to investigate the contribution of the SCN to the pres-

encee of an endogenous rhythm in concentrations of glucose and insulin independent of 

thee rhythm in feeding behavior generated by the SCN. We therefore subjected intact rats 

andd SCN-lesioned rats to a fasting regimen of 36h or to a scheduled feeding regimen 

withh six identical meals equally distributed over the light/dark-cycle. Plasma profiles of 

glucosee and insulin during the final 24h of the 36h of fasting and of rats subjected to the 

scheduledd feeding regimen were compared to profiles of rats fed ad libitum. 

Material ss and methods 

AnimalsAnimals and Food Intake 

Malee Wistar rats (Harlan) were used in all experiments. Rats were housed in separate 

cagess (25 x 25 x 35 cm, first experiment; 35 x 35 x 40 cm, second experiment) at a room 
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temperaturee of 20°C, in a room on a 12h/12h light/dark regimen (lights on at 07:00 h). 
Duringg the first experiment, rats were fed ad libitum or fasted the night before and dur-
ingg the experiment. For the second experiment, rats were entrained to a feeding sched-
ule.. Food pellets were available in metal food hoppers. A rat could gnaw off pieces of 
foodd through vertical stainless steel bars situated at the front of the food hopper. Access 
too the food could be prevented by a sliding door situated in front of the food hopper. 
Doorr opening and door closing were activated by an electrical motor and controlled by 
aa clock. During all experiments, water was available ad libitum. All experiments were 
performedd in the rat's home cage. All experiments were conducted under the approval of 
thee Dutch Animal Care Committee. 

FirstFirst experiment: Twenty-four h profiles in intact rats and SCN-lesioned rats that were 
AL-fedAL-fed and fasted 

Too establish the 24h plasma profiles of insulin, glucose and corticosterone in intact rats, 
eightt male Wistar rats (>300 g) were provided with a jugular vein catheter in the right 
atriumm according to the method of Steffens174. After surgery the rats were given 2 weeks 
too recover. During the experiments the rats were permanently connected to the blood-
samplingg catheters which were attached to a metal collar and kept out of reach of the rats 
byy means of a counterbalanced beam. In this way all manipulations could be done out-
sidee the cages and no prior handling was necessary for the blood sampling. The com-
pletee profile was determined by taking 0.2 ml of blood once every hour for 9 consecutive 
hourss on three different occasions within a period of thee weeks, with the first sample of 
eachh run overlapping with the last sample of the previous run. The three runs started at 
ZT6.5,, ZT14.5 and ZT22.5. One week later, the same rats underwent similar procedures 
too determine the plasma profiles of insulin, glucose and corticosterone but this time 
underr fasting conditions. Food was withdrawn at the start of the dark period before the 
experimentt and the same blood-withdrawal scheme was used as described above. 

Too establish 24h plasma profiles in SCN-lesioned rats, bilateral SCN lesions were car-
riedd out as described previously24. To obtain sufficient correctly lesioned rats, 19 rats 
weree operated. The lesions were checked by determining the water intake. Rats drinking 
moree than 30% of the daily water intake during an 8h portion of the light period were 
consideredd to have correct lesions. The drinking test indicated that the water consump-
tionn of eight of the 19 rats was increased from 0-5% to 30-40%. These eight rats were 
providedd with a jugular vein catheter and permanently connected to the blood-sam-
plingg catheter as described above (when they weighed >300 g). Between ZT3.5 and 
ZT24.55 plasma profiles of insulin and glucose were determined by taking 0.2 ml of blood 
oncee every hour during 12 consecutive hours on two different occasions within a period 
off  2 weeks, with the first two samples of the second run overlapping with the last two of 
thee first run. One week later, the same rats underwent a similar procedure to determine 
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thee plasma profiles of insulin and glucose under fasting conditions. Food was withdrawn 

ass described above. Within 3 weeks, profiles from ZT3.5 until 24.5 were determined in 

threee runs which started at ZT3.5, 7.5 and 16.5. Data were obtained from seven SCN-

lesionedd rats, because the jugular vein catheter of one rat was blocked. 

SecondSecond experiment: Twenty-four h profiles in intact rats and SCN-lesioned rats on a 

scheduledscheduled feeding regimen 

Inn 20 rats, a bilateral SCN lesion was carried out as described above and the drinking test 

indicatedd that the water consumption of 11 of the 20 rats was increased from 0-5% to 30-

40%% of the daily intake during an 8h portion of the light period. Together with eight 

intactt rats, these 11 correctly SCN-lesioned rats were entrained to a feeding schedule of 

sixx 10-min meals spaced equally over the light/dark-cycle. Food became available at ZT2, 

ZT6,, ZT10, ZT14, ZT18 and ZT22. Rats had 2 weeks to adapt to the feeding schedule. 

Adaptationn was considered completed when rats had learned to consume  3.5g. during 

everyy meal. Eight intact rats and 8 of the 11 SCN-lesioned rats adapted readily to the 

feedingg schedule, resumed growth (2.7 g/day), and were provided with a jugular vein 

catheterr as described above. After 2 weeks of recovery, plasma profiles of insulin and 

glucosee were determined by taking 0.2 ml of blood once every hour during 12 consecu-

tivee hours on two different occasions within a period of 2 weeks. The two runs started at 

ZT6.5andZT18.5. . 

Histology Histology 

Afterr completion of the experiments, the rats were decapitated and the brains were fixed 

byy immersion in a 4% paraformaldehyde solution for 2 weeks. The hypothalamus was 

sectionedd using a vibratome, and 50-fim sections were stained for vasopressin (VP) and 

vasoactivee intestinal peptide (VIP).VP and VIP staining was examined in the SCN area. 

Iff  rats had cell bodies that stained positively for either VP or VIP in the region of the 

SCNN or around the border of the lesion, then they were considered to have a partial SCN 

lesionn and were excluded from the data. 

AnalyticalAnalytical methods 

Bloodd samples were immediately chilled at 0 °C and centrifuged at 4 °C, and the plasma 

wass stored at -20 °C until analysis. The plasma glucose concentrations were determined 

usingg a Glucose/GOD-Perid method (Boehringer Mannheim, GmBH, Germany). Plasma 

immunoreactivee insulin concentrations were determined with a radio immuno-assay 

kitt (ICN Biomedicals, Costa Mesa, CA, USA); samples were measured in duplicate. Plasma 

sampless of intact rats and SCN-lesioned rats were measured within one assay. Plasma 

sampless of experiments 1 and 2 were measured in different assays and, therefore, cannot 

bee compared. The lower limit of the assay was 10 (lIU/ml and the coefficient of variation 
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off  the immunoassay was < 8%. Plasma corticosterone concentrations were determined 

withh a radio immuno-assay kit (ICN Biomedicals); samples were measured in duplicate. 

Fromm the samples, 10 |il was taken and diluted in 4 ml of assay buffer. The lower limit of 

thee assay was 1 ng/ml and the coefficient of variation of the immunoassay was < 4%. 

StatisticalStatistical analysis 

Thee plasma concentrations of insulin and glucose are expressed as percentages of the 
meann + SEM (overlapping points are averaged). Plasma concentrations of corticoster-
onee are expressed as mean  SEM. Statistical analysis was conducted using a repeated-
measuress ANOVA to test for an effect of time. If repeated-measures ANOVA detected a 
significantt effect of time, paired t-tests were used to detect differences between peak and 
troughh values. In addition, a single cosinor analysis was done, using the fundamental 
periodd (24 h) for the individual sets of data points. Occasionally, a complex cosinor 
analysiss was done, using the fundamental period (24 h) and its first (12 h) or second (8 
h)) harmonic. The statistical significance of the cosine fit is expressed as F statistic. The 
fittedd function is defined by its mesor (rhythm-adjusted mean), amplitude (50% of the 
differencee between the maximum and the minimum), and acrophase (time of the maxi-
mum).. The software package Table-Curve (Jandel Scientific GmbH, Erkrath, Germany) 
wass used for fitting cosine functions to the data. ANOVA and the Student's t-test were 
usedd to detect significant differences between intact rats and SCN-lesioned rats. For the 
ANOVAA and (paired) t-tests, p<0.05 was considered to be a significant difference. For 
thee cosine analysis, p<0.05 was considered to be a significant fit. In all cases, statistics 
andd cosine analysis were done on absolute values. 

Results s 

Histology Histology 

Inspectionn of the brain sections containing the lesion site for the presence of VP and VIP 

cellss or fibers revealed that all rats selected with the drinking test had a complete lesion 

oftheSCN(Figl). . 

BasalBasal glucose concentrations in intact rats and SCN-lesioned rats on ad libitum feeding 

Inn the intact rats, basal glucose concentrations varied along the light/dark-cycle (Fig. 

2A).. Peak and trough concentrations were, respectively, 5 mmol/1 and 5 mmol/1. 

ANOVAA detected a significant effect of time (ANOVA: F(24,168) = 8.44, p<0.001). Sets 

off  data points of seven of the eight intact rats could be fitted with the single cosinor 

analysiss so that the fitted curve was not significantly different from the curve of the indi-

viduall  rat (Table 1). 

21 1 



CHAPTERR 2 

Fig.. 1 Transversal hypothalamus sections showing a representative example of a complete SCN-
lesion.. Note the relatively small size of the lesion, leaving the supraoptic nucleus (arrow in B) and 
paraventricularr nucleus (arrow in C) intact. V= third ventricle, OC = optic chiasm. 
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Fig.. 2 Basal glucose concentrations (values are percentages of the 24h-mean  SEM) across the 
light/dark-cycle,, in intact rats (left panel; n =8) and in SCN-lesioned rats (right panel; n = 7) 
underr AL-feeding conditions (A,B), under fasting conditions (C,D), and subjected to a scheduled 
feedingg regimen (F,G). The black areas indicate the night time. The absolute 24h-mean values are 
displayedd in Table 1. 

Inn SCN-lesioned rats we detected a significant effect of time for basal glucose concen-
trationss (F(21,273)=2.32, p<0.002) (Fig. 2B). The basal glucose concentrations varied 
betweenn  6.5 mmol/1 and  7.5 mmol/1. The absolute 24h-mean of SCN-lesioned rats 
wass significant higher than that of intact rats (Table 1), this was also detected by re-
peated-measuress ANOVA as an effect of group (F(l,13)= 41.31, p<0.001). Repeated 
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Tablee 1 Rhythm parameters of basal glucose in intact rats and SCN-lesioned rats 

R R 

MM (mmol/1) 

Amm (%) 

A(ZT) ) 

Intactt rats 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

AL-fed d 

0.477 5 (7) 

---

6.33 7 
7.11 * 

10.6++ 1.4 

---

11.55 6 

---

Fasted d 

0.599 5 (6) 
0.611 8 (3) 

5.00 1 m 
5.55 5 * m 

15.7  1.5 t 
3 3 

8.00  0 .4 t tt 
5.11 * 

Scheduledd fed 

0.466 5 (7) 

---

6.55  0.09 

6.44  0.14 t 

12.9++ 1.1 

--

11.33 4 

---

RR = Goodness of fit;  M= absolute 24 h mean (mmol/1); Am= Amplitude (%);A=Acrophase(ZT); 
SCNxx = SCN-lesioned. Values are means SEM. Between brackets the number of animals. * P<0.05 
forr comparisons between intact rats and SCN-lesioned rats;t P<0.05 and t t P<0.001 for com-
parisonn with AL-fed condition; $ P< O.001 for comparison with scheduled feeding conditions 

measuress ANOVA also detected an effect of time (F(21,273)= 7.29, p<0.001) and ofgroup 

xx time' (F(21,273)= 4.73, p<0.001). Thus, there was a significant difference between in-

tactt rats and SCN-lesioned rats in the shape of the profile. Post-hoc analysis detected 

differencess at several time points (ZT3.5-6.5 (p<0.04),ZT13.5-14.5(p<0.05) and ZT16.5 

-24.55 (p<0.04)). Sets of data points could be fitted with the single cosinor analysis, for 

nonee of the SCN-lesioned rats. 

BasalBasal glucose concentrations in intact rats and SCN-lesioned rats on a fasting regimen 

Inn fasted intact rats, basal glucose concentrations varied along the light/dark-cycle (Fig. 

2C),, although at a somewhat lower concentration than basal glucose concentrations in 

adad libitum fed rats (Table 1). Peak and trough concentrations were, respectively,  6.0 

mmol/11 and 4 mmol/1. ANOVA detected a significant effect of time (F(24,168) = 

11.3,, p<0.001). Post-hoc analysis showed that the peak glucose value at ZT11.5 was sig-

nificantlyy different from trough values at ZT15.5-18.5, ZT20.5 and ZTO.5 (p<0.007). 

Forr six of the eight intact rats, the sets of data points could be fitted with the single cosinor 

analysiss so that the fitted curve was not significantly different from the curve of the indi-

viduall  rat (Table 1). The mean acrophase (calculated from curves of the individual rats) 
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off  plasma profiles of glucose in fasted rats was 3.5h advanced compared to that in rats 
fedd ad libitum (Table 1). 

InIn fasted SCN-lesioned rats basal glucose concentrations showed a steady decline from 
ZT44 onwards (Fig. 2D); the highest and lowest concentrations being 1 mmol/1 and
4.88 mmol/1, respectively. The variation over time in basal concentrations of glucose 
reachedd significance (F(20,120)= 3.83, p<0.001). The mean glucose concentrations at 
ZT8.5,, ZT7.5, ZT5.5 and ZT4.5 were significantly higher than at ZT17.5 (p<0.004). Sets 
off  data points of three of the seven SCN-lesioned rats could be fitted with the single 
cosinorr analysis so that the fitted curve was not significantly different from the curve of 
thee individual rat (Table 1), but with the acrophase much earlier in time than that of 
intactt rats (Table 1). The absolute 24h-mean of glucose concentrations of SCN-lesioned 
ratss was significant higher than that of intact rats (Table 1), this was also detected by 
repeated-measuress ANOVA as an effect of group (F(l>13)=41.86, p<0.001). Repeated-
measuress ANOVA also detected a significant effect of time (F(18,234)=12.35, p<0.001) 
andd of'group x time' (F( 18,234)= 3.49, p<0.001). Thus, there was a significant difference 
betweenn intact rats and SCN-lesioned rats in the shape of the profile of glucose concen-
trations. . 

BasalBasal glucose concentrations in intact rats and SCN-lesioned rats on a scheduled feeding 

regimen regimen 

Inn intact rats on a scheduled feeding regimen, basal glucose concentrations varied along 

thee light/dark-cycle (Fig. 2E). The highest and lowest concentrations were, respectively, 

 7.5 mmol/1 and  6.0 mmol/1. ANOVA detected a significant effect of time (F(23,161)= 

4.79,, p< 0.001). Post-hoc analysis showed that the peak glucose value at ZT12.5 was sig-

nificantlyy different from the trough values at ZT-0.5-ZT6.5 and ZT20-ZT22.5 (p<0.03). 

Setss of data points of seven of the eight intact rats could be fitted with the single cosinor 

analysiss so that the fitted curve was not significantly different from the curve of the indi-

viduall  rat (Table 1). The acrophase and the absolute 24h-mean in rats subjected to a 

scheduledd feeding regimen was significantly different from that of fasted rats and not 

significantt different from that of rats fed ad libitum (Table 1). 

Inn SCN-lesioned rats on a scheduled feeding regimen, basal glucose concentrations 

didd not show diurnal variation (Fig. 2F). The highest and the lowest basal glucose con-

centrationss were  6.8 mmol/1 and 5.9 mmol/1, respectively. The absolute 24h-mean in 

basall  glucose concentrations of SCN-lesioned rats was not significant different from that 

off  intact rats (Table 1), also repeated-measures ANOVA did not detect an effect of group 

(Fl,14)== 0.6, p= 0.45). Repeated-measures ANOVA did indicate a clear effect of time 

(F(23,322)=3.67,p<< 0.001) and of group x time'(F(23,322)=2.06,p<0.003).Thus,there 

wass a significant difference between intact rats and SCN-lesioned rats in the shape of the 

profilee of glucose concentrations. 
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BasalBasal insulin concentrations in intact rats and SCN-lesioned rats fed ad libitum 

Inn intact rats, basal insulin concentrations showed clear fluctuations over the light/dark-

cyclee (Fig. 3A). Peak and trough concentrations were  69 uIU/ml and  49 |oJU/ml, 

respectively.. ANOVA detected an effect of time (F(24, 168)= 2.12, p<0.003). Post-hoc 

analysiss revealed that insulin concentrations at the end of the light period (ZT11.5) were 

significantlyy higher than at the beginning of the light period (ZT1.5 and 0.5) (p<0.006). 

Intact t SCN-lesioned d 
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Fig.. 3 Basal insulin concentrations (values are percentages of the 24h-mean  SEM) across the 
light/dark-cycle,, in intact rats (left panel; n =8) and in SCN-lesioned rats (right panel; n = 7) 
underr AL-feeding conditions (A,B), under fasting conditions (C,D), and subjected to a scheduled 
feedingg regimen (E,F). The black areas indicate the night time. The absolute 24h-mean values are 
displayedd in Table 2. 
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Setss of data points of four out of eight intact rats could be fitted with the single cosinor 
analysiss so that the fitted curve was not significantly different from the curve of the indi-
viduall  rat (Table 2). Adding the first or second harmonic (12 h and 8 h) to the funda-
mentall  24h-period in the cosinor analysis did not improve fits. 

Inn SCN-lesioned rats, basal insulin concentrations also showed fluctuations over the 
Hght/dark-cyclee (Fig. 3B); the highest concentrations being  67|iIU/ml and the lowest 
levell  be ing! 48(lIU/ml, i.e. effect of time (ANOVA: F(21,126)= 2.57, p<0.001). With a 
post-hocpost-hoc analysis we found that two sets of time points were significantly different, i.e. 
ZTT 7.5 vs ZT10.5, p<0.02 and at ZT20.5 vs ZT23.5, p<0.02. It was not possible to fit  sets 
off  data points of these rats either with the cosinor analysis with the fundamental period 
off  24h only, or with adding the first or second harmonic (12h and 8h) to the fundamen-
tall  period. 

Thee absolute 24h-mean of insulin concentrations in intact rats were not different from 
thosee in SCN-lesioned rats (Table 2), whereas the shape of the profilee of insulin concen-
trationss in intact rats was significantly different from those in SCN-lesioned rats (no 
effectt of group (F(l,13)=0.1, p= 0.9), effect of time (F(26,364)= 2.42, p< 0.001) and 
groupp x time' (F(26,364)= 1.74,p< 0.03)). 

Tablee 2 Rhythm parameters of basal insulin in intact rats and SCN -lesioned rats 

R R 

MM (uIU/ml) 

Amm (%) 

A(ZT) ) 

Intact t 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

AL-fed d 

0.455 ) 

---

57.0+7.5 5 
56.77 3 

22.3  5.1 
---

13.33 3 

— — 

Fasted d 

---
--

19.5++ 2.8 t 
19.99  2.3 f 

---
--

---
---

Scheduledd fed 

0.322 2 (4) 
0.48(1) ) 

110.99 0 
93.44 +4.5* 

17.00 0 
17.7 7 

9.88  1.2 
13.6 6 

RR = Goodness of fit;  M= absolute 24 h mean (uIU/ml); Am= Amplitude (%); A= Acrophase (ZT); 
SCNxx = SCN-lesioned. Values are means  SEM. Between brackets the number of animals. * P<0.05 
forr comparisons between intact rats and SCN-lesioned rats;f P<0.001 for comparison with AL-
fedd condition 
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BasalBasal insulin concentrations in intact rats and SCN-lesioned rats on a fasting regimen 

InIn intact rats, fasting caused a considerable drop in the 24h concentrations of insulin 

(Tablee 2). Basal insulin concentrations were significantly higher in the light period 

(22.813.33 plU/ml) than in the dark period 2 uIU/ml) (p<0.004) (Fig. 3C). Re-

peated-measuress ANOVA detected a significant effect of time (F(24,168) = 2.75, 

p<0.0001).. After dark onset (ZT12.5) insulin concentrations declined significantly com-

paredd to those at ZT11.5 (p<0.003). However, in the dark period no significant differ-

encess were found between the time points (ZT12.5 compared to ZT18.5, p= 0.09). 

Inn SCN-lesioned rats basal insulin concentrations showed a slow decline from ZT5.5 

onwardss (Fig. 3D); the highest concentrations being  32 u.IU/ml and the lowest  11 

jiIU/ml .. Mean 24h concentrations of insulin in fasted SCN-lesioned rats were signifi-

cantt lower than in ad libitum fed SCN-lesioned rats (Table 2). Repeated-measure ANOVA 

detectedd an effect of time (F(2O,120)= 10.54, p<0.001). Insulin concentrations were sig-

nificantlyy higher at ZT 5.5 than at ZT19.5-24.5 (p<0.002). 

Basall  insulin concentrations in both intact rats and SCN-lesioned rats that had fasted 

showedd a steady decline. With linear regression it was possible to fit the sets of data points 

off  all SCN-lesioned rats (R2: 0.55+0.07; slope: 1 uJU/h; p<0.02). For five of 

thee eight intact rats sets of data points could also be fitted with linear regression (R2: 

0.29  0.06, p<0.04),but with a smaller slope (-0.4810.13 u\IU/h). The difference in slope 

foundd by fitting sets of data points for intact rats and for SCN-lesioned rats was signifi-

cantt (p<0.02). 

Noo differences were found in the absolute 24h-mean of insulin concentrations of fasted 

intactt rats compared to those of SCN-lesioned rats (Table 2). Also with a repeated-meas-

uress ANOVA we did not detect a significant effect of group (F(l,13)= 0.1,p=0.9),but we 

didd detect significant effects of time (F(18,234)=7.89, p<0.001) and time x group 

(F(18,234)== 2.63, p<0.001), confirming the difference in the slope of insulin profiles. 

BasalBasal insulin concentrations in intact rats and SCN-lesioned rats on a scheduled feeding 

regimen regimen 

Basall  insulin concentrations in intact rats as well as in SCN-lesioned rats showed fluc-

tuationss over the light/dark-cycle (Fig 3E, 3F). Both these fluctuations reached signifi-

cancee (intact: F(23,161)= 4.67, p< 0.001; SCN-lesioned: F(23,161 )= 2.2, p< 0.002). Sets 

off  data points of four of the eight intact rats could be fitted with the single cosinor analy-

siss so that the fitted curve was not significantly different from the curve of the individual 

ratt (Table 2). The set of data points of only one SCN-lesioned rat could be fitted with the 

singlee cosinor analysis (Table 2). 

Thee absolute 24h-mean of insulin concentrations of intact rats were significantly dif-

ferentt from those of SCN-lesioned rats (Table 2), this was also detected by repeated-

measuress ANOVA as an effect of group ((F(l,14)= 6.4, p< 0.03). Also the shape of the 
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profilee of insulin concentrations in intact rats was significantly different from that in 
SCN-lesionedd rats (effect of time (F(23,322)= 5.2, p< 0.001) and effect of'groupx time' 
(F(23,322)=2.5,p<0.001)). . 

InsulinInsulin sensitivity 

Forr a rough estimation of insulin sensitivity, we calculated the quotient of glucose and 
insulinn concentrations for both intact rats and SCN-lesioned rats with the 24h averages 
off  concentrations of glucose and insulin during all three conditions. In addition, for the 
fastingg experiment we also calculated the glucose/insulin-quotient with the last samples 
att the end of the 36h fast. No significant difference for these quotients were found be-
tweenn intact rats and SCN-lesioned rats, in any condition. 

Inn rats subjected to a scheduled feeding regimen we calculated insulin increments af-
terr a meal. Insulin concentrations in both intact rats and in SCN-lesioned rats increased. 
Forr intact rats this increase in insulin (expressed as the difference with the last sample 
pointt before a meal) reached significance after the meals at ZT2, ZT6, ZT10 and ZT14 
(p<0.04)) and for SCN-lesioned rats after the meals at ZT6 and ZT14 (p<0.04). In intact 
rats,, the mean insulin increment to the six meals was significantly higher than that in 
SCN-lesionedd rats (p<0.02) (Fig.4). In intact rats as well as in SCN-lesioned rats no glu-
cosee increments were observed after a meal (expressed as the difference with the last 
samplee point before a meal) (see the legend of Fig. 4). 
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Fig.. 4 Mean insulin increments to a meal in intact rats and SCN-lesioned rats subjected to a 
scheduledd feeding regimen expressed as the difference between the last sample point before a 
meal.. Mean glucose increments were -0.17 mmol/1  0.12 for intact rats and 0.04 mmol/1  0.06 
forr SCN-lesioned rats. * P<0.001 
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PlasmaPlasma corticosterone concentrations in intact rats and SCN-lesioned rats, fed ad libitum 
andand fasted 

Diurnall  rhythm parameters of plasma corticosterone concentrations of intact rats, fed 
adad libitum and fasted were determined. For all rats fed ad libitum and for five of the eight 
fastedd intact rats, sets of data points were fitted with the single cosinor analysis so that 
thee fitted curve was not significantly different from the curve of the individual rat (Table 
3).. The mean corticosterone concentrations (mesor) of fasting intact rats were signifi-
cantlyy higher than those of rats fed ad libitum. The timing of the peak (acrophase) was 
nott significantly different (Table 3). 

Alsoo for SCN-lesioned rats plasma corticosterone profiles were determined. None of 
thee SCN-lesioned rats, fed ad libitum or fasted, showed a diurnal rhythm, it was not pos-
siblee to fit sets of data points with the single cosinor analysis. The mean corticosterone 
concentrationss of fasting SCN-lesioned rats were not significantly different from those 
off  rats fed ad libitum (Table 3). 

Tablee 3 Rhythm parameters of corticosterone concentrations in intact rats and SCN-lesioned rats 

R R 

MM (ng/ml) 

Amm (%) 

A(ZT) ) 

Intact t 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

Intact t 
SCNx x 

AL-fed d 

0.377 3 (8) 
--

35  3.1 
555 7 

72+6 6 

--

13.11 5 

— — 

Fasted d 

0.322 3 (5) 

--

4 4 
68+5.0 0 

699 t 

--

12.44 7 

---

Scheduledd fed 

0.488 4 (8) 

--

35.66 5 
44.55 * 

| | 
---

11.11  0.3 
— — 

RR = Goodness of fit;  M - absolute 24 h mean (ng/ml); Am= Amplitude (%); A= Acrophase (ZT); 
SCNxx = SCN-lesioned. Values are means  SEM. Between brackets the number of animals. * P<0.05 for 
comparisonss between intact rats and SCN-lesioned rats;t P<0.05 andft P<0.001 for comparison with 
AL-fedd condition.  P<0.05 and $$ P< 0.001 for comparison with scheduled feeding conditions. 
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PlasmaPlasma corticosterone concentrations in intact rats and SCN-lesioned rats subjected to a 

scheduledscheduled feeding regimen 

Meann plasma corticosterone concentrations in intact rats are shown in Fig. 5A. ANOVA 
detectedd a significant effect of time (F(23,138)=l 1.2,p<0.001). It was possible to fit  the 
individuall  set of data points of all intact rats with the single cosinor analysis (Table 3). 
Thee mean plasma corticosterone concentrations in SCN-lesioned rats are shown in Fig 
5B.. ANOVA detected no effect of time (F(23,138)=1.5, p=0.08). The mean corticoster-
onee concentration in SCN-lesioned rats was significantly different from that in intact 
ratss (p<0.02) (Table 3). 
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Fig.. 5 Plasma corticosterone concentrations (mean + SEM) across the light/dark-cycle in intact 
ratss (A) (n=8) and SCN-lesioned rats (B) (n=8) subjected to a scheduled feeding regimen. The 
blackk areas indicate the night time. 
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Discussion n 

Thee present data demonstrate that the SCN not only controls the daily rhythm in food 

intakee but also controls basal glucose concentrations independently of the feeding activ-

ityy of the rat. Plasma glucose concentrations showed a pronounced 24h-rhythm irre-

spectivee of whether rats were fed ad libitum, fasted or subjected to a scheduledd feeding 

regimen.. The involvement of the SCN in the organization of this glucose rhythm inde-

pendentt of food intake was demonstrated by the fact that the glucose peak appeared 

underr each feeding regimen at approximately the same time of the day and that SCN-

lesionss abolished the glucose rhythm under all three feeding conditions. At the same 

time,, evidence for a direct impact of the SCN on plasma insulin concentrations, inde-

pendentt of feeding activity, was not obvious. Interestingly, 50% of the ad libitum fed rats 

andd 50% of the rats on a scheduled feeding regimen showed a 24h-rhythm of plasma 

insulinn concentrations. Both rhythms were abolished in SCN-lesioned rats. However, 

nonee of the fasted rats showed such a rhythm, suggesting a dominant influence of feed-

ingg behavior and/or basal glucose concentrations on insulin release. 

Thee observation in intact rats fed ad libitum, that glucose concentrations rise at the 

endd of the light period, is consistent with the results of other studies82'141,143 - including 

humans-- who also show a higher glucose concentration just before the onset of the ac-

tivit yy period (dawn-phenomenon)1418. Both in rats and in humans, the peak in blood 

glucosee concentrations occurs at the same time as the circadian rise in concentrations of 

corticosterone455 47,93 and in Cortisol190,194, respectively. Consequently, this peak in gluco-

corticoidd concentrations may contribute to the increase in glucose output and insulin 

requirementt at that time of the day149'197. However, in insulin-dependent diabetes pa-

tients,, who are suggested to be more sensitive to physiological rises in Cortisol161, it was 

nott possible to block this morning rise in glucose with a Cortisol blockade18. An impor-

tantt role has also been attributed to the nocturnal surges in growth hormone, but thus 

farr these were only correlative studies14,162,190. More recent evidence suggests an increase 

inn hepatic glucose production as the main factor responsible for the early morning rise 

inn glucose concentrations12. 

Basall  glucose concentrations show a diurnal rhythm that is closely related to the diur-

nall  rhythm in food intake181, thus it seems logical that the influence of the SCN on feed-

ingg behavior causes a daily rhythm in blood glucose concentrations. Blood glucose con-

centrations,, however, already start to rise before rats start to eat, indicating the existence 

off  an endogenous glucose rhythm. To investigate the direct influence of the SCN on 

concentrationss of glucose and insulin,we used two different approaches that would elimi-

natee the influence of daily feeding activity, i.e. a 36h fast and a scheduled feeding regi-

men.. To check whether these experiments affect the rhythmicity of the rat, we measured 

corticosteronee concentrations. Measurements of plasma corticosterone concentrations 

inn intact rats demonstrated that blood sampling and fasting did not disturb the rhythm. 
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Plasmaa corticosterone concentrations in rats fed ad libitum showed a clear 24h-rhythm, 
ass shown previously in several studies45,47,93. Fasting resulted in higher corticosterone 
concentrationss in all intact rats compared to the corticosterone concentrations in rats 
fedd ad libitum (expressed in higher absolute 24h-means). Despite these higher concen-
trations,, a clear 24h-rhythm was observed, with an acrophase comparable to that seen in 
ratss fed ad libitum. These findings are in agreement with other studies that show a 24h-
rhythmm in corticosterone secretion after 1,2 and 3 days of fasting104. The major question 
wass whether under conditions of scheduled feeding also the same corticosterone rhythm 
couldd be obtained. Indeed, the corticosterone rhythm in rats subjected to these condi-
tionss was the same as seen in rats fed ad libitum, thus indicating that the feeding sched-
ulee did not disturb the rats' rhythm. In a previous study we already showed that this 
experimentall  condition does not give abnormal patterns of locomotor activity92. 

Fastedd rats showed basal glucose rhythms that were very much comparable to those 
foundd in rats fed ad libitum, though at a 1 mmol/1 lower level. Similar daily rhythms of 
basall  glucose under fasting conditions have been reported previously58-UI, though with a 
lowerr sampling frequency. Under fasting conditions, rhythms in intestinal glucose ab-
sorptionn may persist for several days153. Thus, the glucose rhythm we observed in fasted 
ratss could still be due to food-pattern driven rhythms in the gastrointestinal tract, de-
spitee the absence of feeding activity. To avoid these problems, inherent to a short-term 
fastingg regimen, we subjected the rats to the scheduled feeding regimen. The observed 
pronouncedd daily rhythm of basal glucose concentrations, with a similar acrophase as in 
ratss fed ad libitum, again shows the impact of the SCN on basal glucose concentrations, 
independentt of its effect on feeding activity. The results on basal glucose concentrations 
inn rats subjected to a scheduled feeding regimen were consistent with our earlier find-
ings92.. The fact that SCN-lesioning completely disrupted the glucose rhythm that was 
identicall  under all three feeding conditions clearly shows that basal glucose rhythms are 
endogenous,, SCN driven and independent of feeding conditions. 

Forr basal insulin concentrations, we found a 24h-rhythm in 50% of the rats fed ad 

libitum.libitum. This partially supports the results of other studies, in which 24h-rhythms in 
insulinn concentrations are described6iS2. In the fasted rats, basal insulin concentrations 
didd not show a similar 24h-rhythm as found under conditions of ad libitum feeding. 
Fastingg induced a pronounced drop in circulating insulin concentrations and a reversal 
off  the day/night-rhythm, i.e. concentrations were significantly higher in the light period 
thenn in the dark period. Basal insulin concentrations in intact rats subjected to a sched-
uledd feeding regimen also indicate the existence of a weak endogenous rhythm in basal 
insulinn concentrations, i.e. in four of the eight rats a 24h-rhythm in basal insulin concen-
trationss was detected. The absence of an insulin rhythm in fasted rats, however, indicates 
thatt this rise in insulin secretion at the end of the light period is mainly controlled by 
diurnall  changes in glucose concentrations or by rhythms in insulin responsiveness to 
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foodd intake92. The nocturnal insulin decrease observed during fasting, is probably due to 
thee increased locomotor activity during the dark period. It has been described that fast-
ingg can increase locomotor activity154. Increased locomotor activity decreases insulin 
secretionn through the increased release of norepinephrine by the sympathetic nervous 
system157.. One study did report a rhythm in basal insulin concentrations during fasting, 
however,, these rats were only shortly fasted and they did not observe a decrease in insu-
li nn concentrations under fasting conditions compared to ad libitum feeding6. 

Nextt to the effects of the SCN on basal concentrations of glucose and insulin, the present 
dataa also suggest an effect of SCN-lesioning on insulin sensitivity. Insulin increments in 
intactt rats subjected to the scheduled feeding regimen were higher than those in SCN-
lesionedd rats. At the same time, glucose concentrations before and after a meal were equal 
inn intact rats and in SCN-lesioned rats, suggesting an increased insulin sensitivity in 
SCN-lesionedd rats. This is consistent with the finding that after an oral glucose load in-
sulinn increments are lower in SCN-lesioned rats than in intact rats207, but contrasts with 
earlierr findings by Strubbe et al.180. Calculations of insulin sensitivity with 24h-means of 
concentrationss of glucose and insulin or with the last samples at the end of the 36h fast 
didd not show an significant effect of SCN-lesions. This is, however, a very rough estimate 
off  insulin sensitivity. Glucose tolerance tests are needed to really establish the effect of 
SCN-lesionss on insulin sensitivity. Future experiments are aimed at investigating fur-
therr the effects of the SCN on insulin sensitivity and glucose tolerance. 

Inn summary, this study shows that the SCN directly controls basal glucose concentra-
tions,, resulting in a clear 24h-rhythm, with a rise in basal glucose concentrations to-
wardss the end of the light period. We propose that similar to the SCN control of the 
pineal1888 and adrenals27 the SCN controls autonomic input to regulate glucose 
homeostasis.. Increased sympathetic input to liver and fat tissue enhances glucose out-
putt and stimulates lipolysis, thus promoting hyperglycemia. Electrical stimulation of the 
SCNN results in hyperglycemia, which is prevented by giving autonomic blockers 62-131. 
Therefore,, we suggest that the SCN may stimulate sympathetic activity in different tis-
suess at the end of the light period, resulting both in increased glucose output12 and in a 
decreasedd insulin sensitivity. Together, these two actions of the SCN will promote the 
occurrencee of a glucose peak at the end of the light period. 

34 4 



CHAPTERR 3 

AA daily rhythm in glucose tolerance: a role for the 

suprachiasmaticsuprachiasmatic nucleus 

Susannee E. la Fleur, Andries Kalsbeek, Joke Wortel, Madeion L Fekkes and Ruud M. Buijs 
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Abstract t 

Thee suprachiasmatic nucleus (SCN), the biological clock, is responsi-
blee for a 24h-rhythm in plasma glucose concentrations, with the high-
estt concentrations towards the beginning of the activity period. To in-
vestigatee whether the SCN is also responsible for daily fluctuations in 
glucosee uptake and to examine how these fluctuations relate to the 
rhythmm in plasma glucose concentrations, SCN-intact rats and SCN-
lesionedd rats were injected i.v. with a glucose bolus at different time-
points.. We found an increase in glucose uptake towards the beginning 
off  the activity period, followed by a gradual reduction in glucose up-
takee towards the end of the activity period. The daily variation in glu-
cosee tolerance appeared not to be due to fluctuations in insulin re-
sponsess of the pancreas but to a daily variation in insulin sensitivity. 
Lesioningg the SCN resulted in the disappearance of the daily fluctua-
tionn in glucose uptake and insulin sensitivity. Interestingly, SCN-
lesionedd rats showed an enhancement in glucose tolerance which could 
nott be explained by higher insulin responses or enhanced insulin sen-
sitivity.. These findings therefore suggest a role for the SCN in insulin-
independentt glucose uptake. The present results further show that the 
dailyy rhythm in glucose tolerance follows the same pattern as the daily 
rhythmm in plasma glucose concentrations. We hypothesize that the bio-
logicall  clock prepares the individual for the upcoming activity period 
byy two separate mechanisms, i.e. by increasing plasma glucose con-
centrationss and by making tissue more tolerant to glucose. 
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Introductio n n 

Maintainingg glucose homeostasis is essential for daily functioning. Disturbances in glu-

cosee regulation and insulin action may have severe consequences and may even lead to 

disease,, including type-2 diabetes mellitus and obesity. Plasma glucose concentrations 

fluctuatee daily between strict boundaries. Recently, we showed that the suprachiasmatic 

nucleuss (SCN) of the hypothalamus, the biological clock, is responsible for this 24h-

rhythmm in plasma glucose concentrations in the rat. Plasma glucose concentrations rise 

towardss the end of the light period, just before the onset of activity106. This phenomenon 

hass also been described in humans as the dawn-phenomenon, i.e. higher glucose output 

andd insulin requirements during the hours just prior to the onset of activity14,190. Apart 

fromm regulating plasma glucose concentrations, our data106 suggested a role for the SCN 

inn glucose tolerance or insulin sensitivity. Compared to SCN-intact rats, we observed a 

decreasee in meal-induced insulin release in SCN-lesioned rats, whereas glucose concen-

trationss before and after a meal did not differ significantly in these two groups of rats106. 

Inn humans, glucose tolerance appears to vary during the day; more glucose is taken up 

earlyy in the morning than in the afternoon and evening35,! 12,204. Thus, when plasma glu-

cosee concentrations are high before the onset of activity, humans appear to be more 

tolerantt to glucose. The mechanism for this phenomenon is not well understood and we, 

therefore,, investigated, in rats, the hypothesis that the SCN is responsible for daily changes 

inn glucose tolerance. 

Too do this, a glucose bolus was injected intravenously in both SCN-intact and SCN-

lesionedd rats at different time-points during the light/dark-cycle. To delineate whether 

thee observed daily variation in glucose uptake is due to daily variation in insulin sensi-

tivit yy we also injected, at the same time-points, an insulin bolus in the circulation in 

bothh SCN-intact and SCN-lesioned rats. 

Material ss and methods 

Animals:Animals: Male Wistar rats (Harlan) were kept at a room temperature of 20°C, L/D: 12/ 

122 (lights on at 07:00 h or 23.00h depending on the experiment). Animals were allowed 

too adapt to the lighting schedule for several weeks before surgery with 4-6 animals per 

cage.. For the experiments, animals were transferred to in individual cages (25 x 25 x 35 

cm).. Before and in between experiments, food and water were available ad libitum. All 

experimentss were conducted under the approval of the Local Animal Care Committee. 

SCN-lesioning:SCN-lesioning: A total of 44 animals (180-200 gr) were anesthetized with Hypnorm 

(Duphar,, The Netherlands, 0.6 ml/kg i.m.), and bilateral thermic lesions of the SCN 

weree made. Lesion electrodes (0.2 mm diameter) were lowered into the brain at an angle 

off  6° (coordinates, lateral 1.0 mm and anterior + 1.4 mm from bregma and -8.3 mm 

fromm dura, with the incisor bar at +5 mm) and heated to 80°C for 1 min. After a recovery 
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periodd of two weeks, the effectiveness of the lesions was checked by measuring water 
intakee during the middle 8 hours of the light period (09.00- 17.00h) for a total of two 
weeks.. When the relative consumption during those 8 hours exceeded 30% of the 24h 
consumption,, animals were considered arrhythmic until final histological screening and 
weree used for further experiments. 

Ann intra-atrial silicone catheter was implanted through the right jugular vein accord-
ingg to the method of Steffens174 in both arrhythmic SCN-lesioned rats and SCN-intact 
ratss when their body weight had reached 300gr. After surgery, rats were given two weeks 
too recover. During the experiments the animals were permanently connected to the blood 
samplingg catheter which was attached to a metal collar and kept out of reach of the rats 
byy means of a counterbalanced beam. This allowed all manipulations to be carried out 
outsidee the cages without the need to handle the animals. 

ExperimentExperiment 1 

Wee submitted three groups of SCN-intact rats and one group of SCN-lesioned rats to an 

intravenouss glucose tolerance test (IVGTT) at different times over the light/dark-cycle 

(forr the description of IVGTT see below). The first group of SCN-intact rats (n=9) was 

givenn glucose infusions at Zeitgeber Time (ZT) 2 (ZT 0 being defined as the onset of the 

lightlight period), ZT 8 and ZT 14. The second group of SCN-intact rats (n=7) was given 

glucosee infusions at ZT 11 and ZT 22. The third group of SCN-intact rats (n=5) received 

glucosee infusions at ZT18; 2 rats also received a glucose bolus at ZT 22. The group of 

SCN-lesionedd rats (n=7) was submitted to an IVGTT at ZT 2 and ZT 14. After each 

experiment,, rats were given a one-week rest period before a next experiment was carried 

out.. To avoid disturbances in the room in which the various groups of rats were kept, we 

onlyy carried out one experiment per day. 

IVGTT:IVGTT: On the day of an experiment, food was withdrawn 1 hour prior to the glucose 

infusion.. A glucose solution (0.5 ml, 500 mg/kg body wt) was injected as a bolus via the 

jugularr vein catheter: First a blood sample (0.2 ml) was collected (t = 0), immediately 

followedd by the glucose injection. Subsequently blood samples (0.2 ml) were taken at t = 

5,10,20,300 and 60 min. Samples were used to determine plasma concentrations of glu-

cosee and insulin at these time-points. Plasma concentrations of glucose and insulin were 

plottedd as line graphs for every ZT. The total amount of insulin released after a glucose 

boluss injection at different ZTs was calculated from the area under the curve (AUC) of 

everyy individual rat and averaged for the experimental group. 

ExperimentExperiment 2 

Twenty-fivee SCN-intact rats and 6 SCN-lesioned rats were subjected to an intravenous 

insulinn tolerance test (IVITT ) at different time-points over the light/dark-cycle. Six SCN-

intactt rats were injected with insulin at ZT 2, ZT 8 and ZT 14. Another group of rats 
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(n=5)) was injected at ZT 11 and ZT 18. An additional 4 rats were injected at ZT 18 and 

ZTT 22 and, to complete the groups, individual rats were injected at different time-points, 

i.e.. at ZT 8 (n=3), ZT 14 (n=l), ZT 18 (n=4), and ZT 22 (n=2). The group of SCN-

lesionedd rats (n=6) was injected with insulin at ZT 2 and ZT 14. 

IVITT:IVITT: On an experimental day, food was withdrawn 2 hours prior to the insulin 

infusion.. An insulin solution (0.5 ml, 0.5 IU/kg body wt) was injectedd as a bolus via the 

jugulariss catheter. First a blood sample (0.2 ml) was collected (t = 0), immediately fol-

lowedd by the insulin injection and subsequent blood samples (0.2 ml) were taken at t = 

5,10,20,300 and 60 min. Samples were used to determine plasma glucose concentrations 

att these time-points. Plasma glucose concentrations were plotted as line graphs for every 

ZT.. Insulin sensitivity was estimated from the AUC of the glucose decline over the first 

100 min following the insulin injection. To measure the AUC, the decline in plasma glu-

cosee concentrations of every individual rat was plotted as positive concentrations in a 

linee graph. 

ExperimentExperiment 3 

Ass the feeding history, which is different for every ZT, may influence the daily rhythm in 

glucosee uptake, we also examined the glucose uptake without the influence of the SCN 

onn feeding behavior. We calculated the glucose disappearance rate after a 15-min glu-

cosee infusion in rats that were subjected to a scheduled feeding regimen. Rats were en-

trainedd to a feeding schedule of six 10-min meals spaced equally over the light/dark-

cycle.. They had access to the food at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT 22. Rats had 

twoo weeks to adapt to this feeding schedule. Adaptation was considered complete when 

ratss had learned to consume  3.5 g of food at each meal. Six rats adapted readily to the 

feedingg schedule, resumed growth (2.7 g/day), and were provided with a jugular vein 

catheterr as described above. 

Calculations:Calculations: Calculations were performed on data obtained from SCN-intact rats (n=6) 

off  a previous experiment92. Glucose uptake was estimated from the first order constant 

forr the disappearance rate of plasma glucose following the stop of the glucose infusion. 

AA logarithmic plot of absolute glucose concentrations against time between 15 and 35 

minn (after the start of the glucose infusion) was drawn and the glucose uptake was cal-

culatedd from the slope of regression142. 

IntravenousIntravenous glucose infusions: After two weeks of recovery the experiments started. Rats 

receivedd a 15 min intravenous glucose infusion (0.1 ml/min; 7%) at random order dur-

ingg the six periods when food intake normally occurred (i.e. at ZT 2 etc). To avoid con-

ditioningg influences, the infusion was postponed until 15 min after the ordinary meal 

onsett (no food was offered). Blood samples were taken at -10, -1,1,2,3,5,10,20,35 and 

455 min after the start of the infusions. After an experiment, rats were allowed 4 days of 

restt before the next experiment was begun. 

38 8 



GLUCOSEE TOLERANCE 

ActivityActivity measures 

Thee locomotor activity recordings were carried out using an analog piezo-electric sta-
bilimeter,, the signals of which were transmitted to a PC-based analog computer inter-
facee (CED 1401 Cambridge Electronic Design LTD). The rat cages were placed on a base-
platee which in turn was placed on 4 parallel-connected piezo-electronic sensors (Murata, 
27mmm round disks). The voltage output of the sensors is proportional to relative changes 
inn pressure, i.e. activity of the rat. The activity signals were transmitted directly to the 
analogg inputs of the interface and with the help of relevant software transformed into 
absolutee values, i.e. activity bouts. They were summed over a period of 5 minutes and 
storedd into text files for later analysis. To measure the activity levels of SCN-intact rats 
duringg a glucose injection at the different ZTs, the activity bouts per individual rat (meas-
uredd every 5 min) were plotted against time and the area under the curve was calculated. 

Histology Histology 

Afterr completion of the experiments, the rats were decapitated and their brains were 
fixatedd by immersion in a 4% paraformaldehyde solution at 4°C for 2 weeks. The hy-
pothalamuss was sectioned using a vibratome. The 50-|am thick sections were stained for 
vasopressinn (VP) and vasoactive intestinal peptide (VIP)(one section out of five). Brain 
sectionss were rinsed extensively in Tris-buffered saline (TBS, pH 7.4), and then incu-
batedd overnight with either rabbit anti-VIP (vasoactive intestinal peptide (Viper) 1:2000, 
Netherlandss Institute for Brain Research (NIBR) Amsterdam) or anti-VP (vasopressin 
(Truus)) 1:2000, NIBR) according to a procedure described before106. If rats had cell bod-
iess that stained positively for either VP or VIP in the region of the SCN, or around the 
borderr of the lesion, they were considered to have a partial SCN-lesion and were ex-
cludedd from data analysis. 

AnalyticalAnalytical methods 

Bloodd samples were immediately chilled on ice and centrifuged at 4 °C. The plasma was 

thenn stored at -20 °C until further analysis. Plasma glucose concentrations were deter-

minedd using a Glucose/GOD-Perid method (Boehringer Mannheim, GmGH, Germany). 

Plasmaa immunoreactive insulin concentrations were determined using a radio immuno-

assayy kit (Linco Research, Inc, USA); samples were assayed in duplicate. Amounts of 

sample,, standards, label, antibody and precipitating reagent as described in the proce-

duress of the assay were divided by 4. The lower limit of the assay was 0.1 ng/ml and the 

coefficientt of variation of the immunoassay was < 5%. 

StatisticalStatistical analysis 

Thee plasma concentrations of insulin and glucose are expressed as mean  SEM. As the 

plasmaa concentrations varied over the light/dark-cycle we expressed the observed re-
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sponsess in glucose and insulin as the difference compared to the respective t = 0 values. 

Thee statistical analysis was conducted using a repeated-measures analysis of variance 

(ANOVA)) to test for effects of injection, interaction and the ZT at which the injection 

wass given. If ANOVA detected a significant effect of interaction or of ZT, Student f-tests 

weree used for post-hoc analysis (each ZT experiment was considered to be a different 

(independent)) group). Activity measures and AUCs are expressed as means  SEM. For 

thee ANOVA and f-tests, p<0.05 was considered to be a significant difference. 

Results s 

Histology Histology 

Microscopicall  inspection for the presence of VP and VIP positive cells or fibers in the 
brainn sections containing the lesion site revealed that 13 of the 18 rats selected with the 
drinkingg test prior to the experiment, had a complete lesion of the SCN. Data obtained 
fromm these 13 rats were therefore used for further analysis. 

ExperimentExperiment 1 

Inn SCN-intact rats, injection of the glucose bolus resulted in an immediate and pro-

nouncedd increase in plasma concentrations of both glucose and insulin (Fig 1). The high-

estt glucose concentrations were seen five minutes after injection, directly followed by a 

rapidd decrease. Within 20 min after injection, the glucose concentrations had returned 

too preinfusion concentrations. An ANOVA-test revealed a significant effect of injection 

(FF (5,210) = 134; p<0.001),and of interaction (F (25,210)= 31, p< 0.001), while the ef-

fectt of ZT showed a trend (F(5,42)=25; p = 0.067). Further analysis revealed that the 

maximumm glucose increments at the beginning of the dark period (ZT 14) were lower 

thann those at ZT 2, ZT 8, ZT 11, ZT 18 and ZT 22 (p<0.003, p<0.001, p<0.035, p< 0.002 

andd p<0.002 respectively). This indicates that the differences in injection-induced in-

creasess in glucose concentrations depend on the time of the day. 

Inn parallel with the rapid rise of plasma glucose concentrations, plasma insulin con-

centrationss in SCN-intact rats increased during the first 5 minutes, returning to 

preinfusionn values at t = 20 min. An ANOVA test detected an effect of injection (F(5, 

210)== 172.8;p<0.001), and of interaction (¥(25,210)= 8.6; p<0.001),but no significant 

effectt of ZT (F(5,42)= 0.9; p= 0.5). Post-hoc analysis revealed that there were significant 

differencess between the insulin concentrations at different ZTs, especially at t = 20 min. 

However,, the height of the insulin response at the different ZTs was not significantly 

different.. Analysis of AUCs indicated that the total amount of insulin released after a 

glucosee injection at different ZTs did not differ either (Table 2). This indicated that the 

timee course of the insulin response differed, but that similar amounts of insulin were 

40 0 



GLUCOSEE TOLERANCE 

EE 15 
E E 

 2 

<< 0 

Fig.. 1 Plasma glucose and insulin responses after injection of a glucose bolus in SCN-intact rats 
(n== 5-9) during the light and dark period. The black bars indicate the dark period. Responses are 
expressedd as the difference with their respective t=0 values. Absolute values at t = 0 are displayed 
inn Table 1. 

Tablee 1 Absolute plasma levels of glucose and insulin in SCN-intact rats at t = 0 for experiment 1 &2 

experimentt  1 
lhh fasting prior 
too experiment 

Glucose Glucose 
(mmol/1) ) 

Insulin Insulin 
(ng/ml) ) 

experimentt  2 
2hh fasting prior 
too experiment 

Glucose Glucose 
(mmol/1) ) 

ZT2 2 

7.33 1 

3.610.2* * 

2 2 

ZT8 8 

1 1 

3.410.1* * 

6.5+0.1 1 

SCN-intact t 

ZT111 ZT14 

7.010.1"" 2 

44 5 

7.0+0.22 6.910.2 

ZT18 8 

7.010.2' ' 

2.310.3 3 

7.110.2 2 

ZT22 2 

7.110.1" " 

3.310.4 4 

7.110.3 3 

SCN-lesioned d 

ZT22 ZT14 

7.310.33 6.610.3 

1.910.3""  2.110.2" 

6.410.22 6.410.3 

**  significant difference compared to ZT 8, # significant difference compared to ZT18, **  significant 
differencee between SCN-lesioned and SCN-intact 
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Tablee 2 The AI . 0/AG. 0-ratios (exp 1) and the AUCs for insulin responses (exp 1) and for insu-
lin-inducedd glucose decline (exp 2) at the different ZTs 

SCN-intactt SCN-lesioned 

ZT22 ZT8 ZT11 ZT14 ZTI8 ZT22 ZT 2 ZT14 

experimentt 1 
Insulinn response 

844  17 4 2 66  24 93  22 59  20 I 18 ' 28  9" 

ALL y/AG^-ratio 
II 1 1 2 0.4+0.1 0.4+0.1 ; 0.3+0.1 0.3  0.1 

experimentt 2 
firstfirst 10 minutes 
declinedecline in glucose 

r 88 9 1*  11.9+0.6*  17.4+1.1 17.6+1.9 

**  significant difference compared to intact, # significant difference compared to ZT14, t signifi-
cantt difference compared to ZT 11 

releasedd after a glucose injection at different ZTs. We calculated the AI to AG ratio 

(AI .. 0 / AG 5 0) as an index for the (3-ceH's ability to respond to a glucose challenge (Table 

2).. The difference between the insulin concentrations at 5 and 0 min (AI ) was divided 

byy the difference between the glucose concentrations at the same time (AG 5 ). Com-

parisonss of the AI  5 0 to AG 5 0 ratio (AI  5_0 / AG 5 0) indicated that the ability of the endo-

crinee pancreas to respond to the glucose challenge is the same at the different time-points 

off  the light/dark-cycle. 

Inn SCN-lesioned rats, injection of the glucose bolus also caused an immediate and 

pronouncedd increase in plasma glucose concentrations. Insulin responses, however, were 

clearlyy reduced (Fig 2). The highest glucose concentrations were seen five minutes after 

injection,, directly followed by a rapid decrease (an ANOVA-test detected a significant 

effectt of injection (V (5,25)- 67, p<0.001). Within 20 min after injection, the glucose con-

centrationss had returned to preinfusion concentrations. Plasma glucose responses were 

similarr at ZT 2 and ZT 14 (Fig 2). There was no significant effect of ZT(F(1,5)=0.2; p= 

0.67)) and no significant effect of interaction (F (1,25)= 0.14; p= 0.98). Injection of the 

glucosee bolus in SCN-lesioned rats caused a plasma glucose response that was similar to 

thatt in SCN-intact rats at ZT 14 and a lower response compared to that in SCN-intact 

ratss atZT2 (ANOVA: interaction,*!(5,65)= 5.4.p<0.001 andte5i'on,F(l,13)= 6.8,p<0.05). 

Inn parallel with the rapid rise in plasma glucose concentrations, plasma insulin con-

centrationss in SCN-lesioned rats increased markedly during the first 5 minutes and de-
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Fig.. 2 Plasma glucose and insulin response after injection of a glucose bolus in SCN-lesioned 
ratss (o) and SCN-intact rats (•) atZT2 (light period) andatZT 14 (dark period). The black bars 
indicatee the dark period. Concentrations are expressed as the difference with their respective t=0 
values.. Absolute values at t = 0 are displayed in Table 1. 

creasedd thereafter, reaching preinfusion values at t = 20. The plasma insulin response at 
ZTT 2 was similar to that at ZT 14. An ANOVA-test only detected an effect of injection 

(F(5,25)== 13,p<0.001),butnotofZr(F(l,25)=2.0,p= 0.21) or of interaction (insulin 
response:: F(5,25)= 1.0, p= 0.43). The plasma insulin response in SCN-lesioned rats at 
ZTT 2 was significantly different from that in SCN-intact rats at ZT 2 (Fig 2B); An ANOVA-
testt detected a significant effect of interaction (F(5,65)= 4.2, p<0.002) and of lesion 

(F(l,13)== 12.4, p< 0.004). Plasma insulin responses at ZT 14 in SCN-lesioned rats and 
inn SCN-intact rats were not significantly different (interaction (F(5,65)= 1.9,p<0.1) and 
lesionlesion (F(l,13)= 1.7, p= 0.22). Also the AI5 0 to AG 50 ratios of SCN-intact and SCN-
lesionedd rats did not differ significantly at ZT 2 and ZT 14 (Table 2). Analysis of AUCs 
indicated,, however, that the total amount of insulin released after a glucose injection was 
significantlyy lower in SCN- lesioned rats than that in SCN-intact rats (p<0.05) (Table 2). 
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ExperimentExperiment 2 

Insulin-inducedd reductions in plasma glucose concentrations in SCN-intact rats at dif
ferentt ZTs are shown in Fig 3. Plasma concentrations before the injection are shown in 
Tablee 1. Because of daily variation in plasma concentrations, we expressed the concen
trationss of glucose at t = 5,10,20,30 and 60 minutes as their difference with the respec
tivee t = 0 values (Table 1). Glucose concentrations decreased rapidly, reaching their low
estt concentrations at 10 minutes post injection. An ANOVA-test detected significant ef
fectss of injection (F(5,180)=195,p<0.001), of interaction (F(25,180)=2.6,p< 0.001) and 
off ZT (F(5,36)= 2.6, p<0.04). Further analysis of AUCs revealed that the glucose uptake 
overr the first 10 min. post injection at ZT 14 was higher compared to those at ZT2, ZT 8, 
ZTT 18 and ZT 22 (Student f-test respectively: p<0.006, p<0.001, p<0.02, p<0.001) and 
glucosee uptake over the first 10 min at ZT 11 was higher as compared to that at ZT 18 
(p<0.05)(Table2). . 

SCN-lesionedd rats did not show significant differences between the decline in glucose 
concentrationss following an insulin injection at ZT 2 and ZT 14 (ANOVA only detected 
ann effect of injection (F(5,25)= 48 ,p<0.001),not of interaction (F(5,25)= 0.565, p=0.73) 
orr ZT (F( 1,5)= 0.09, p=0.78)). SCN-lesioned rats showed a similar reduction in glucose 
concentrationss after an insulin injection as seen for SCN-intact rats at ZT 2 (Fig. 4). The 
glucosee decline after the insulin injection at ZT 14 in SCN-lesioned rats was smaller 
thann in SCN-intact rats at ZT 14 (p<0.06) (Table 2). 

ExperimentExperiment 3 (calculations) 

Plasmaa concentrations of glucose and insulin at the moment glucose infusion was stopped 
aree shown in Table 3. Glucose disappearance rates at the different ZTs are shown in Table 
3.. The disappearance rate at ZT 14 was higher than that at ZT 2 (p<0.02) and at ZT 10 
(p<0.05).. The glucose disappearance rate at ZT 18 was lower as compared to those meas
uredd at ZT 10 (p<0.05) and at ZT 14 (P<0.02). 

ZT22 ZT8 ZT11 ZT14 ZT 18 ZT 22 

44 -

00  2 0 4 0 6 0 0  2 0 4 0 6 0 0  2 0 4 0 6 0 0  2 0 4 0 6 0 0  2 0 4 0 6 0 0  2 0 4 0 6 0 

Timee (min) 

Fig.. 3 Disappearance and recovery of plasma glucose concentrations after injection of insulin in 
SCN-intactt rats (n = 6-9) during the light and dark period. The black bars indicate the dark pe
riod.. Responses are expressed as the difference with their respective t=0 values. Absolute values at 
tt = 0 are displayed in Table 1. 
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Fig.. 4 Disappearance and recovery of plasma glucose concentrations after injection of insulin in 
SCN-lesionedd rats (o ) and SCN-intact rats ( • ) at ZT 2 (light period) and at ZT 14 (dark period). 
Thee black bars indicate the dark period. Concentrations are expressed as the difference with their 
respectivee t=0 values. Absolute values at t = 0 are displayed in Table 1. 

Tablee 3 Glucose disappearance rate calculations on data from Kalsbeek and Strubbe92. 

ZT2 2 ZT6 6 

SCN-intact t 

ZT100 ZT14 ZTlf f ZT22 2 

experimentt  3 
concentr.concentr. of glucose and insulin 
atat moment infusion stopped 

glucosee (mmol/1) 

insulinn (ng/ml) 

8.4+0.99 ' 9.8  0.2'B 9.6  0.3'" 8.2  0.2 8.910.4 

44 4.110.2 4.510.2f 3.610.4 3.610.7 3.410.3 

glucoseglucose disappearance rate 4216 5215 58+4*' 6314"' 4016 5617 

** significant difference compared to ZT2,# significant difference compared to ZT18, t significant 

differencee compared to ZT 22 

45 5 



CHAPTERR 3 

c c 
c/5 5 

-+—
13 3 

u u -Q Q 
i n n 

O O 

" — « * * >, , 
> > 
O O 
< < 

12-| | 

m--

R--

6--

' l --

2--

0--
2-33 8-9 11-12 14-15 18-19 22-23 

ZTT (hours) 

Fig.. 5 Average activity level values per hour in SCN-intact rats after injection of a glucose bolus 
duringg the light and dark period. The black bar indicates the dark period. 

LocomotorLocomotor activity levels 

Locomotorr activity levels of SCN-intact rats during the experiments on the 6 ZTs are 
shownn in Fig.5. Activity levels showed daily fluctuations, with the highest activity levels 
inn the dark period. Significant differences were found between activity levels measured 
att the beginning of the light period (ZT2-ZT3; ZT8-ZT9), at the end of the light period 
(ZTll-ZT12)andinthedarkk period (ZT14-ZT15;ZT18-ZT19;ZT22-ZT23)(p< 0.001). 
Activityy levels between ZT 11-12 were also significantly different from those measured 
att ZT 18 -19 in the dark period (p<0.01). The activity levels recorded at different time-
pointss in the dark period were not significantly different. 

Discussion n 

Glucosee uptake showed a clear 24h-rhythm irrespective of whether rats were fasted 1 
hourr prior to the experiment or subjected to a scheduled feeding regimen. The 24h-
rhythmm in glucose uptake showed a peak at the beginning of the dark period and a trough 
att the beginning of the light period. The 24h-rhythm in glucose uptake correlates strongly 
withh the 24h-rhythm in plasma glucose concentrations'06, i.e. glucose uptake is high at 
thee moment plasma glucose concentrations are high. A higher glucose uptake together 
withh high plasma glucose concentrations at the end of the light period may only occur 
whenn endogenous glucose production exceeds glucose uptake. A similar situation takes 
placee in humans; before the beginning of the activity period glucose production and 
glucosee concentrations are increased, while at the same time glucose utilization is high1415. 
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Consequently,, the increase in plasma glucose concentrations before the onset of activity 
iss due to increased glucose production and not the result of decreased glucose utiliza
tion. . 

Thee 24h-rhythm in glucose uptake, like that in plasma glucose concentrations, was 
eliminatedd after SCN-lesioning, and glucose uptake was comparable to the high glucose 
uptakee at ZT 14 in SCN-intact rats, suggesting that SCN-lesioning enhances glucose tol
erance.. This is in agreement with data from Yamamoto and colleagues who showed en
hancedd glucose tolerance after an oral glucose tolerance test in SCN-lesioned rats209. Thus 
thee SCN may regulate the rhythm in glucose uptake and in plasma glucose concentra
tionss via separate mechanisms. 

Dailyy variation in glucose uptake may be explained by differences in insulin release 
fromm the (3-cells of the pancreas evoked by glucose or by daily variation in sensitivity of 
thee tissue to insulin. The amount of insulin released after a glucose bolus did not depend 
onn the time of the day it was given, but we did observe a clear daily variation in insulin 
sensitivity,, as indicated by the daily variation in insulin-induced hypoglycemia. This 
suggestss that a 24h-rhythm in insulin sensitivity contributed to differences in glucose 
uptakee over the light/dark-cycle, since at ZT 14, when the highest glucose uptake was 
observed,, also the highest insulin sensitivity was found. Lesioning the SCN eliminated 
thee rhythm in tissue sensitivity to insulin; insulin-induced hypoglycemia in SCN-lesioned 
ratss at ZT 2 and ZT14 was comparable to that in intact rats at ZT2. The findings that 
SCN-lesioningg increased glucose tolerance and that the insulin responses of SCN-lesioned 
ratss at ZT 2 and ZT 14 were comparable to those of intact rats at ZT 14, suggest that the 
higherr glucose tolerance observed in SCN-lesioned rats is not due to higher sensitivity 
off tissue to insulin. A higher glucose tolerance in SCN-lesioned rats as compared to SCN-
intactt rats was also observed in our previous study106. Taken together, these results sug
gestt an increased insulin-independent glucose uptake in SCN-lesioned rats as compared 
too SCN-intact rats. Interestingly, these data suggest that the SCN normally inhibits insu
lin-independentt glucose uptake at the end of the dark period and the beginning of the 
lightlight period and increases insulin sensitivity 12 hours later. 

Conductingg experiments at 6 different time-points over the light/dark-cycle enabled 
uss to provide a more detailed description of daily changes in glucose uptake as com
paredd to other studies142,209. Our results are consistent with data obtained from human 
studies,, showing lower glucose uptake in the afternoon and in the evening compared to 
glucosee uptake in the morning in response to an intravenous injection of glucose35, ] 12,204. 
Itt has been suggested, however, that, in h u m a n s , f luctuations in insulin sensitivity66,129 as 
welll as pancreatic (3-cell sensitivity to glucose contribute to daily fluctuations observed 
inn glucose uptake35,112,204. In contrast to our data, insulin responses to an intravenous 
glucosee load in humans show clear daily fluctuations, with a more intense insulin re
sponsee in the morning hours when glucose uptake is higher in the evening35,112,204. 
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Priorr to the injection of the glucose bolus we fasted the rats. The prevailing feeding 

conditions,, however, which are also under the influence of the SCN, could have influ

encedd glucose uptake differently at the six ZTs. We therefore calculated glucose disap

pearancee rates from rats that were subjected to a scheduled feeding regimen of six 10-

minn meals equally distributed over the light/dark-cycle92. This scheduled feeding regi

menn eliminated the influences of the daily feeding pattern on plasma glucose concentra

tions.. The scheduled feeding regimen appeared to disturb only the feeding pattern of 

thee rat. Other overt daily rhythms of the rat (e.g. locomotor activity92 and corticosterone 

release106)) were not affected. As observed in experiment 1, rats under a scheduled feed

ingg regimen showed a similar daily fluctuation in glucose uptake, indicating that the 

diurnall rhythm in glucose uptake is independent of the feeding pattern. In addition to 

effectss of feeding, locomotor activity, too, might influence glucose uptake differently at 

variouss time-points during the light/dark-cycle. Measurements of locomotor activity 

levelss at the time-points when the infusions were given, showed that the higher glucose 

uptakee at ZT 11 and ZT 14 is paralleled by an increased locomotor activity at these ZTs 

,whilee changes in glucose uptake over the dark period did not correlate with changes in 

locomotorr activity. Thus, changes in the activity levels are not likely to account for the 

changess observed in glucose uptake. 

Theree are several mechanisms via which the SCN may generate daily fluctuations in 

glucosee tolerance and insulin sensitivity. Hormones like corticosterone, catecholamines, 

glucagonn and growth hormone have all been suggested to play a role in glucose metabo

lism,, and to relate to rhythms in glucose metabolism. Corticosterone is known to de

creasee insulin sensitivity and is able to increase glucose production from the liver. The 

rhythmm in plasma corticosterone concentrations, however, is not likely to be involved in 

thee rhythms observed in insulin sensitivity and glucose uptake, because corticosterone 

concentrationss are at peak levels when both insulin sensitivity and glucose uptake are 

highh as well. Growth hormone levels may increase glucose production by inducing he

paticc resistance to insulin84 and may play a role in the dawn-phenomenon in humans190. 

Inn contrast to growth hormone concentrations in humans that show a circadian rhythm, 

growthh hormone concentrations in rats show a strong 3h-ultradian rhythm40,99. Conse

quently,, this suggests that GH release is not responsible for the 24h-rhythms in glucose 

uptake,, insulin sensitivity or plasma glucose concentrations. Ten minutes after the ad

ministrationn of insulin, plasma glucose concentrations returned more rapidly to 

preinfusionn concentrations at ZT 18 and ZT 22 as compared to other time-points, in

dicatingg a daily variation in the recovery from hypoglycemia. Glucagon and adrenaline 

aree released following hypoglycemia and increase the rate of endogenous glucose pro

duction65.. The SCN may regulate the daily variation in 'recovery from hypoglycemia'via 

differentiall signals over the light/dark-cycle, ranging from the cc-cells of the pancreas 

thatt synthesizes glucagon, to the adrenal, where adrenaline and corticosterone are pro-
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duced.. The anatomical network for such interactions is in place27,191. Future studies will 
havee to reveal whether these connections are functioning under such conditions. 

InIn summary, we have observed a clear SCN-generated daily rhythm in glucose uptake, 
withh a rise towards the beginning of the activity period. This daily rhythm in glucose 
uptakee coincides with a rhythm in plasma glucose concentrations106. Thus, at the end of 
thee inactive period, the SCN stimulates endogenous glucose production, thereby increas
ingg glucose concentrations and compensating at the same time for the high glucose up
take14,, 15. In addition, we observed an enhancement in glucose tolerance which could not 
bee explained by higher insulin responses or enhanced insulin sensitivity, suggesting a 
possiblee role of thee SCN in insulin-independent glucose uptake. 

Thee picture that emerges is that the biological clock prepares the individual for the 
upcomingg activity period by two separate mechanisms, i.e. by increasing plasma glucose 
concentrationss and by making the tissue more tolerant to glucose. 
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PolysynapticPolysynaptic neural pathways between the hypothalamus, 
includingincluding the suprachiasmatic nucleus, and the liver 

Susannee E. la Fleur, Andries Kalsbeek, Joke Wortel and Ruud M. Buijs 

BrainBrain Research (2000) 871: 50-56 

Abstract t 

Thee suprachiasmatic nucleus of the hypothalamus is responsible for a 
24h-- rhythm in basal glucose levels in the rat. The neural pathways used 
byy the suprachiasmatic nucleus to mediate this rhythm in plasma glu
cosee have not yet been identified. In the present study we examined 
whetherr there are any connections between hypothalamic centers, in
cludingg the suprachiasmatic nucleus, and the liver, which is the main 
sitee for glucose production and storage. Transneuronal virus tracing 
fromm the liver showed that after injection of pseudorabies virus, spe
cificc neuronal cell populations in the central nervous system were 
labeledd retrogradely, suggesting that specific sites in the central nerv
ouss system may control liver metabolism. First-order neurons belonged 
too the sympathetic and parasympathetic system, while second-order 
andd third-order neurons were present in both the brainstem and hy
pothalamus.. The presence of third-order neurons in the suprachias
maticc nucleus suggests an involvement of the biological clock in the 
neurall control of the liver. 

51 1 



CHAPTERR 4 

Introductio n n 

Thee circadian pacemaker of the mammalian brain is situated in the suprachiasmatic 

nucleuss of the hypothalamus (SCN)75. The SCN projects to a number of areas in the 

hypothalamus25,2022 and in doing so it is able to modulate not only behavioral activities, 

suchh as sleep/wake rhythms, but also several hormonal and autonomic functions26,88. 

Ourr recent study has shown that the SCN also controls basal levels of plasma glucose in 

thee rat, resulting in a clear 24h-rhythm, with a rise at the end of the light period106. The 

neurall pathways used by the SCN to mediate the observed rhythm in plasma glucose 

havee not yet been identified. 

Nucleii in the hypothalamus, such as the lateral hypothalamic area (LHA) and the ven

tromediall hypothalamic nucleus (VMH),are involved in the regulation of energy me

tabolismm via the sympathetic and parasympathetic nervous system. Stimulation of the 

LHAA leads to a slow and small reduction on plasma glucose levels through activation of 

hepaticc glycogen synthase and inhibition of phosphoenolpyruvate carboxykinase 

(PEPCK),, the rate limiting enzyme in gluconeogenesis168. Electrical stimulation of the 

VMHH causes glycogenosis and glucose output from the liver through the activation of 

thee sympathetic nerves that innervate the liver185. The SCN may also control liver func

tionn since electrical stimulation of the SCN causes hyperglycemia, which is prevented by 

givingg autonomic blockers62131. 

Too investigate the possibility that hypothalamic centers, including the SCN, have a 

multisynapticc neural-connection to the liver, we injected pseudorabies virus (PRV) in 

thee left lobe of the liver of the rat. Patterns of infection produced by PRV result from 

passagee of (replicated) virus particles. Glial cells take up the virus but no viral replica

tionn is seen in these cells. This prevents diffusion of the virus over the CNS and prevents 

uptakee in nerve terminals that do not contact infected neurons57, l24, m. We examined the 

locationn of the infected neurons in tissue of the spinal cord and the brain after a survival 

periodd ranging from 3 to 6 days 

Material ss and methods 

Materials Materials 

AA stock of pseudorabies virus (PRV) (Bartha strain), containing 1 x 106 plaque-forming 

unitss was used. The virus was a generous gift from Dr. C.E. Jacobs (ID-DLO, Lelystad, 

Thee Netherlands). The Bartha strain of PRV has an attenuated infectious ability. It is 

usedd as a vaccine in veterinary medicine. There have never been reports of infection of 

humanss with this virus. 

AnimalsAnimals and surgical procedures 

Sixteenn male Wistar rats (200-300 gr; WU, Harlan, Zeist, the Netherlands) were anaes-
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thetizedd using a mixture of Hypnorm® (Janssen, 0.05 ml/100 g body weight, i.m.) and 

Dormicum®® (Roche Nederland, 0.04 ml/ 100 g body weight, s.c). Five LÜ of the viral 

suspensionn was injected under pressure into the left lobe of the liver using a 30-gauge 

needlee attached to a 1 ml syringe. The wound was closed after surgery. After the rats had 

recoveredd from the anesthesia, they were given a subcutaneous injection of Temgesic® 

(0.033 ml/ 100 g body weight), a pain killer. After a survival period of between 3 and 6 

dayss the rats were deeply anesthetized with sodium pentobarbital and then perfused 

throughh the left ventricle of thee heart with a saline solution followed by a solution of 4% 

paraformaldehydee in phosphate-buffered saline (0.1M Phosphate-buffered saline, pH 

7.2).. The brains and spinal cords were then removed and kept overnight in the same 

fixative.. All experiments were conducted under the approval of the local Animal Care 

Committee e 

Histology Histology 

Vibratomee m transverse brain sections were washed extensively in 0.05 M Tris buff
eredd saline (TBS),pH 7.4. Every fifth section was incubated overnight in the presence of 
polyclonall rabbit anti-PRV (anti-alpha Aujerszky) antibodies (diluted: 1:15000) (a gen
erouss donation by Dr. C.E. Jacobs, ID-DLO, Lelystad, The Netherlands.). The sections 
weree then incubated for 90 min in the presence of biotinylated goat anti-rabbit followed 
byy a 90 min incubation in the presence of a mixture of Vecta stain ABC kit reagents A 
andd B (Vector, Burlingame, CA, USA). The peroxidase antibody complex was visualized 
byy incubating the sections in substrate (0.025% 3,3'-diaminobenzidine tetrahydro-
chloridee in TBS supplemented with 0.05% H202). 

Results s 

Fifteenn out of sixteen of the thirteen rats injected with PRV in the left liver lobe showed 

infectionn in the central nervous system (CNS) following a PRV-injection in the liver. 

Thee rat that did not show any infection had the shortest survival time (3 days). The spread 

off the infection increased with increase in survival time. A general and reproducible 

infectionn pattern was seen, enabling us to determine different stages of infection, reflect

ingg the transport of the virus along the various pathways from the liver, via the spinal 

cordd and the brainstem to the hypothalamus and other brain structures. 

Thee identity and temporal appearance of viral immunoreactivity in cell groups in the 

CNSS after an injection in the liver is shown in detail in Table 1. Rats surviving for 3 days 

(threee animals) either did not show any infection (one animal) or had an infection that 

wass limited to neurons in the intermediolateral column (IML) in the thoracic part of the 

spinall cord (Figl A). In these animals no PRV-labeled first-order neurons were observed 

inn any parasympathetic cell groups. 

53 3 



CHAPTERR 4 

Survivall  t im e 

SpinalSpinal cord 
Intermediolaterall nucleus 
Intercalatedd nucleus 
Laterall funiculus 

Layerss VII, X 

Brainstem Brainstem 
Nucleuss of the solitary tract 

Dorsall vagal nucleus, caudal/ rostral 
Ventrolaterall medulla 
Raphee - pallidus nucleus 
Raphee - magnus 

Raphee - obscurus 
Gigantocellularr reticular nucleus 
Magnocellularr reticular nucleus 
Paragigantoo cellular nucleus 
C1/C3,, adrenalin cell groups 

A5,, noradrenaline cell groups 
Locuss coeruleus 
Areaa postrema 

Hypothalamus Hypothalamus 
Laterall hypothalamic area 

Retrochiasmaticc area 
Paraventricularr nucleus 

dorsaldorsal cap 

ventromedialventromedial parvocellular subd. 
periventricularperiventricular subdivision 

laterallateral parvocellular subd. 

Suprachiasmaticc nucleus 
rostralrostral part 

dorsomedialdorsomedial part 
ventrolateralventrolateral part 

Dorsomediall hypothalamic nucleus 
Anteriorr hypothalamic area 
Arcuatee nucleus 
Ventromediall hypothalamic nucleus 
Mediall preoptic area 
Subfornicall organ 

Organumm vasculosum lamina terminalis 

OtherOther areas 
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Ratss (n = 6) with intermediate survival time (4-5 days) showed, in addition to the 
labelingg in the IML in the spinal cord, PRV-labeled neurons bilaterally in the intercalated 
nucleuss and lateral funiculus, and in the lamina VII and X. At the same time, first-order 
parasympatheticc neurons infected with PRV were observed in caudal and rostral parts 
off the dorsal vagal nucleus (DMV) (Fig IB). Furthermore, in the brainstem, PRV-labeled 
second-orderr neurons were found in the ventrolateral medulla (VLM) (Fig. 2A), in the 
nucleuss of the solitary tract (NTS), in C1/C3 adrenaline cell groups, in A5 noradrenaline 
celll groups, in the locus coeruleus and in the raphe pallidus nucleus (and magnus). In 
addition,, PRV-labeled second-order neurons order were observed in the paraventricu
larr nucleus of the hypothalamus (PVN), especially in the dorsal cap (dPVN) and in the 
ventromediall parvocellular subdivision (mvPVN) (Fig. 2C). Labeled cells were also found 
inn the zona incerta (ZI), in the LHA (Fig. 2B), and in the retrochiasmatic area of the 
hypothalamuss (RCH). 

Thee brains of the rats (n = 4) with a survival time of 5 to 5,5 days contained PRV-
labeledd third-order neurons, as well as PRV-labeled second-order neurons. In the 
brainstem,, labeled cells were observed in the magnocellular reticular nucleus, in the 
paragigantoo cellular nucleus, and in the giganto cellular reticular nucleus (a-part). In 
thee hypothalamus, labeled neurons were observed in areas known to project to the PVN, 
e.g.. the medial preoptic area, anterior hypothalamic area , dorsomedial hypothalamic 
nucleus,, arcuate nucleus, and circumventricular organs. Also labeled cells were found in 
limbicc structures as the central amygdala and the bed nucleus of the stria terminalis. A 
smalll number of labeled neurons were observed in the VMH. In the SCN, labeling was 
presentt (Fig. 2D), particularly in the rostral part of the nucleus, as well as in the 
dorsomediall and ventromedial parts. 

Thee three rats with a survival time of 6 days showed infected cells in a large number of 
areass of the CNS (for details see Table 1). 

Discussion n 

Thee present study demonstrates the presence of polysynaptic parasympathetic and sym

patheticc pathways to the liver. After injection of a transneural PRV-virus in the liver, 

neuronss in the CNS are retrogradely labeled in order of appearance, thus identifying 

Tablee 1 This table summarizes the distribution of infected neurons in different regions of the 
centrall nervous system at different survival times. The relative number of infected neurons in 
eachh region is represented by + symbols with larger numbers of neurons represented by increas
ingg numbers of + symbols. Parentheses surrounding a + indicates that there was variability in the 
infectionn of the specific region at that survival time. 
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Fig.. 1 Transverse sections of the rat spinal cord and brainstem stained for the transneuronal tracer 
(PRV).. (A) Section of the spinal cord at the thoracal level. The survival time after PRV injection in 
thee liver is 3 days. The arrow points to a PRV-positive neuron that is located in the intermedi-
olaterall column. (B) Section at the level of the brainstem. The survival time after PRV injection in 
thee liver is 4 days. PRV-labeled neurons illustrate parasympathetic cell groups, the arrow points to 
PRV-positivee neurons in the dorsal vagal nucleus (DMx). Please note PRV-labeled profiles ex
tendingg into the nucleus of the solitary tract (NTS). Bar 100 urn, c = central column. 
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Fig.. 2 Transversal sections of the rat brain stained for the transneuronal tracer (PRV). (A) PRV-
labeledd neurons located in sympathetic cell groups of the brainstem, the arrow points to PRV-
positivee neurons in the ventrolateral medulla (VLM). 
(B,, C) Transversal sections at the level of the lateral hypothalamic area (LHA) and paraventricular 
nucleuss of the hypothalamus (PVN). Survival time after PRV injection in the liver is 4 days. (B) 
PRVV positive neurons in the LHA and in the retrochiasmatic area (RCH). (C) PRV positive neu
ronss are seen in the ventrolateral part of the PVN. (D) Hypothalamic section at the level of the 
SCN.. Survival time after PRV injection in the liver is more than 5 days. Clearly, PRV neurons are 
locatedd in the mediodorsal part of the SCN. Bar for (A) 250u.m, for (B) 250Lim, for (C) 1 OOum and 
forr (D) 150um. ON = optic nerve. 
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thosee pathways in the CNS that affect liver metabolism. Apart from the sympathetic 

motor-neuronss and the parasympathetic motor-neurons of the first-order, second-or

derr neurons and third-order neurons were present in the brainstem, in the hypothala

muss and in limbic structures. The localization of third-order neurons in the SCN shows 

thee existence of anatomical pathways that enable the biological clock to affect autonomic 

inputt to the liver. 

Itt is thought that the transmission of (para)sympathetic nerve signals to the liver is 

bothh direct on hepatocytes and via sinusoidal cells, from which chemical mediators act 

onn neighbouring hepatocytes166. PRV, injected in the liver, is taken up by nerve endings 

nearr these hepatocytes and sinusoidal cells. Although there is an enormous liver blood 

floww through the liver, virus particles do not reach the CNS via the blood stream. This is 

supportedd by several studies109189, including our own unpublished observations that have 

shownn that an intravenous injection of PRV does not result in labeling in the CNS. Also 

PRVV injections in the cerebrospinal fluid did not result in PRV labeling in the CNS 188. 

Furthermoree the fact that circumventricular organs that are known to project to the DMV 

aree only labeled after the labeling of the DMV illustrates that these regions are labeled 

viaa these motor nuclei. The same holds for the neurons projecting to the median emi

nencee or neural lobe, i.e. the magnocellular neurons of PVN and/or SON are not labeled 

att all. All this suggests that leakage around the injection side did not result in uptake via 

circumventricularr organs. 

Mostt hypothalamic second-order neurons were found in autonomic parts of the PVN, 

aa nucleus that is known to project to the IML andd to the DMV21>77,120,184. Evidence that 

sympatheticc PRV-labeled neurons in the spinal cord receive an input from hypothalamic 

PVNN neurons has come from a study in which PRV was injected in the adrenal gland. A 

numberr of PRV-labeled cells in the PVN were found to contain oxytocin and, in the 

spinall cord, oxytocin containing fibers contacted PRV-labeled first-order neurons27. 

Thesee observations thus suggest that the PVN is an important hypothalamic site for 

autonomicc interaction. This notion is further supported by studies in which the pan

creas,, adrenal, kidney, pineal and heart were injected with PRV, showing similar labeling 

off PVN neurons27-78~109,177,178'188, ,89. It is known that the PVN, especially its autonomic 

parts,, receives SCN input27187, and indeed, labeled neurons of the third-order were found 

inn the SCN. The presence of labeled neurons in the IML (3 days after a PRV-injection in 

thee liver), in the PVN (4-5 days after a PRV-injection in the liver) and in the SCN (more 

thenn 5 days after a PRV-injection in the liver) strongly argues for a polysynaptic sympa

theticc connection between the SCN and the liver. This connection may be responsible 

forr the daily rhythm in basal glucose106. Functional studies are supporting this notion. 

Theyy show that electrical stimulation of the SCN causes hyperglycemia via activation of 

thee autonomic nervous system62,131 and changes glycogen phosphorylase-a activity and 

glycogenn content of the rat liver62. 
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Nott surprisingly we observed second-order labeling in the LHA. As for the PVN, the 
LHAA is known to project to the IML, and to the NTS120121, which may indicate that the 
LHAA is an other important area for autonomic regulation of the liver. Furthermore, third-
orderr labeling was observed in the VMH. Since the VMH is projecting to the autonomic 
partss of the PVN (unpublished results Chun, Buijs, Nagai), this observation suggests 
thatt the PVN is an area via which the VMH is able to send signals via the autonomic 
nervouss system to the liver. Both the LHA and the VMH play an important role in en
ergyy metabolism. Stimulation of the LHA leads to a slow and small reduction in plasma 
glucosee levels through activation of hepatic glycogen synthase and inhibition of PEPCK, 
thee rate limiting enzyme in gluconeogenesis168. Electrical stimulation of the VMH causes 
thee opposite, i.e. glycogenolysis and glucose output from the liver185. This effect is con
ductedd through the sympathetic nerves that innervate the liver and not only via adrenal 
medullaryy activity, since bilateral adrenalectomy did not abolish the glycogenolysis in
ducedd by VMH stimulation185. In a third area involved in energy metabolism, the arcuate 
nucleus,, we found PRV-labeled third-order neurons. Neuropeptide Y neurons located in 
thiss nucleus project to the PVN3 and are thought to be important central integrators of 
variouss metabolic signals from the periphery116117158159 and appear to be involved in 
energyy uptake and storage9. Recently, a projection from neurons in the arcuate nucleus 
too cells in the LHA was identified19,57. Taken together, this suggests several pathways for 
thee arcuate nucleus to affect the liver. 

Labeledd second-order neurons were found in the RCH, an area situated immediately 
ventrall to the third ventricle, caudal from the SCN. Several studies have shown that pro
jectionss from neurons in the RCH to dorsomedial parts of the medulla and to the spinal 
cordd exist151,183. Recently, cocaine- and amphetamine-regulated transcript (CART)/ 
proopiomelanocortinn (POMC) neurons have been identified in the RCA that project to 
thee sympathetic preganglionic neurons in the spinal cord56. These CART/POMC neu
ronss are activated following leptin administration, suggesting a role of this pathway in 
energyy metabolism. However, the specific role of the connection between the RCH and 
thee liver still has to be established. 

Thee question remains to what extent the PRV-labeling of the second-order in the PVN 
andd the third-order in the SCN and in other areas, is derived from the parasympathetic 
neuronss or the sympathetic neurons. In principle, PVN neurons make contact with both 
typess of neurons 12!>184. Further experiments, aimed at investigating the specific contri
butionn of the sympathetic and the parasympathetic nervous system, are planned. 

Inn summary, the present study provides anatomical evidence for the existence of pol
ysynapticc SCN-liver pathways. Together with the observation that electrical stimulation 
off the SCN causes hyperglycemia62,13\ the present finding indicates that SCN control of 
thee autonomic input to the liver may be responsible for the daily rhythm in basal levels 
off plasma glucose, previously described by us106. 
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Abstract t 

Recentt studies have demonstrated a 24h-rhythm in plasma glucose con
centrationss generated by the hypothalamic suprachiasmatic nucleus 
(SCN).. In the present study we aimed to clarify whether the liver, a 
majorr player responsible for maintaining glucose homeostasis, is in
volvedd in generating this rhythmic pattern. In the classical view, hor
monall mechanisms are considered to play a crucial role in maintain
ingg energy balance and glucose homeostasis, however, recent studies 
alsoo suggest an important role for the autonomic nervous system 
(ANS).. The sympathetic part of the ANS responds to the need for glu
cosee by increasing hepatic glucose output, whereas activation of the 
parasympatheticc part results in hepatic glycogen storage. First we in
vestigatedd whether the SCN is able (from a neuroanatomical view) to 
affectt both sympathetic and parasympathetic inputs to the liver to drive 
thee 24h-rhythm in plasma glucose concentrations. Using a transneu-
ronal-virus-tracingg technique, we showed that the SCN is connected 
too the liver via both branches of the ANS. Next, we investigated the 
importancee of these connections for glucose metabolism by selective 
hepaticc denervation. We showed a disruption of the 24h-rhythm in 
plasmaa glucose concentrations after either hepatic sympathectomy or 
hepaticc parasympathectomy. These data strongly suggest that the 24h-
rhythmm in plasma glucose concentrations is due to a direct control on 
liverr metabolism by the SCN and not indirect via hormonal changes. 
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Introduction n 

Thee central nervous system, and in particular the hypothalamus, has an enormous im

pactt on glucose metabolism61,167. In addition to a neuroendocrine control of metabo

lism,, an important role for the autonomic nervous system has been suggested17118. One 

off the mayor players responsible for maintaining the energy balance is the liver. The sym

patheticc part of the autonomic nervous system (ANS) responds to a perceived need for 

glucosee by stimulating not only glucagon secretion but also hepatic glycogen breakdown 

andd gluconeogenesis. On the other hand, activation of the parasympathetic part of the 

ANS,, results not only in insulin secretion but also in acceleration of hepatic glycogen-

esisesis164164.. Interestingly, the SCN anticipates the future need for glucose by elevating plasma 

glucosee concentrations just before the onset of activity, most likely via increased hepatic 

glucosee production. Recently, we demonstrated an anatomical basis for the SCN control 

off the liver via autonomic pathways107. 

Twenty-four-hour-rhythmss in peripheral glucose uptake108 and plasma glucose con

centrations1066 are generated by the SCN. Surprisingly, both rhythms show an increase at 

thee end of the light period. Our data, obtained from rats on a scheduled-feeding regi

men,, strongly suggest that at the end of the light period increased hepatic glucose pro

ductionn is necessary to compensate for the increased glucose uptake and to produce the 

increasedd plasma glucose concentrations. Also human studies suggest that the daily 

rhythmm in plasma glucose concentrations is primarily due to differences in hepatic glu

cosee production and not so much the result of differences in glucose utilization, since 

bothh glucose concentrations and utilization rise before awakening14'15. We hypothesized 

thatt both mechanisms are generated by the SCN via its multisynaptic projections to sym

patheticc and parasympathetic autonomic motor neurons. Consequently, to study the SCN 

controll on hepatic glucose production, we initially investigated whether the SCN is con

nectedd to the liver via one or both branches of the ANS, i.e. parasympathetic and/or 

sympathetic,, by means of pseudorabies virus (PRV) injections in the liver of both he

paticc parasympathectomized (Hpx) rats and hepatic sympathectomized (Hsx) rats. 

Plasmaa glucose concentrations increase in response to food intake. Since food intake 

iss also rhythmic and under the influence of the SCN133,152, the feeding rhythm by itself 

mayy cause and/or modify the rhythm in plasma glucose concentrations. By using a sched

uled-feedingg regimen providing six identical meals equally distributed over the light/ 

dark-cyclee the normal daily rhythm in food intake is eliminated. Consequently, the pre

viouslyy demonstrated persistence of a 24h-rhythm in plasma glucose concentrations is 

independentt of a rhythm in feeding activity106. To investigate the contribution of the 

sympatheticc and the parasympathetic projections to the liver in the control of the daily 

rhythmm in glucose, selective liver denervation experiments were executed under the same 

experimentall conditions, measuring 24h-plasma-profiles of glucose and insulin. 
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Materialss and methods 

Anatomy Anatomy 

Fiftyy Wistar rats were used in this part of the study and housed at a room temperature of 
200  2 °C, with a 12h:12h light/dark regimen. Experiments were conducted under the 
approvall of the Dutch Animal Care Committee. The rats were divided into 3 groups: 22 
hepaticc parasympathectomized (Hpx) rats,20 hepatic sympathectomized (Hsx) rats and 
88 both hepatic parasympathectomized and sympathectomized (Htx) rats. Immediately 
afterr the nerve(s) were cut, five (il of the viral suspension of PRV (Bartha -a generous gift 
fromm Dr. C.E. Jacobs (ID-DLO, Lelystad), containing 5 x 106 plaque-forming units, was 
injectedd into the left lobe of the liver. A 30-gauge needle attached to a 1 ml syringe was 
used.. The Bartha strain of PRV has an attenuated infectious ability. It is used as a vaccine 
inn veterinary medicine. There have never been reports of infection of humans with this 
virus.. After surgery, the wound was closed with atraumic sutures. 

Transneuronall labeling of PRV-Bartha is a well-established technique30"32, based on 
thee uptake of PRV particles by axon terminals of the neurons projecting to the infected 
organ,, retrograde transport of the virus to the neuronal cell bodies, replication in the 
neurons,, release at the site where the cell bodies or dendrites of the PRV filled neurons 
aree synaptically contacted by axon terminals of other neurons, and subsequent uptake 
byy these axon terminals and again retrograde transport. Uptake, but not replication, by 
gliall cells prevents diffusion of the virus to other neurons that do not contact infected 
neurons30. . 

Too determine first-order, second-order and third-order labeled neurons different sur
vivalvival times were used. The first neurons to become visible in the CNS (either in the DMV 
orr the preganglionic neurons in the spinal cord) we called the first-order neurons and 
thee neurons labeled immediately afterwards the second-order neurons and so on. 

Ratss were allowed to survive for 4,5, or 6 days and were then deeply anesthetized with 
sodiumm pentobarbital, perfused through the left ventricle of the heart with a saline solu
tionn followed by a solution of 4% paraformaldehyde, 0.05% glutaraldehyde in phosphate-
bufferedd saline (0.1M Phosphate-buffered saline, pH 7.2). The brains and spinal cords 
weree then removed and kept overnight in the same fixative. Vibratome 40 Jim transverse 
spinall cord and brain sections were washed extensively in Tris-buffered saline (0.05 M 
Triss buffered saline (TBS), pH 7.4). Every sixth section was incubated overnight in the 
presencee of polyclonal rabbit anti-PRV (anti-alpha Aujerszky) antibodies (diluted: 
1:15000)) (a generous donation by Dr. C.E. Jacobs, ID-DLO, Lelystad, The Netherlands.). 
Thee sections were then incubated for 60 min in the presence of biotinylated goat anti-
rabbitt followed by a 60 min incubation in the presence of a mixture of Vecta stain ABC 
kitt reagents A and B (Vector, Burlingame, CA, USA). The peroxidase antibody complex 
wass visualized by incubating the sections in substrate (0.025% 3,3'-diaminobenzidine 
tetrahydrochloridee in TBS supplemented with 0.05% H202). 
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SurgicalSurgical procedures 

G E N E R A L L 

Ratss were anaesthetized using a mixture of Hypnorm® (Janssen, 0.05 ml/ 100 g body 

weight,i.m.)) and Dormicum® (Roche Nederland, 0.04 ml/100 g body weight, s.c). Dur

ingg surgery, the abdominal cavity was bathed regularly with saline to prevent drying of 

thee viscera. The wound was closed with atraumic sutures and post operative care was 

providedd with a subcutaneous injection of Fynadine® (8 ul/100 g body weight). 

HEPATICC SYMPATHECTOMY 

AA laparotomy was performed in the midline. The liver lobes were gently pushed up and 
ligamentss around the liver lobes were severed to free the bile duct and the portal vein 
complex.. The bile duct was isolated from the portal vein complex. The hepatic artery, a 
branchh of the celiac artery, divides at the level of the hepatic portal vein into the hepatic 
arteryy proper and the gastroduodenal artery. This division occurs on the ventral surface 
off the portal vein. At this point the arteries were separated via blunt dissection from the 
portall vein. The nerve bundles running along the hepatic artery proper were visualized 
usingg a myelin-specific dye (Toluidin Blue) and were removed using micro-surgical in
strumentss under an operating microscope (25x magnification). Any connective tissue 
attachmentss between the hepatic artery and the portal vein were also broken, eliminat
ingg any possible nerve crossings. To remove the small pieces of nerve tissue from around 
thee artery, a solution of 37% formaldehyde was applied for 1 minute on the surface of the 
hepaticc artery and portal vein. Despite all these extra precautions, the percentage of com
pletee hepatic sympathetic denervation is only 50%. 

HEPATICC PARASYMPATHECTOMY 

AA laparotomy was performed in the midline. The fascia containing the hepatic branch 

wass stretched by gently moving the stomach and the oesophagus. With a myelin-specific 

dyee (Toluidin Blue) the hepatic branch could be revealed as it separates from the left 

vagall trunk. With the aid of a binocular operating microscope (10-25 x magnification), 

thee stained neural tissue was transected between the ventral vagus trunk and the liver. 

Alsoo small blue-stained branches running in the fascia between the stomach and the 

liverr were transected. In the first 4 operated rats (anatomy) we did not remove these 

branchess and detected remaining unilateral PRV-staining in the DMV. With the addi

tionall lesioning of these parasympathetic branches running between the stomach and 

thee liver the unilateral PRV-staining disappeared in the subsequent rats. Particular care 

wass taken not to damage the dorsal and the ventral trunks innervating the stomach and 

abdominall tissues and the blood vessels that run along the hepatic vagus branches. 

Physiology Physiology 

A N I M A L SS AND F O O D INTAKE 

311 Male Wistar rats (300-350gr, Harlan) were used. Rats were housed in separate cages 
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(355 x 35 x 40 cm) at a room temperature of 20°C, with a 12 h:12 h light/dark regimen 
(lightss on at 07.00h, i.e. Zeitgeber time (ZT) 0). Rats were entrained to a feeding sched
ule.. Food pellets were available in metal food hoppers. A rat could gnaw off pieces of 
foodd through vertical stainless steel bars situated at the front of the food hopper. Access 
too the food could be prevented by a sliding door situated in front of the food hopper. 
Doorr opening and door closing were activated by an electrical motor and controlled by 
aa clock. During all experiments, water was available ad libitum. All experiments were 
performedd in the rat's home cage. 

EXPERIMENTALL PROCEDURE 

Alll rats were entrained to a feeding schedule of six 10-min-meals spaced equally over 
thee light/dark-cycle. Food became available at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. 
Ratss were given two weeks to adapt to the feeding schedule. Adaptation was considered 
completee when rats had learned to consume  3.5g. during every meal. All rats adapted 
readilyy to the feeding schedule and resumed growth (2.7 g/day). The rats were divided 
intoo two groups, one group (n=17) was hepatic sympathectomized, the other group 
(n=8)) was hepatic parasympathectomized and during the same surgical procedure, an 
intra-atriall silicone cannula was implanted through the jugular vein according to the 
methodd of Steffens174. After two weeks of recovery, plasma profiles of glucose, insulin 
andd corticosterone were determined by taking 0.2 ml of blood once every hour during 
122 consecutive hours on two different occasions within a period of two weeks. The two 
runss started at ZT6.5 and ZT18.5. 

Too verify the sympathetic and the parasympathetic denervations of the liver we used 
transneuronall virus tracing (with PRV-Bartha as described above). Two days after the 
secondd experiment the viral suspension was injected into the liver (under anaesthesia as 
describedd under Anatomy), and the rats were allowed to survive 5 days. If infected PRV-
labeledd neurons appeared in the IML in Hsx rats, then they were considered to have a 
partiall hepatic sympathectomy and the data were excluded from further analysis. If in 
Hpxx rats infected PRV-labeled neurons appeared in the DMV and/or second-order PRV-
labeledd neurons were found in the arcuate nucleus those rats were considered to have a 
partiall hepatic parasympathectomy and their data were excluded from further analysis. 

ACTIVITYY MEASURES 

Locomotorr activity recordings were carried out using an analog piezo-electric stabilim-

eter,, the signals of which were transmitted to a PC-based analog computer interface (CED 

14011 Cambridge Electronic Design LTD). The rat cages were placed on a baseplate which 

inn turn was placed on 4 parallel-connected piezo-electronic sensors (Murata, 27mm 

roundd disks). The voltage output of the sensors is proportional to relative changes in 

pressure,, i.e. activity of the rat. The activity signals were transmitted directly to the ana

logg inputs of the interface and with the help of relevant software transformed into abso

lutee values, i.e. activity bouts. They were summed over a period of 5 minutes and stored 

intoo text files for later analysis. 
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ANALYTICALL M E T H O D S 

Bloodd samples were immediately chilled at 0 °C and centrifuged at 4 °C, and the plasma 

wass stored at -20 °C until analysis. The plasma glucose concentrations were determined 

usingg a Glucose/GOD-Perid method (Boehringer Mannheim). Plasma immunoreactive 

insulinn concentrations were determined with a radio immuno-assay kit (Linco Research, 

St.Charles);; samples were measured in duplicate. The lower limit of the assay was 10 (J.U/ 

mll and the coefficient of variation of the immunoassay was < 8%. Plasma corticosterone 

concentrationss were determined with a radio immuno-assay kit (ICN Biomedicals, Costa 

Mesa,, CA); samples were measured in duplicate. From the samples, 10 pi was taken and 

dilutedd in 4 ml of assay buffer. The lower limit of the assay was 1 ng/ml and the coeffi

cientt of variation of the immunoassay was < 4%. 

C O M P A R I S O NN W I T H P R E V I O U S DATA 

Wee were able to compare plasma concentrations of glucose, insulin and corticosterone 

inn Hpx rats and in Hsx rats with those in intact rats that we have published previously106 

becausee the experiments in Hpx rats and in Hsx rats were performed with similar ex

perimentall procedures and under similar conditions as for those in intact rats (i.e. same 

sourcee of animals and food, same experimental room, same experimenter). Furthermore, 

plasmaa concentrations of glucose, insulin and corticosterone in Hpx rats, in Hsx rats, 

andd in intact rats were measured with similar analytical methods; the inter-assay varia

tionss were resp <2.5%, <8% and <5%. The plasma insulin concentrations in Hsx rats 

andd in Hpx rats subjected to a scheduled feeding regimen were determined with a simi

larr analytical method,but obtained from a different company (Linco Research, St.Charles, 

MOO instead of ICN Biochemicals, Costa Mesa, CA). However, also the insulin data from 

Hpxx rats, Hsx rats and intact rats may be compared because the inter-assay variation 

(comparingg methods of the two companies) was <7%. 

Recentt measurements (Fig. 1) and measurements from 1998106 illustrate the remark

ablee stability of the plasma concentrations of glucose and insulin in intact rats subjected 

too a scheduled feeding regimen106. Furthermore, for the daily rhythm in plasma corti

costeronee concentrations in intact rats we demonstrated a similar stability comparing 

dataa from 1992 with those from 199594. Thus, over the years the control values remain 

stablee as measured in our experiments and we, therefore, believe we are justified in using 

historicall data. Concentrations of glucose, insulin and corticosterone of intact rats from 

thee previous study106 are shown as gray background in the figures, and these data sets 

weree used for statistical analysis. 

STATISTICALL ANALYSIS 

Thee plasma concentrations of glucose, insulin and corticosterone are expressed as per

centagess of the mean  SEM. Statistical analysis was conducted using a repeated-meas

uress analysis of variance (ANOVA) to test for an effect of time. If ANOVA detected a 

significantt effect of time, a single cosinor analysis was performed, using the fundamen-

66 6 



LIVERR DENERVATION 

O O 
E E 

0) ) 

O O 

§§ 6 
O O 

5 L L 

r r i* i* 
h h 

W W 
\i \i H H 

,_.. 6 
E E 
en n 

too 4 

22 L 

88 12 16 

ZTT (hours) 

20 0 24 4 

Fig.. 1 Plasma glucose concentrations in intact rats (A; n=6) and plasma insulin concentrations 
inn intact rats (B; n=3) subjected to the scheduled feeding regimen as measured in October 2000 
comparedd with previously established 24h-profiles of plasma concentrations of glucose and insu
linn in intact rats (gray background, n=8) subjected to the scheduled feeding regimen as measured 
inn March 1998'06. The new data are not significantly different from previous data (ANOVA did not 
detectt any differences between groups (glucose: p= 0.13; insulin: p= 0.51) or "groups vs. 
time"(glucose:: p= 0.92; insulin p= 0.70). The vertical dotted lines represent the times that food 
wass available for 10 min. The dark bars indicate the dark period, and the white bars indicate the 
light-period. . 

tall period (24 h) for the individual sets of data points. The statistical significance of the 
cosinee fit is expressed as an F statistic. The fitted function is defined by its mesor (rhythm-
adjustedd mean), amplitude (50% of the difference between the maximum and the mini
mum),, and acrophase (time of the maximum). The software package Table-Curve (Jandel 
Scientificc GmbH, Erkrath, Germany) was used for fitting cosine functions to the data. 
ANOVAA and the Student's t-test were used to detect significant differences between in
tactt rats and hepatic denervated rats. For the ANOVA and (paired) t-tests and the cosinor 
analysis,, p<0.05 was considered to be a significant difference. In all cases, statistics and 
cosinee analysis were done on absolute values. 
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Results s 

Anatomy Anatomy 

VIRUSS PATTERN IN HPX RATS 

Inn the spinal cord of rats (n=4) with denervation of only the left hepatic parasympa
theticc branch, PRV-labeled neurons showed up bilaterally in the intermediolateral col
umnn (IML). However, PRV-labeled neurons also appeared unilaterally in the dorsal va
gall nucleus (DMV) in the brainstem. This indicates that not all parasympathetic inner
vationn reaches the liver along this left branch. In the following experiments (including 
thee physiological experiments) we therefore also dissected the nerves running over the 
stomachh to the left lobe of the liver as described by Magni and Carobi'23. This resulted in 
completee absence of any staining in the DMV in Hpx rats with short survival time (i.e. 4 
days).. Infection was limited to first-order neurons in the IML of the spinal cord of Hpx 
ratss (n-4) surviving 4 days after the PRV injection in the liver (Fig. 2B). 

Hpxx rats surviving 5 days (n=8) had no staining in the DMV (Fig. 2D), but showed, 
bilaterally,, PRV-labeled cells in the IML. In addition to labeling in rats surviving only 4 
days,, labeling was found in the dorsal horn of the spinal cord (in layers I and IV). In the 
brainstem,, second-order labeled neurons were found in the A5 noradrenergic cell groups, 
inn the ventrolateral medulla (VLM), in the raphe, and in the locus coeruleus (LC). Fur
thermore,, second-order labeling was found in the paraventricular nucleus of the hy
pothalamuss (PVN) (Fig. 2F), in the zona incerta (ZI), in the lateral hypothalamic area 
(LHA)) and in the retrochiasmatic area of the hypothalamus (RCH). 

Thee brains of Hpx rats with a survival of 6 days (n=4) contained third-order neurons 
inn addition to the second-order labeled neurons already observed in Hpx rats surviving 
55 days. In the brainstem third-order labeled cells were observed in the nucleus of the 
solitaryy tract (NTS). In the hypothalamus, third-order labeled neurons were observed in 
areass known to project to PVN, e.g. medial preoptic area (MPO), anterior hypothalamic 
areaa (AHA), dorsomedial hypothalamic nucleus (DMH), arcuate nucleus (Arc),ventro-

Fig.. 2 Transversal sections of the spinal cord (A, B), brainstem (C,D) and hypothalamus (E,F,G,H) 
stainedd for the transneuronal tracer (PRV). A,C,E,G are sections from Hsx rats and B,D,F,H are 
sectionss from Hpx rats. (A,B) Sections of the spinal cord at thoracal level. The surviving time 
afterr PRV-injection in the liver is 4 days. Hsx rats do not show first-order labeling in the interme-
diolaterall column (IML) (A), while first-order PRV-labeling is observed in the IML of thee Hpx 
ratss (B). (C,D) Sections at the level of the brainstem. The survival time after PRV-injection in the 
liverr is 5 days. PRV-labeling is observed in the dorsal vagus nucleus (DMV) of Hsx rats (C), while 
nott in the DMV of Hpx rats (D). (E,F,G,H) Sections at the level of the hypothalamus. The survival 
timee is 6 days. Intense PRV-labeling is observed in the paraventricular nucleus (PVN) of both 
Hsxx rats (E) and Hpx rats (F). Clearly PRV-labeled neurons are observed in the suprachiasmatic 
nucleuss (SCN) of Hsx rats (G) and Hpx rats (H). AP= area postrema; NTS= nucleus of the soli
taryy tract. 
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mediall hypothalamic nucleus (VMH) and circumventricular organs. In the SCN, labeling 
wass present, particularly in the rostral part of the nucleus, as well as the dorsomedial and 
ventrall medial parts (Fig. 2H). Hpx rats surviving for more then 6 days showed infected 
cellss in a large number of CNS areas. 

VIRUSS PATTERN IN HSX RATS 

Fifteenn out of 24 Hsx rats were completely sympathetic liver denervated, according to 

thee labeling pattern of PRV in the spinal cord, brainstem and hypothalamus (i.e. first-

orderr PRV labeling in the IML, and second-order PRV-labeling in the raphe and LC). 

Completelyy Hsx rats (n= 3) surviving 4 days showed labeled first-order neurons bilater

allyy in the DMV (Fig. 2C). No staining was detected in the spinal cord, which is evidence 

forr a complete hepatic sympathectomy (Fig. 2A). In the brain of Hsx rats (n= 7) surviv

ingg 5 days, second-order labeled cells appeared in many cell groups in the brainstem, 

hypothalamuss and limbic structures, such as in the PVN (Fig. 2E), DMH and MPO. These 

aree all nuclei known to receive a projection from the SCN. In Hsx rats surviving 6 days 

(n=5)) additional staining, i.e. third-order labeling, was observed in the SCN (Fig. 2G), 

withh a similar labeling pattern as seen in the SCN of Hpx rats, and in the VMH. 
VIRUSS PATTERN IN HTX RATS 

Afterr total hepatic denervation, PRV injection into the liver resulted in no PRV-positive 
stainingg in the CNS in the three rats surviving for 6 days after injection. 

Physiology Physiology 

VERIFICATIONN OF LIVER DENERVATION WITH PRV-STAINING 

Alll 8 Hpx rats and 7 out of 17 Hsx rats provided with jugular vein catheters were cor
rectlyy denervated according to the virus patterns. No labeling was detected in the DMV 
(afterr 5 days) in any brain sections from the Hpx rats and no labeling was detected in the 
IMLL (after 5-6 days) in 7 Hsx rats. Longer survival times were necessary to infect neu
ronss in the brains of Hsx rats as a consequence of a delay in transport of PRV after sym
patheticc dissection. The data of the 10 Hsx rats that did show labeling in the IML were 
nott included in the final analysis. 

LOCOMOTORR ACTIVITY AND GROWTH 

Locomotorr activity patterns in Hpx and Hsx rats were not significantly different from 

thosee of in intact rats (Fig. 3). The Hpx and Hsx rats had difficulties retaining their nor

mall growth rate after the operation, however, after a recovery period of 10 days they 

returnedd to pre-operative body weight, and consumed similar amounts of food under 

thee scheduled feeding regimen as compared to intact rats subjected to the same sched

uledd feeding regimen. The body weights of Hsx, Hpx and intact rats at the beginning of 

thee experiments were not significantly different (Hsx: 338 gr + 5; Hpx: 334 gr  3; intact 

3388 gr  5) and also the growth rates were not significantly different (Hsx: 2.8 gr/day

0.3;; Hpx: 2.9 gr/day  0.2; intact: 2.7 gr/day  0.2). 
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Fig.. 3 Locomotor activity levels (values are percentages of the 24h-mean  SEM) across the light/ 
dark-cyclee in (A) Hpx rats (n=4) and in (B) Hsx rats subjected the 6 meals a day schedule. (C) 
Locomotorr activity levels in the same rats under 6 meals a day schedule before surgery. The dark 
barss indicates the dark-period and the white-bars indicates the light period. The vertical dotted 
liness represent the times that food was available for 10 min. 
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PLASMAA GLUCOSE CONCENTRATIONS IN HPX RATS AND IN HSX RATS 

Plasmaa glucose concentrations in Hpx rats on a scheduled feeding regimen showed con
stantt high concentrations (i.e. comparable to peak values in intact rats) with a dip in the 
middlee of the light period and in the middle of the dark period, any other 24h-pattern 
wass not observed (Fig. 4A) (repeated-measures ANOVA, F(23,184)= 2.2, p<0.001). Data 
fromm 2 of the 8 Hpx rats could be fitted using a cosinor analysis, however, the peak oc
curredd in the middle of the dark period (ZT18), and the amplitude was small compared 
too the amplitude of the rhythm observed in intact rats (3% vs. 13% for intact rats). Com
parisonss of 24h-profiles in plasma glucose concentrations in Hpx rats and intact rats 
indicatedd that those of Hpx rats differed significantly from those of intact rats with sig
nificantt higher 24h-glucose concentrations in Hpx rats than those of intact rats (6.5
0.11 mmol/1 vs 6.9 1 mmol/1). Repeated-measures ANOVA detected an effect of group 
(F(l,13)== 11.6 , p<0.05), of time (F(23,299)= 4.4, p<0.001) and of'group x time' 
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Fig.. 4 Plasma glucose concentrations across the light/dark-cycle under scheduled feeding con
ditionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark period. 
Thee gray areas indicate the plasma glucose concentrations in intact rats as measured in our previ
ouss study. The vertical dotted lines represent the times that food was available for 10 min. 
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(F(23,299)=2.1,p<0.001). . 
Plasmaa glucose concentrations in Hsx rats on a scheduled feeding regimen showed 

reproduciblee major decreases not connected to the meals (Fig. 4B) (ANOVA, 
F(23,184)=3.5,, p<0.001). Data from only one Hsx rat, however, could be fitted with a 
cosinorr analysis, however, the peak occurred at ZT 14 while lowest levels were found 5 
hourss later. This is completely different from the rhythm observed in intact rats106. The 
dataa from the other 6 Hsx rats could not be fitted with a cosinor analysis. Comparisons 
off 24h-profiles in plasma glucose concentrations in Hsx rats and intact rats indicated 
thatt those of Hsx rats significantly differed from those of intact rats and that 24h-mean 
plasmaa glucose concentrations in Hsx rats were also significantly higher than those of 
intactt rats (6.5  0.1 mmol/1 vs 6.8  0.1 mmol/1). Repeated-measures ANOVA detected 
ann effect of group (F(l, 14)= 5,p<0.04), of time (F(23,322)= 4.5, p<0.001) and of'group 
xx time' (F(23,322)= 2.3, p<0.001). 

en n 
c c 

88 12 16 20 24 

ZTT (hours) 

Fig.. 5 Plasma insulin concentration across the light/dark-cycle under scheduled feeding condi
tionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark period. 
Thee gray area indicates the plasma insulin concentrations in intact rats as measured in our previ
ouss study. The vertical dotted lines represent the times that food was available for 10 min. 
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Comparisonss of 24h-profiles in plasma glucose concentrations in Hpx rats and Hsx 
ratss indicated that they differed significantly, but, 24h-mean plasma glucose concentra
tionss in Hpx rats were not significant different from those in Hsx rats (6.9  0.1 mmol/1 
vss 6.8  0.1 mmol/1). Repeated measures ANOVA: effect of group (F(l,13)= 2.9, p= 0.1), 
oftime(F(23,299)) = 2.7, p<0.001) and of'group x time' (F(23,299)= 1.6,p<0.03). 

PLASMAA INSULI N CONCENTRATION S IN HPX RATS AND IN HSX RATS 

Plasmaa insulin concentrations in Hpx rats on a scheduled feeding regimen showed clear 
fluctuationss connected to meals and associated with the light/dark-cycle (ANOVA, 
F(23,138)== 5.3, p< 0.001) (Fig.5A). Comparisons of plasma insulin concentrations in
dicatedd that 24h-average plasma insulin concentrations in Hsx rats were not significantly 
differentt from those in intact rats. The 24h-pattern in plasma insulin concentrations in 
Hpxx rats, however, differed significantly from that in intact rats as is indicated by the 
significantt effect of'time x group'{ANOVA detected an effect of time (F(21,294)= 6.0, 
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Fig.. 6 Plasma corticosterone concentration across the light/dark-cycle under scheduled feeding 
conditionss in (A) Hpx rats (n= 8) and in (B) Hsx rats (n= 7). The black bar indicates the dark 
period.. The gray area indicates the plasma corticosterone concentrations in intact rats as meas
uredd in our previous study. The vertical dotted lines represent the times that food was available for 
100 min. 
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p<0.001)) and of 'time' (F (21,294)= 3.8, p<0.001),but no effect of group(F(l,14)= 2.6, 
p=0.128)}.. Further analysis revealed that plasma insulin concentrations in 6 of the 8 
Hpxx rats could be fitted with a cosinor analysis, with the peak occurring at the begin
ningg of the light period (ZT 0.6  0.6), with a Goodness of fit (R2) of 0.31  0.03, and an 
amplitudee of 28  3%, indicating a pronounced 24h-rhythm in plasma insulin concen
trationss in Hpx rats. At the end of the dark period and the beginning of the light period 
(i.e.. ZT 18, ZT 22 and ZT 2), insulin increases after a meal were significantly higher in 
Hpxx rats than in intact rats (p< 0.05). 

Plasmaa insulin concentrations in Hsx rats on the scheduled feeding regimen showed 
fluctuationsfluctuations over the light/dark-cycle, however, these were not clearly connected to the 
mealss (repeated measures ANOVA, F(23,138)= 5.3, p< 0.001) (Fig. 5B). Comparisons of 
plasmaa insulin concentrations in Hsx rats with those in intact rats showed that those in 
Hsxx rats had a different pattern over the 24h than those in intact rats, i.e. ANOVA indi
catedd an effect of group x time' (F(23, 299)= 5.8, p<0.001). ANOVA did also detect a 
significantt effect of time (F(23,299)= 5.2,p<0.001),but not an effect of group (F(l,13)= 
0.5,, p=0.5)}, indicating that 24h-mean plasma insulin concentrations in Hsx rats were 
nott significantly different from those in intact rats. For 5 of the 7 rats, data of plasma 
insulinn concentrations could be fitted with a cosinor analysis, indicating a 24h-rhythm 
inn plasma insulin concentrations with the peak occurring at the beginning of the light 
periodd (ZT 1.1  0.7), an R2of 0.37  0.27 and with an amplitude of 33.4  0.1%. 

Comparisonn of plasma insulin concentrations in Hsx rats and in Hpx rats revealed 
thatt the 24h-patterns were different, whereas the 24h-mean plasma concentrations in 
insulinn were similar. ANOVA detected a significant effect of time (F(21,273)=7.1, 
p<0.001),, a significant effect of'group x time' (F(21,273)= 3.1, p<0.001) but did not 
detectt an effect of group (F(l, 13)= 2.5, p=0.14). 

PLASMAA CORTICOSTERONE C O N C E N T R A T I O N S IN HPX RATS AND IN HSX RATS 

Hepaticc parasympathectomy and hepatic sympathectomy did not change the 24h-rhythm 

inn plasma corticosterone concentrations. For both groups, i.e. Hpx and Hsx, plasma cor-

ticosteronee concentrations are plotted together with those in intact rats observed previ

ouslyy (Fig. 6). For Hpx group repeated-measures ANOVA did detect a significant effect 

off time (F(23,322)=23.9, p<0.001) and did not detect significant effects of group 

(F(l,14)=0.5,, p= 0.8) and of group x time' (F(23,322)=1.2, p=0.3). For the Hsx group 

repeated-measuress ANOVA did detect a significant effect of time (F(23,299)=18.6, 

p<0.001)) and did not detect significant effects of group (F(l,13)=0.06, p=0.81) and of 

'groupp x time' (F(23,299)=1.2, p=0.27). 

Discussion n 

Thee present paper provides morphological and physiological evidence that the SCN needs 

bothh branches of the autonomic nervous system to generate a 24h-rhythm in plasma 
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glucosee concentrations. While anatomical tracing experiments reveal that the SCN is 

connectedd to the liver via both the parasympathetic and sympathetic motor neurons, 

physiologicall experiments showed that dissection of either component of the hepatic 

inputt resulted in a complete disruption of the glucose rhythm. Hepatic denervation did 

nott result in a general disruption of circadian rhythmicity, since locomotor activity pat

ternss and the 24h-rhythm in plasma corticosterone concentrations were intact in both 

Hsxx and Hpx rats. Therefore, in combination with our previous data106, our present re

sultss provide further evidence for an SCN-driven 24h-rhythm in plasma glucose con

centrationss via the ANS input to the liver. 

SCN-liverSCN-liver pathway 

Thee combination of transneuronal virus tracing, specific hepatic denervation, and care
fullyy timed periods of survival enabled us to provide a detailed scheme of possible path
wayss by which the SCN influences autonomic input to the liver. The CNS PRV-labeling 
wass derived exclusively from intrahepatic injection (and not from transport via the gen
erall circulation) since after total denervation of the liver no labeling was found even 
afterr a survival time of 6 days. For both the Hsx rats and the Hpx rats, third-order labeled 
neuronss were found in the SCN, indicating that the SCN is able to provide signals to the 
liverr through both branches of the ANS. Whether the same or different neurons in the 
SCNN affect the sympathetic and parasympathetic input to the liver remains to be eluci
dated.. Furthermore, the second-order labeling pattern in the Hsx rats revealed that many 
celll groups project directly to the DMV. A number of these cell groups that control the 
parasympatheticc input to the liver, i.e. PVN, MPO, Arc and DMH, are known to receive 
inputt from the SCN22'202. The PVN, Arc and DMH are well known for their involvement 
inn the control of energy balance8,38, and glucose regulatory properties have also been 
describedd for the MPO48. From the areas that receive SCN input, only the PVN showed 
second-orderr PRV-labeling in Hpx rats, indicating a possible differentiation between 
thee SCN influence on the parasympathetic and on the sympathetic pathway to the liver. 

TheThe neural control of glucose balance 

Thee elevated plasma glucose concentrations at the end of the dark period and the begin

ningg of the light period in Hpx rats are probably due to decreased glucose uptake by the 

liverr (due to decreased glycogen synthesis), and/or enhanced hepatic glucose produc

tion.. This is supported by the finding that selective hepatic denervation decreases glyco

genn storage when rats are refed after a period of fasting206 and increases basal glucose 

production127.. In addition, activation of the parasympathetic input to the liver results in 

increasedd hepatic glycogen-synthesis and in a reduction of glucose release from the liver110' 
164.. The finding that with dissection of the hepatic parasympathetic branch we disrupted 

thee 24h-rhythm in plasma glucose concentrations may be due to the fact that normally 
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thee parasympathetic input to the liver induces a 24h-rhythm in liver glycogen stores, 

withh higher levels observed at the end of the dark period until the middle of the light 

period126. . 

Surprisingly,, hepatic sympathectomy also resulted in 24h-plasma-glucose-concentra-
tionss at peak-values. All data available on influences of the sympathetic nerves innervat
ingg the liver, point towards a stimulatory effect of sympathetic activity on hepatic glu
cosee output. Stimulation of sympathetic nerves of perfused liver has been described to 
stimulatee glucose release165. In addition, stimulation of the SCN resulted in hyperglycemia 
whichh could be blocked by administrating sympathetic blockers131. In view of this evi
dence,, we expected that hepatic sympathectomy would result in decreased 24h-plasma-
glucose-concentrations.. A main difference between those previous experiments and the 
presentt one is that we investigated plasma glucose concentrations during a complete 
24h-time-periodd and -10 days after denervation, instead of during acute stimulation or 
inin vitro situations. In addition, it may well be that the hepatic sympathetic dissection 
interferess with the parasympathetic nerve activity. During the anatomical verification of 
thee Hsx rats we observed that in the Hsx rats PRV-transport was slowed. Similar find
ingss with PRV, studying heart, colon and pancreas have been reported23,173,20°. Since the 
transportt of PRV has been suggested to depend on nerve activity200, hepatic sympathec
tomyy may suppress parasympathetic nerve activity and thereby result in plasma glucose 
concentrationss at peak-values. Alternatively, the afferent fibers from the liver, that are 
intermingledd with the efferent fibers, are also dissected in both Hsx rats and Hpx rats. 
Underr our in vivo circumstances this missing afferent information, during a longer pe
riod,, may be responsible for the similar outcome in plasma glucose concentrations in 
Hsxx rats and in Hpx rats. In the absence of adequate signaling on the metabolic state of 
thee liver, plasma glucose concentrations may be maintained at a safe (i.e. high) concen
tration,, i.e. 7 mmol/1. This idea is supported by the finding that total hepatic denervation 
off both the parasympathetic branch and the sympathetic branch also resulted in peak-
valuess of 24h-plasma-glucose-concentrations (data of 3 rats, not presented). Further stud
ies,, investigating the activity of liver enzymes involved in gluconeogenesis and glycoly
sis,, are required to elucidate the exact mechanisms responsible for the increases in glu
cosee concentrations we found after denervation of either liver branch. 

HormonalHormonal involvement in the regulation of glucose balance 

Thee elevated plasma glucose concentrations in both Hpx and Hsx rats at the end of the 

darkk period and at the beginning of the light period were not due to a lower insulin 

releasee at those times of the light/dark-cycle. On the contrary, higher insulin concentra

tionss in Hpx rats and in Hsx rats occurred concurrently with the higher glucose concen

trations,, i.e. around light-onset. Both 24h-patterns in insulin concentrations of Hpx rats 

andd Hsx rats showed a 24h-rhythm with a peak in the beginning of the light period, 
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whereass plasma insulin concentrations in intact rats were not rhythmic106. Both'higher' 
andd 'unchanged' insulin concentrations after hepatic parasympathectomy have been 
described111-113.. We observed elevated insulin concentrations only at times in the light/ 
dark-cyclee when hepatic denervation caused increased plasma glucose concentrations, 
i.e.. more insulin is released at dawn than at dusk, despite comparable 24h-plasma-glu-
cose-concentrationss over the light/dark-cycle. This suggests that in Hpx rats and in Hsx 
rats,, the CNS receives information about peripheral glucose concentrations via afferent 
signalingg (i.e. via the remaining autonomic branch that is still intact) and is able to de
finefine whether those are elevated for that particular time of the day. The afferent signaling 
too the CNS may ascend from hepatic glucose sensors that are able to relay information 
aboutt glycemia to the CNS83*135. Consequently, integration of signals from the SCN and 
otherr areas in the CNS may provide a time-dependent signal to the pancreas via the 
autonomicc nervous system resulting in an appropriate level of insulin secretion. The 
anatomicall basis for such interactions exists23. Furthermore, we did not observe these 
dailyy changes in insulin concentrations in totally liver denervated rats, i.e. the 24h-pat-
ternn in total hepatic denervated and intact rats was similar. This suggests the involve
mentt of afferent signaling from the liver to the CNS resulting in the time-dependent 
insulinn release in relation to similar plasma glucose concentrations. Furthermore, the 
existencee of a time-dependent level of insulin release is supported by the finding that 
mealss given at the end of the light period result in a smaller insulin peak than after a 
meall given in the remainder of the light/dark-cycle92. 

Likee insulin, corticosterone is often referred to for being involved in the regulation of a 
24h-rhythmm in plasma glucose concentrations. Plasma corticosterone concentrations in 
bothh Hsx rats and Hpx rats, however, showed a clear 24h-rhythm similar to that found in 
intactt rats, indicating that the disruption of the 24h-rhythm in plasma glucose concen
trationss was not via an effect of these denervations on corticosterone secretion. In addi
tion,, this is further evidence that such corticosterone levels are not important for induc
ingg the daily glucose peak. 

InIn summary, these data provide evidence that the SCN needs both hepatic parasympa
theticc and hepatic sympathetic branches to generate a 24h-rhythm in plasma glucose 
concentrations.. Our data further suggest that the 24h-rhythm in plasma glucose con
centrationss is due to a direct SCN-control of the liver and not to an indirect SCN-control 
viaa hormonal changes; i.e. insulin concentrations were not decreased after selective 
denervationn of the liver, which could have resulted in increased glucose concentrations. 
Inn addition, corticosterone concentrations still showed a clear 24h-rhythm after selec
tivee liver denervation and are not responsible for the circadian peak in plasma glucose 
concentrations. . 
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RoleRole for the pineal and melatonin in glucose homeostasis: 
pinealectomypinealectomy increases night-time concentrations 

Susannee E. la Fleur, Andries Kalsbeek, Joke Wortel, Jan van der Vliet and Ruud M. Buijs 
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Abstract t 

Thee effects of melatonin on glucose metabolism are far from under
stood.. In rats, the biological clock generates a 24h-rhythm in plasma 
glucosee concentrations, with declining concentrations in the dark pe
riod.. We hypothesized that, in the rat melatonin enhances the dark sig
nall of the biological clock, decreasing glucose concentrations in the 
darkk period. We measured 24h-rhythms of plasma concentrations of 
glucosee and insulin in pinealectomized rats fed ad libitum with and 
withoutt melatonin-treatment and compared them with data of intact 
ratss fed ad libitum. Pinealectomy abolished the nocturnal decline in 
plasmaa glucose concentrations, resulting in increased 24h-mean plasma 
glucosee concentrations, while plasma insulin concentrations did not 
change.. These findings suggest a decreased insulin sensitivity. Mela
toninn replacement restored 24h-mean plasma glucose concentrations 
inn pinealectomized rats, but interestingly it did not restore the 24h-
rhythm.. Melatonin treatment also resulted in higher meal-induced in
sulinn responses, probably mediated via an increased sensitivity of the 
P-cells.. Taken together, our data demonstrate that the pineal hormone 
melatonin,, influences both glucose metabolism and insulin secretion 
fromm the pancreatic P-cell. The present paper also demonstrates that 
removall of the pineal gland cannot be compensated by mimicking 
plasmaa melatonin concentrations only. 
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Introductio n n 

Inn mammals, circadian rhythms are generated by the biological clock, located in the su-

prachiasmaticc nucleus of the hypothalamus (SCN)176. Recently, we have shown that the 

SCNN generates a 24-h rhythm in plasma glucose concentrations in the rat, which is inde

pendentt from the SCN generated rhythm in feeding activity. Plasma glucose concentra

tionss rise towards the end of the light period just before awakening and the onset of the 

rats'' main activity period and then decrease again during the dark period106. Time infor

mationn from the SCN is transmitted to the rest of the organism by way of SCN projec

tionss to neuronal, neuroendocrine and autonomic hypothalamic output centers. One of 

thee best known SCN output signals is the pineal hormone melatonin. Effects of mela

toninn on glucose metabolism have been suggested for both humans199 and rodents4,51, 

butt the exact mechanism of its actions has not yet been identified. It is thought that me

latoninn acts directly on its target cells, e.g. hepatocytes and pancreatic (3-cells1,14\ which 

aree known to contain melatonin-binding elements. It is also possible that melatonin in

fluencesfluences glucose metabolism via its modulatory action on SCN activity125. The data con

cerningg the effects of melatonin on glucose metabolism in rodents are rather contradic

tory.. Removal of the endogenous source of melatonin in rodents, i.e. pinealectomy, causes 

aa decrease in hepatic and muscular glycogenesis128, it increases plasma concentrations of 

glucosee and glucagon, and decreases insulin concentrations52, it exacerbates 

hyperglycemiaa to an alloxan treatment42 and recently, it has been suggested that 

pinealectomyy causes glucose intolerance and impairs insulin secretion and action119. 

However,, the effects of melatonin administration are less clear, i.e. some studies have 

suggestedd that it has no effect on insulin release and glucose metabolism10,60, whereas 

otherss have described either an inhibitory4 or a stimulatory74 effect. A possible reason 

forr these different results is that experiments were executed at different time-points of 

thee day/night-cycle. Many investigators focus on one time point in the light/dark-cycle 

orr execute their experiments during the light phase only10,42,52,'19,12S, while melatonin is 

releasedd during the dark period. 

Inn our view the main (circadian) function of melatonin in rats is to enhance the dark 

signall of the SCN, through a combination of inhibition of the firing rate of SCN neu

rons1255 and peripheral effects. As one function of the SCN is to lower night-time glucose 

concentrationss in the rat106, we hypothesized that removing the pineal gland, and thus 

thee source of melatonin, results in higher plasma glucose concentrations during the dark 

period.. Therefore, we measured 24h-profiles of plasma concentrations of glucose and 

insulinn in pinealectomized (PNx) rats. As melatonin modulates the SCN, which in turn 

alsoo generates a daily rhythm in feeding behavior, changes in the 24h-rhythm in plasma 

glucosee concentrations may result from indirect effects of melatonin on the daily rhythm 

inn feeding behavior. To suppress the influence of the SCN on feeding behavior, we exam

inedd 24h-prof!les of plasma concentrations of glucose and insulin in PNx rats and in 
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melatonin-treatedd PNx rats that were subjected to a scheduled feeding regimen with six 

identicall meals equally distributed over the light/dark-cycle. 

Materialss and methods 

AnimalsAnimals and Food Intake 

Malee Wistar rats (Harlan) were used in all experiments. Rats were housed in separate 
cagess (35 x 35 x 40 cm) at a room temperature of 20 °C, on a 12h/12h light-dark regimen 
(lightss on at 5.00 PM). For experiment 2&3, rats were entrained to a feeding schedule. 
Foodd pellets were available in metal food hoppers. A rat could gnaw off pieces of food 
throughh vertical stainless steel bars situated at the front of the food hopper. Access to the 
foodd could be prevented by a sliding door situated in front of the food hopper. Door 
openingg and door closing were activated by an electrical motor and controlled by a clock. 
Duringg all experiments, water was available ad libitum. All experiments were performed 
inn the rat's home cage. All experiments were conducted under the approval of the Local 
Animall Care Committee. 

Pinealectomy Pinealectomy 

Eighteenn rats (175-190 gr) were anesthetized with Hypnorm® (0.04ml/100 gr, i.m.; 
Janssenn Pharmaceutical Ltd., Oxford, England) and Dormicum® (0.08 ml/100 gr, s.c; 
Rochee Nederland B.V., Mijdrecht, The Netherlands). A square section of bone covering 
thee sinus confluence was removed. With a sharp needle, an incision was made in the 
duraa mater next to the sinus confluence. The tip of a suction tube was inserted under the 
sinuss and the pineal gland was ablated by suction. The square section of bone was placed 
backk in its original position and fixed with tissue glue. Buprenorphine hydrochloride 
(Temgesic®)) (0.03 ml/100 gr, s.c; Schering-Plow, Amstelveen, The Netherlands) was given 
forr pain relief. When their body weight had reached 250 gr, blood was withdrawn from 
thee tail vein at ZT 17 (when melatonin levels are normally high) and plasma melatonin 
concentrationss were measured. Those rats that showed plasma melatonin concentra
tionss > 25 pg/ml were considered to be not totally pinealectomized. Three rats that showed 
normall concentrations of plasma melatonin were excluded from the experiment. 

FirstFirst experiment 

Ann intra-atrial silicone catheter was implanted through the right jugular vein according 

too the method of Steffens174 in six PNx rats that were fed ad libitum when their body 

weightt had reached 300gr. After surgery, the animals were given two weeks to recover. 

Duringg the experiments, the animals were connected permanently to the blood-sam

plingg catheter which was attached to a metal collar and kept out of reach of the rats by 

meanss of a counterbalanced beam. This allowed all manipulations to be carried out out-
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sidee the cages without the need to handle the animal. The complete circadian profile of 

plasmaa concentrations of glucose and insulin were determined by taking 0.2 ml of blood 

oncee every hour for 12 consecutive hours on 2 different occasions within a period of 2 

weeks.. The 2 runs started at ZT6.5 and ZT18.5. 

SecondSecond experiment 

Sixx PNx rats were entrained to a feeding schedule of six, 10-min-meals spaced equally 

overr the light/dark-cycle. Food became available at ZT2, ZT6, ZT10, ZT14, ZT18 and 

ZT22.. Rats had two weeks to adapt to this feeding schedule. Adaptation was considered 

completee when rats had learned to consume  3.5 gr during every meal. Rats adapted 

readilyy to this feeding schedule and resumed growth (2.5 gr/day). A jugular vein cath

eterr was implanted and after two weeks of recovery, the complete circadian profile of 

plasmaa concentrations of glucose, insulin and corticosterone was determined by taking 

0.22 ml of blood once every hour for 12 consecutive hours on 2 different occasions within 

aa period of 2 weeks. The 2 runs started at ZT6.5 and ZT18.5. 

ThirdThird experiment 

Fivee PNx rats were entrained to the same feeding schedule as described above. After one 

weekk of adapting to the feeding schedule, PNx rats received melatonin (100 ng/ml) 

throughh their drinking water from ZT15.5 until ZT23.5 (during the remaining hours 

normall water was available) every day until the end of the experiment. One week later a 

jugularr vein catheter was implanted and the rats were allowed to recover for two weeks. 

Thee complete circadian profiles of plasma concentrations of glucose, insulin and corti

costeronee were determined as described for the first two experiments. To verify whether 

drinkingg a melatonin solution resulted in high plasma melatonin concentrations 1 ml 

bloodd was taken at ZT 1, ZT 14.5, ZT 16 and at ZT 21.5 one week after the final experi

ment. . 

Melatonin Melatonin 

Crystallinee melatonin (Sigma, St. Louis, MO) was dissolved in absolute alcohol (and 

storedd at -20° C). This solution was subsequently diluted with water to a final concentra

tionn of 100 ng/ml melatonin in 0.1% alcohol solution. Melatonin solutions were freshly 

preparedd every morning. 

AnalyticalAnalytical methods 

Bloodd samples were immediately chilled at 0 °C and centrifuged at 4 °C, and the plasma 

wass stored at -20 °C until analysis. The plasma glucose concentrations were determined 

usingg a Glucose/GOD-Perid method (Boehringer Mannheim, GmBH, Germany). Plasma 

immunoreactivee insulin concentrations in experiment 1 were determined with a radio 
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immunoassayy kit (ICN Biochemicals, Costa Mesa, CA, USA) and in experiment 2 and 3 
withh a different radio immuno-assay kit (Linco Research, St. Charles, MO). Since the 
plasmaa controls used in these radio-immuno assays were not the same, insulin concen
trationss of experiment 1 may not be compared with those of experiment 2 and 3. The 
sampless were measured in duplicate. The lower limit of the assay was 10 jlU/ml and the 
coefficientt of variation of the immunoassay was < 8%. Plasma corticosterone concen
trationss were determined with a radio immuno-assay kit (ICN Biomedicals, Costa Mesa, 
CA);; samples were measured in duplicate. From the samples, 10 MJ was taken and diluted 
inn 4 ml of assay buffer. The lower limit of the assay was 1 ng/ml and the coefficient of 
variationn of the immunoassay was < 4%. Plasma melatonin concentrations were meas
uredd in duplicate by radio immunoassay (RIA) using (125I) melatonin (Amersham 
Bucks.,UK;; specific activity 2,000 Ci/mmol) and a rabbit antiserum (AB/R/03, 
Stockgrandd Ltd., Guilford, UK) at a final dilution of 1:160,000. Stock melatonin (Sigma 
Chemicals)) was stored at a concentration of 1 mg/ml. Melatonin was extracted from 
plasmaa samples (250 JLÜ.) in 5 ml dichloromethane and dried by vacuum evaporation. 
Next,, samples were reconstituted in 150 (il assay buffer and two 50 |ul aliquots were taken 
forr assay. Standards were diluted in assay buffer to give a range of dilutions from 0.5 to 
2000 pg/ml. The minimum detection level for the assay was 10-15 pg/ml plasma. 

ComparisonComparison with previous data 

Wee were able to compare plasma concentrations of glucose, insulin and corticosterone 

inn PNx rats with those in intact rats that we have published previously106, because the 

experimentss in PNx rats were performed with similar experimental procedures and un

derr similar conditions as for those in intact rats (i.e. same source of animals and food, 

samee experimental room, same experimenter). Plasma concentrations of glucose, insu

linn and corticosterone in PNx rats and in intact rats were measured with similar analysis 

methods;; the inter-assay variations were respectively < 2.5%, <8% and < 5%. The plasma 

insulinn concentrations in PNx rats subjected to a scheduled feeding regimen were deter

minedd with a analysis method from a different company (Linco Research, St. Charles, 

MOO instead of ICN Biochemicals, Costa Mesa, CA). However, the data from both PNx 

ratss and intact rats maybe compared because the inter-assay variation (comparing meth

odss of the two companies) was <7%. 

Recentt measurements (unpublished results from 2000) and measurements from 1998l06 

illustratee the remarkable stability of the plasma concentrations of glucose and insulin in 

intactt rats subjected to a scheduled feeding regimen, i.e. no significant differences were 

detected106.. Furthermore, for the daily rhythm in plasma corticosterone concentrations 

inn intact rats we demonstrated a similar stability comparing data from 1992 with those 

fromm 199593. Thus, over the years the control values remain stable as measured in our 

experimentss and we, therefore, believe we are justified in using historical data. Concen-
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trationss of glucose, insulin and corticosterone of intact rats from the previous study106 

aree shown as gray background in the figures, and these data sets were used for statistical 

analysis. . 

DataData analysis 

Plasmaa concentrations of glucose, insulin and corticosterone were expressed as mean

SEM.. Statistical analysis was conducted using a repeated-measures analysis of variance 

(ANOVA)) to test for an effect of time. If ANOVA detected a significant effect of time, 

pairedd t-tests were used to detect differences between peak and trough values. In addi

tion,, a single cosinor analysis was performed, using the fundamental period (24 h) for 

thee individual sets of data points. The statistical significance of the cosine fit is expressed 

ass F statistic. The fitted function is defined by its mesor (rhythm-adjusted mean), ampli

tudee (50% of the difference between the maximum and the minimum), and acrophase 

(timee of the maximum). The software package Table-Curve (Jandel Scientific GmbH, 

Erkrath,, Germany) was used for fitting cosine functions to the data. ANOVA and the 

Student'ss t-test were used to detect significant differences between intact rats and PNx 

rats.. For the ANOVA and (paired) t-tests, p<0.05 was considered to be a significant 

difference. . 

Results s 

GrowthGrowth profiles, food and water intake in PNx rats 

Thee growth patterns of PNx rats in all three experiments were comparable to those of 

intactt rats. In between the pinealectomy and the jugular vein implantation, the average 

dailyy growth rate was 3.7  0.3 gr; this rate was not significant different from that of 

intactt rats (3.8  0.4 gr; p>0.05). The body weights of PNx rats and intact rats at the 

beginningg of the experiments were not significantly different (PNx: 334 gr  3; intact 

3388 gr  4). PNx rats had no difficulties adapting to the scheduled feeding regimen (Ex

perimentt 2&3), but PNx rats (with and without melatonin treatment) consumed smaller 

amountss of food as compared to intact rats in our previous study, respectively 2.7  0.2 

gr/meall and 3.3  0.1 gr/meal (p<0.01), however their growth rates were not signifi

cantlyy different (PNx: 2.5 gr/day  0.2; intact: 2.7 gr/day  0.2, p>0.06)). Under ad libi-

tumtum feeding conditions food intake of PNx rats (experiment 1) was similar to that of 

intactt rats (respectively 21.2  1.1 gr/24h and 20.1  1.0gr/24h (p>0.05)). 

PlasmaPlasma concentrations of glucose and insulin in PNx rats on ad libitum feeding 

Fig.. 1 shows the daily variation in plasma glucose concentrations in PNx rats as well as in 

intactt rats (in grey106). Plasma glucose concentrations in PNx rats fed ad libitum showed 

84 4 



PINEALECTOMY Y 

9rr A 

o o 
E E 

<D D 
<n <n 
O O 
o o 
_g g 
O O 

jj  ^ K 

ii  i 

1000 r B 

E E 

3 3 
75 5 

.EE 50 
3 3 

C C 

25 5 

Lx.lA A 
•• V / ~ 

12 2 

ZTT (hours) 

16 6 20 0 24 4 

Fig.. 1 Plasma glucose concentrations (A) and plasma insulin concentrations (B) across the light/ 
dark-cyclee in PNx rats (n = 6) fed ad libitum. The black bars indicate the night-time. The gray 
areass indicate the plasma glucose concentrations (A) and plasma insulin concentrations (B) in 
intactt rats as measured in our previous study106. 

significantt fluctuations over the light/dark-cycle (ANOVA, F(23,93)= 3.4, p<0.001). Sets 
off data points of all rats could be fitted with the single cosinor analysis so that the fitted 
curvee was not significantly different from the curve of the individual rat (Table 1). The 
amplitudee of the rhythm in PNx rats was significantly smaller as compared to that in 
intactt rats and the peak of the rhythm occurred later than the peak in intact rats (Table 
1).. Statistical analysis of 24h-profiles of plasma glucose concentrations indicated that 
thosee of PNx rats and intact rats differed significantly and that plasma glucose concen
trationss in PNx rats were significantly higher than those in intact rats (7.1 mmol/1  0.1 
inn PNx rats vs. 6.3 mmol/1  0.1 in intact rats). ANOVA detected a significant effect of 
timee (F(22,264)= 8,2,p<0.001), of 'group x time' (F(22,253)= 0.7,p<0.001) and of group 
(F(l , l l )=47,p<< 0.001). 
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Tablee 1 Rhythm parameters of plasma glucose concentrations in PNx rats as compared to those 
inn intact rats106. 

AdAd libitum fed Scheduled fed 

MM (mmol/1) 

Amm (%) 

A(ZT) ) 

PNx x 
Intact t 

PNx x 
Intact t 

PNx x 
Intact t 

PNx x 
Intact t 

0.355 2 
0.47++ 0.05 

7.11 1 
6.33 1 

7.00  0.4 
10.66  1.4 

12.99 5 
6 6 

--
0.466  0.05 

7.11 + 0.1 
6.510.1 1 

---
12.9  1.1 

--
11.33 4 

RJ== Goodness of fit; M= absolute 24 h mean (mmol/1); Am= Amplitude (%); A= Acrophase (ZT); 
PNxx = pinealectomized rats. Values are means  SEM. 

Theree was no diurnal variation in plasma insulin concentrations in PNx rats over the 
light/dark-cyclee (Fig IB) (ANOVA, F (23,93)- 1.0, p= 0.5). Moreover, 24h-profiles of 
plasmaa insulin concentrations in PNx rats were very similar to those in intact rats 
(ANOVA:: time (F(22,264)=1.6, p<0.05); group x time" (F(22,253)=0.9, p=0.6) and 
groupp (F(l,l 1)= 0.1, p=0.9)). There was also no significant difference in 24h-means of 
plasmaa insulin concentrations between PNx and intact rats (56.1 u,IU/ml  4.2 in PNx 
ratss vs. 57.0 jiIU/ml  7.5 in intact rats). 

PlasmaPlasma concentrations of glucose and insulin in PNx rats on a scheduled feeding regimen 

Theree was no diurnal variation over the light/dark-cycle in plasma glucose concentra

tionss in PNx rats on a scheduled feeding regimen (Fig 2A) (ANOVA, F(22,110)=1.2, 

p=0.2).. Comparisons revealed that the profiles for PNx rats differed significantly from 

thosee of intact rats, and that glucose concentrations in PNx rats were significant higher 

overr the 24h than those in intact rats (Table 2), because ANOVA detected an effect of 

groupp (F(l,12)= 5.3, p<0.04), of time (F(22,164)= 3.3,p<0.001),andof 'group xtime' 

(F(22,164)=1.8,p<0.02). . 

Plasmaa insulin concentrations in PNx rats on a scheduled feeding regimen showed 

clearr fluctuations over the light/dark-cycle (ANOVA, F(22,l 10)= 8.5,p< 0.001) and they 

weree similar to those in intact rats (Fig. 3). ANOVA only detected an effect of time 

(F(22,164)=8.6,p<0.001),butnotofgroup(F(l,12)=0.5,p=0.5)or'groupxtime'(F(22, , 
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Fig.. 2 Plasma glucose concentrations across the light/dark-cycle under scheduled feeding con
ditionss in (A) PNx rats ( • , n = 6) and in (B) melatonin-treated PNx rats ( o, n=5). The black bars 
indicatee the night-time. The gray areas indicate the plasma glucose concentrations in intact rats as 
measuredd in our previous study106. The straight line (B) indicates the plasma glucose concentra
tionss in PNx rats, the same as depicted in (A) 

Tablee 2 24h-mean plasma concentrations of glucose and insulin in intact rats and PNx rats on a 
scheduledd feeding regimen with and without melatonin 

Intact t PNx x PNxx + mel 

Glucosee (mmol/1) 
Insulinn (ulU/ml) 

6.55 1 
1111  6 

7.11 + 0.1*t 
1066 4 

6.66  0.1 
1522  16*$ 

++ mel = melatonin treated, * P< 0.01 for comparison with intact rats, t P< 0.02 for comparison with 
"PNxx rats + mel", $ P< 0.001 for comparison with intact rats 
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Fig.. 3 Plasma insulin concentrations across the light/dark-cycle under scheduled feeding condi
tionss in (A) PNx rats ( • , n = 6) and in (B) melatonin-treated PNx rats ( o , n=5). The black bars 
indicatee the night-time. The gray areas indicate the plasma insulin concentrations in intact rats as 
measuredd in our previous study106. The straight line (B) indicates the plasma insulin concentra
tionss in PNx rats, the same as depicted in (A) 

164)== 1.3, p= 0.15). Insulin concentrations rose after most meals in PNx rats. This in
creasee in insulin (expressed as the difference with the last sample point before a meal) 
reachedd significance for ZT 2,10 and 22 (p<0.05). Mean insulin increments in PNx rats 
weree significantly lower as compared to those in intact rats (p<0.01) (Fig 4). 

MelatoninMelatonin treatment in PNx rats on scheduled feeding regimen 

Wee wanted to mimic normal levels of plasma melatonin during the dark period. We, 
therefore,, chose to provide melatonin in the drinking water in a 100 ng/ml concentra
tions,, since experiments showed that this concentration resulted in physiological levels 
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Fig.. 4 Mean insulin increments to a meal in intact (C)106, PNx rats, and melatonin-treated PNx 
ratss (PNx+mel) expressed as the difference between the first sample point after the meal and the 
lastt sample point before the meal. All groups of rats were subjected to a scheduled feeding regi
men.. * p< 0.01; **p<0.001. 

off urinary melatonin metabolites in Wistar rats subjected to light-mediated melatonin 
reduction811 and in physiological levels of plasma melatonin (unpublished observation). 

Additionn of melatonin to the drinking water had no effect on the water intake of the 
PNxx rats (32.1  2.0 ml/24h vs 33.2  1.3 ml/24h, respectively, for PNx and intact rats 
drinkingg normal water (P>0.05)). Plasma melatonin concentrations in PNx rats pro
videdd with melatonin are shown in Fig. 5. The plasma melatonin concentrations were 
significantlyy elevated at ZT 16 and ZT 21.5 (p<0.001) and were very similar to plasma 
melatoninn concentrations in intact rats as observed previously86. 

Melatoninn treatment in PNx rats did not restore the 24h-rhythm in plasma glucose 
concentrations.. Although plasma glucose concentrations showed significant fluctuations 
overr the light/dark-cycle (ANOVA; F(22,88)=2.0, p<0.02), the sets of data points of the 
ratss could not be fitted with the single cosinor analysis. The 24h-mean plasma glucose 
concentrationn decreased with 0.5mmol/l after treatment with melatonin (average glu
cosee in PNx vs. melatonin treated PNx rats: p<0.01) (Fig 2B; Table 2). Mean 24-h glucose 
concentrationss in melatonin-treated PNx rats were similar to those in intact rats (p=0.6). 

Treatmentt of PNx rats with melatonin resulted in significantly increased overall insu
linn concentrations. ANOVA detected an effect of time (F(22,198)=7.2; p<0.001),an ef
fectt of group x time: (F (22,198)= 6.2; p<0.001), and an effect of treatment (F( 1,9)= 8.8; 
p<0.016).. Their insulin concentrations were now even higher than those in intact rats 
(ANOVA:: effect of time (F(22,242)=9.2; p<0.001), an effect of group x time: 
F(22,242)=5.6;p<0.001),, and an effect of treatment (Fl,ll)=7.7;p<0.018)). 

89 9 



CHAPTERR 6 

O) ) 
Q. . 

soo r 

40 0 

30 0 

SS 20 

10 0 

12 2 16 6 20 0 

ZTT (hours) 

Fig.55 Plasma melatonin concentrations in PNx rats during the first experiment ( o ) and second 
experimentt ( o ) and in melatonin-treated PNx rats ( • ). The gray area indicates the plasma 
melatoninn concentrations in intact rats as measured in a previous study86. 

Forr melatonin-treated PNx rats, insulin increments after a meal reached significance 
forr ZT 2,14,18 and 22 (p<0.05). Insulin increments after a meal in melatonin treated 
PNxx rats were significantly higher than those in PNx rats (p<0.02) and in intact rats 
(p<0.01). . 

PlasmaPlasma corticosterone concentrations in PNx rats subjected to a scheduled feeding regimen 

Ass changes in plasma corticosterone concentrations influence glucose metabolism, 

changess in the 24h-rhythm in plasma glucose concentrations may result from indirect 

effectss of pinealectomy on the 24h-rhythm in plasma corticosterone concentrations. 

Therefore,, plasma corticosterone concentrations were measured in PNx rats subjected 

too a scheduled feeding regimen. They showed a clear 24h-rhythm in plasma corticoster

onee concentrations (Fig. 6). This rhythm did not differ from the one observed previ

ouslyy in intact rats106. 

Discussion n 

Thee present data provide evidence that removal of the pineal gland dampens the ampli
tudee of the 24h-rhythm in plasma glucose concentrations in rats fed ad libitum,but abol
ishedd it completely in rats subjected to a scheduled feeding regimen. Most importantly, 
pinealectomyy increased plasma glucose concentrations at the end of the dark period 
irrespectivee of whether rats were fed ad libitum or subjected to a scheduled feeding regi
men.. The higher glucose concentrations confirm previous observations52,12S and appeared 
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Fig.. 6 Plasma corticosterone concentrations across the light/dark-cycle under scheduled feed
ingg conditions in PNx rats (n = 6). The black bars indicate the night-time. The gray area indicates 
thee plasma corticosterone concentrations in intact rats as measured in our previous study106. 

nott to have resulted from a higher food intake, because we did not find effects of 
pinealectomyy on the total amount of food consumed when rats were fed ad libitum. These 
findingss are consistent with the results of previous studies reporting no effects of 
pinealectomyy on the rhythm of food intake or the amount of food intake155186. In addi
tion,, we observed that PNx rats subjected to the scheduled feeding regimen consumed 
smallerr meals than intact rats. The increased plasma glucose concentrations, especially 
duringg the dark period and the early light period, led to a strong dampening of the 24h-
rhythm.. Removal of a second time cue, i.e. the nocturnal feeding rhythm, completely 
abolishedd the endogenous rhythmm in plasma glucose concentrations. This appeared not 
too be the result of a general disturbed rhythm in PNx rats, as a clear 24h-rhythm in 
corticosteronee concentrations was observed in PNx rats (Fig 6) and there was also no 
disturbancee in their rhythm in locomotor activity or food intake155'186. 

Measuringg the glucose concentrations over a period of 24-hours enabled us to provide 
aa more detailed description of the effects of pinealectomy on plasma glucose concentra
tionss than previous studies42,52. An increase of the average glucose concentrations may 
havee resulted from decreased insulin concentrations after pinealectomy. However, we 
didd not find an effect of pinealectomy on insulin concentrations under both ad libitum 

feedingg conditions and scheduled feeding conditions. Therefore, the higher glucose con
centrationss together with the unchanged insulin concentrations suggests a decreased 
glucosee tolerance after pinealectomy as a result of an increased insulin insensitivity. This 
iss supported by the study of Lima and colleagues, who showed a reduced insulin action 
afterr pinealectomy and observed a down regulation of the GLUT-4 transporter, which is 
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ann insulin-dependent glucose transporter'19. In addition, in PNx rats subjected to a sched

uledd feeding regimen we also observed a decrease in insulin increments after a meal in 

thee dark period as compared to those in intact rats in our previous study106, indicating 

thatt pinealectomy also decreases the ability of the pancreas to respond to a meal. This 

observationn is in agreement with the data of Lima and colleagues "9. 

Too examine whether the observed changes in glucose metabolism were solely due to 

thee lack of melatonin, we administered melatonin via the drinking water during the hours 

thatt the pineal normally releases melatonin. This resulted in plasma melatonin concen

trationss in PNx rats very much comparable to those described previously for intact rats 

(Fig5,86)) purthermore, a different study showed that replacing melatonin via drinking wa

terr restored urinary 6-sulphatoxymelatonin in Wistar rats subjected to a light-mediated 

melatoninn reduction81. In the present study, a long-term replacement strategy was cho

senn to enable a restoration of the down-regulated melatonin receptor, because melatonin 

receptorss in the SCN appear to be down regulated after pinealectomy64. 

Threee weeks of melatonin replacement did not restore the 24h-rhythm in plasma glu

cosee concentrations. However, it did lower the 24h-mean concentrations to a level com

parablee to those in intact rats106. This suggests that the underlying mechanisms respon

siblee for these two effects may be different. The reduction in glucose concentrations may 

bee explained by the higher meal-induced insulin increments observed after melatonin 

replacement,, suggesting a much higher responsiveness of the pancreas. Indeed, meal-

inducedd insulin increments were significantly higher in melatonin-treated PNx rats. 

However,, the elevation of meal-induced insulin was so pronounced that with a normal 

tissuee sensitivity to insulin we would have expected a pronounced hypoglycemia. Ap

parently,, melatonin replacement in PNx rats did not abolish the insulin insensitivity that 

resultedd from the pinealectomy. 

Whetherr the process of maintaining homeostasis, under influence of the exogenous 

melatoninn in PNx rats, is regulated at the level of the central nervous system, for example 

att the level of the SCN as was suggested by Shima and colleagues163, or at a peripheral 

levell is as yet unclear. A peripheral regulation alone, i.e. melatonin binding to peripheral 

organss including the liver1 and the P-cells in the pancreas145, is not likely since the effects 

off pinealectomy, and melatonin replacement are not restricted to dark period, i.e. the 

timee window in which melatonin is normally secreted. In addition, administration of 

melatoninn to PNx rats did not result in restoration of the 24h-rhythm in plasma glucose 

concentrations.. These effects may be due to changes in the central nervous system as a 

consequencee of the relatively long period between the pinealectomy and the melatonin 

administration.. Indeed, Peschke observed changes in the ventromedial hypothalamic 

nucleuss (VMH) after pinealectomy144. It is not known whether these changes are tran

sientt or permanent even after melatonin replacement. The VMH is known to be involved 

inn glucose regulation by influencing the autonomic nervous system166. Also other central 
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sitess that influence the autonomic nervous system, for example in the hypothalamus and 
brainstem,, may be changed as a consequence of pinealectomy. 

Thee observation that the rhythm in plasma glucose concentrations and the insulin 
insensitivityy in PNx rats were not restored following melatonin replacement, suggests 
thatt pinealectomy has more severe effects on the organism than only removing the source 
off melatonin. The pineal is richly innervated by the autonomic nervous system, and re
movingg the pineal may result in degeneration of neurons in the superior cervical ganglia 
thatt innervate the pineal gland. This may result in changes in the autonomic nervous 
systemm innervating other organs, and may modify the level of activity of the autonomic 
nervouss system33-34. The assumption that pinealectomy changes the autonomic nervous 
systemm is supported by the observation that melatonin treatment only partly reversed 
thee increments in heart rate observed in PNx rats72. In addition, the high insulin re
sponsess in melatonin-treated PNx rats may be explained by a change in the reactivity of 
thee parasympathetic nervous system that innervates the (3-cells of the pancreas. We ob
servedd elevated meal-induced insulin responses after all 6 meals, and not only during 
thee period melatonin was provided. This may only be explained assuming that mela
toninn acts indirectly on meal-induced insulin responses and that the autonomic nervous 
systemm is affected over the total 24 hours. In addition, in pancreatic islets maintained in 
vitroo melatonin reduces the insulin response to a glucose application146, suggesting that 
ourr finding of elevated insulin responses after melatonin treatment results from changes 
outsidee the pancreas. Further experiments are needed to clarify this issue. 

Inn conclusion, the present study showed that pinealectomy prevents the nocturnal 
declinee in plasma glucose concentrations resulting in increased 24h-mean glucose con
centrations.. In addition, melatonin replacement in PNx rats restored 24h-mean glucose 
concentrations,, but did not restore the 24h-rhythm. As the 24h-mean insulin concentra
tionss did not change after pinealectomy our finding suggests an increased insensitivity 
too insulin. Melatonin treatment of PNx rats resulted in higher meal-induced insulin re
sponses,, suggesting an increased sensitivity of the (3-cells. These data suggest that the 
pineall hormone melatonin influences both glucose metabolism and the pancreatic p-
cell.. However, other mechanisms also changed due to pinealectomy are probably respon
siblee for the disappearance of the 24h-rhythm in plasma glucose concentrations. 
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I.. THE ORGANIZATION OF THE DAILY RHYTHM IN GLUCOSE 

METABOLISM M 

Bloodd glucose is the most important energy source for the central nervous system. Since 
glycogenn is neither stored, nor produced in the CNS, it is essential for survival that plasma 
glucosee concentrations are maintained at a sufficiently high level. Interestingly, plasma 
glucosee concentrations are not maintained at a constant level, but show a clear daily 
rhythmm with the highest levels prior to the onset of the activity period. This rhythm 
dependss on the biological clock and is independent of the daily rhythm in food intake 
(chapterr 2). The glucose peak appeared at the same time of the day (i.e. ZT 10) irrespec
tivee of whether a rat was fed ad libitum, fasted, or subjected to a scheduled feeding regi
men.. Furthermore, SCN-lesioning abolished the rhythm in plasma glucose concentra
tions,, demonstrating the involvement of the SCN in the organization of this 24h-rhythm 
inn plasma glucose concentrations. 

Hormonall  changes 

Plasmaa glucose concentrations are maintained between narrow margins. An increase in 

plasmaa glucose concentrations above these margins is followed by an insulin response, 

whichh results in insulin-mediated glucose uptake. A decrease in plasma glucose concen-
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trationss below these margins is followed by a counterregulatory mechanism in which 
glucagonn and catecholamines are released that mediate an increase in hepatic glucose 
production.. Since plasma concentrations of insulin6,'15141208 and glucagon208 show a daily 
rhythmm resembling the rhythm in plasma glucose concentrations, they have often been 
suggestedd to be involved in the control of the daily rhythm in glucose metabolism. We 
alsoo observed a daily rhythm in plasma insulin concentrations in rats that had free ac
cesss to food, with high levels in the dark period when food intake was high. Measuring 
plasmaa insulin concentrations in rats subjected to a scheduled feeding regimen (to elimi
natee the rhythmic pattern in food intake), however, revealed that plasma insulin concen
trationss increased after every meal, following the feeding pattern, and that plasma insu
linn concentrations were not likely to be mediating the rhythm in plasma glucose concen
trationss (chapter 2). Furthermore, the absence of a rhythm in plasma insulin concentra
tions,, while a glucose rhythm could still be observed, when rats were fasted for 36h only 
reinforcedd this observation(chaptcr2'4'1). Interestingly, the plasma glucagon concentrations 
alsoo closely followed the feeding pattern in rats subjected to the scheduled feeding regi
menn (Fig. 1) suggesting that also glucagon is not directly involved in the control of the 
24h-rhythmm in plasma glucose concentrations. 

Thee peak in both glucose uptake and plasma glucose concentrations occur at the same 
timee as the circadian peak in corticosterone concentrations. Still the 24h-rhythm in 
plasmaa corticosterone concentrations is not likely to be involved in the SCN driven-
rhythmm in glucose uptake, since it inhibits insulin sensitivity45, while at the moment cor
ticosteronee is high, insulin sensitivity is at peak-levels. Also involvement of corticoster
onee in the regulation of the SCN-driven rhythm in plasma glucose concentrations is not 
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Fig.. 1 Plasma glucagon concentrations across the light/dark-cycle in rats (n=6) subjected to a 
scheduledd feeding regimen. The black bars indicate the dark period and the white bars indicate 
thee light period. The dotted lines represent the time food was available for 10 min. 
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likely.. Firstly, in humans, it was shown that the rise in glucose is not prevented by block
ingg corticosteroids18 and secondly, after transsection of the ANS input to the liver, the 
dailyy rhythm in glucose concentrations is disrupted, whereas the rhythm in corticoster-
onee is still intact (chapter 5). Under fasting conditions, however, the involvement of cor-
ticosteronee in the regulation of the 24h-rhythm in plasma glucose concentrations may 
bee important. Fasted rats show an increase in plasma corticosterone concentrations(chapter 

2-44),, possibly resulting in stimulation of hepatic gluconeogenic enzymes, thus promot
ingg hepatic glucose production. Since the glycogen stores in the liver are already exhausted 
afterr 12 hours, a possible influence of increased corticosterone concentrations on the 
24h-rhythmm in plasma glucose concentrations observed under fasting conditions can
nott be excluded at this point. A similar influence of glucagon on gluconeogenic enzymes 
iss possible. However, as we did not measure glucagon concentrations in fasted rats fur
therr experiments are needed to elucidate this. 

Ourr data strongly suggest that the 24h-rhythms in plasma glucose concentrations and 
inn glucose uptake, in rats fed ad libitum or on the feeding schedule, are due to a direct 
controll of the SCN on liver metabolism and not to an indirect control via hormonal 
changes. . 

Autonomicc input to the liver 

Glucosee uptake showed a clear SCN-driven 24h-rhythm. Interestingly, glucose uptake 

showedd a similar 24h-pattern as seen for plasma glucose concentrations (chapter 3); i.e. 

bothh rhythms peak just prior to the activity period. It is obvious that the simultaneous 

risee in plasma glucose concentrations and glucose uptake can only occur when glucose 

outputt to the general circulation is such that it compensates for increased glucose up

take.. Since the main source for glucose production is the liver and anatomical connec

tionss between the SCN and the liver are present (chapter 4), the autonomic projections 

too the liver were proposed to be involved in the organization of the 24h-rhythm in plasma 

glucosee concentrations. Indeed, selective denervation of the liver showed that these con

nectionss are also functionally important for the generation of a daily rhythm in plasma 

glucosee concentrations (chapter 5). Together these studies provide strong evidence for a 

24h-rhythmm in plasma glucose concentrations, independent of feeding activity, gener

atedd by the SCN and mediated via SCN control on the autonomic input to the liver. 

SCN-lesioningg increased plasma glucose concentrations in rats fed ad libitum (chap

terr 2). This suggests that the SCN inhibits hepatic glucose output and/or favors hepatic 

glucosee uptake in the dark period and in the beginning of the light period (when plasma 

glucosee concentrations decrease). This is supported by the finding that in rats with a 

selectivee denervation of the ANS input to the liver, plasma glucose concentrations also 

increasee (chapter 5). The increased plasma glucose concentrations were not due to de

creasedd insulin concentrations in either SCN-lesioned or liver denervated rats. 
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Thus,, we propose that the SCN influences hepatic glucose production and/or hepatic 

glucosee uptake in such a way that it results in a 24h-rhythm in plasma glucose concen

trations.. During the second half of the dark period the SCN influence on the autonomic 

inputt to the liver will favor hepatic mechanisms that result in uptake and storage of glu

cosee and/or inhibit hepatic glucose production, thereby resulting in a lowering of plasma 

glucosee concentrations. 

Hepaticc mechanisms 

Ourr data demonstrate that the daily rhythm in plasma glucose concentrations is derived 

fromm an SCN-control on hepatic glucose production and/or hepatic glucose uptake via 

thee autonomic nervous system and independent of the rhythm in feeding activity. 

Forr hepatic glucose production two major mechanisms may be distinguished. First 

theree is glycogenosis, converting glycogen to glucose. Second, there is gluconeogen-

esis,, the formation of glucose from non glucose precursors, such as amino acids, glycerol 

andd lactate. How the SCN influences glycogenosis and/or gluconeogenesis remains to 

bee elucidated. Control of liver enzyme activity is probably the basis for generation of a 

24h-rhythmm in plasma glucose concentrations. 

Thee rate-limiting step in liver gluconeogenesis is phosphoenolpyruvate carboxykinase 

(PEPCK)) activity. It shows a clear 24h-pattern, which is eliminated when the SCN is 

lesioned.. Furthermore it has been indicated that the autonomic input to the liver may 

regulatee the PEPCK activity132134, suggesting a role in the regulation of the 24h-rhythm 

inn plasma glucose concentrations. Logically, it has also been suggested, however, that 

PEPCKK activity is coupled with the 24h-pattern in food intake, i.e. in the absence of 

feedingg PEPCK activity gradually increases13, and when rats were allowed a 3h feeding 

periodd during the light period only, PEPCK activity was shifted accordingly132. Inter

pretingg these data, however, should be done with caution, since a restricted feeding pe

riodd of only 3h in the light period is a dramatic change in food supply, which results in a 

completee change of many parameters of metabolism179, and in an extra corticosterone 

peak95.. In addition, restricted feeding also results in uncoupling of circadian oscillators 

inn peripheral tissues, such as liver and pancreas, from the central oscillator in the SCN46. 

Thiss may lead to differences in PEPCK activity in the liver, related to a shift in peripheral 

clockk mechanisms, masking the effect of the SCN on PEPCK activity. Consequently, the 

factt that the PEPCK rhythm is mediated via food intake does not exclude that in normal 

conditionss there is also a control of the biological clock. It remains to be elucidated 

whetherr under scheduled feeding conditions PEPCK will follow the rhythm of the 6 

mealss a day or whether it will still show a 24h-rhythm associated with the light/dark-

cycle. . 

Glycogenosiss may also be involved in the regulation of the rhythm in glucose con

centrations.. Glycogen rhythms resemble the rhythm in plasma glucose concentrations 
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inn a reversed way58,126. The hepatic glycogen storage, however, is limited and after a 12h 
periodd of fasting, glycogen stores in the liver are empty13,58, suggesting that glycogenoly-
siss is unlikely to be mediating the 24h-rhythm in plasma glucose concentrations under 
fastingg conditions. Alternatively, hormones such as glucagon and corticosterone medi
atee gluconeogenesis when animals are fasted. Corticosterone increases protein degrada
tionn and thus the flow of amino acids to the liver59. It also induces synthesis of 
gluconeogenicc enzymes169,203. Indeed, fasting resulted in higher corticosterone levels but 
withh a maintenance of its rhythmicity (chapter 2). The increased corticosterone concen
trationss may, therefore, mediate increased gluconeogenesis, and thus a rise in plasma 
glucosee concentrations under fasting conditions. 

Hepaticc glucose uptake mainly occurs to enhance the glycogen stores. Influences of 
thee hepatic efferent autonomic nerves on hepatic glucose uptake and glycogen content 
havee been shown, i.e. total hepatic denervation and parasympathetic hepatic denervation 
resultedd in a decrease in hepatic glucose uptake127,137. Many data96 are available on circa-
diann rhythms in glycogen content and in activity of glycogenic enzymes. None of these 
studies,, however, were conducted with an adequate feeding regimen or with properly 
controlledd SCN-lesions to separate the direct effect of the SCN from its indirect effects 
viaa the rhythm in food intake. 

Thee question remains whether SCN-control on plasma glucose concentrations involves 
bothh regulation of hepatic glucose production and hepatic glucose uptake, and whether 
forr hepatic glucose production both gluconeogenic enzymes and glycogenic enzymes 
aree involved. In addition, also the similar outcome on plasma glucose concentrations 
afterr dissecting the hepatic parasympathetic nerves or the hepatic sympathetic nerves 
leadss to questions whether or not different processes in the liver were responsible for 
similarr peak-values in plasma glucose concentrations. 

SCNN control on glucose tolerance 

SCN-lesioningg resulted in A) disruption of the circadian rhythm in glucose uptake and 

B)) increased glucose uptake comparable to the peak-values in glucose tolerance in in

tactt rats (chapter 3). This suggests that SCN-lesioning removes an inhibitory signal that 

normallyy limits glucose uptake at the end of the activity period and the beginning of the 

inactivityy period. Surprisingly, the increase in glucose tolerance in SCN-lesioned rats 

wass not accompanied by an increase in insulin responses or an increase in insulin sensi

tivity,, as was the case in intact rats (chapter 3). The increase in glucose tolerance after 

SCN-lesioningg may well be the result of an increase in insulin-independent glucose up

take,, thus increasing glucose tolerance without changes in insulin action. Glucose inges

tionn normally increases glucose uptake in skeletal muscle, since it is the major site for 

insulin-mediatedd glucose uptake50105. Skeletal muscle contains two types of glucose trans

porterss (GLUT) that are able to transport glucose over the cell membrane, i.e. GLUT-1 
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andd GLUT-4. Basal glucose transport is mediated via GLUT-1 which is permanently 

presentt in the membrane were it is available for glucose transport. Moreover, it is an 

insulin-independentt glucose transporter68205. Since changes in upregulation of GLUT-1 

afterr exercise, chemical stimulation or muscle denervation are relatively small122, it is not 

likelyy that the elevation in glucose tolerance induced by SCN-lesioning is due to an 

upregulationn of GLUT-1. The other candidate, GLUT-4, is insulin-dependent37 43,147, avail

ablee in higher concentrations in the cy tosol of muscle, and responsible for a great deal of 

glucosee transport into the muscle. Insulin induces GLUT-4 translocation to the cell sur

facee and, consequently, activation of glucose uptake into the tissue54'03130'150,201. How

ever,, the recruitment of GLUT-4 to the cell membrane may also occur independently of 

insulin,, i.e. through nerve stimulation, exercise or with pharmacological treatment63 76 

loo,, 122 Tnerefore j it m a y we l l be that SCN-lesioning increases glucose uptake by stimulat

ingg GLUT-4 translocation to the cell membrane. In view of the SCN transferring its sig

nall to the body via the autonomic nervous system, it is tempting to speculate that the 

SCNN influences insulin-independent glucose uptake, via sympathetic nerves innervat

ingg skeletal muscles. Indeed, denervation of the hindlimb impairs insulin-independent 

uptake"'41,69.. Further investigation will have to reveal whether the SCN indeed affects 

GLUT-44 dependency, and whether this is also a mechanism used to mediate diurnal 

changes. . 

Anotherr hypothesis for explaining the increased glucose tolerance in SCN-lesioned 

ratss compared to that in intact rats is the elevation of plasma leptin observed in SCN-

lesionedd rats90. It has been shown that chronic leptin elevations increase glucose toler

ancee and rates of insulin-stimulated skeletal muscle uptake, and that they elevate mem

branee GLUT-4 protein concentrations, whereas insulin secretory patterns did not 

change210.. The elevated 24h-average of leptin in SCN-lesioned rats may, therefore, stimu

latee glucose uptake, thus leading to increased glucose tolerance, without changes in in

sulin.. However, the finding that intact rats subjected to the 6-meals-a-day schedule also 

showedd an elevation in plasma leptin concentrations, whereas changes in glucose toler

ancee apparently did not occur (chaPter3 92\ does not support this explanation. 

Thus,, we propose that the SCN-control on glucose tolerance involves an inhibitory 

signall that limits glucose uptake at the end of the dark period, and the beginning of the 

lightt period. Moreover, we hypothesize that the SCN controls glucose tolerance (inde

pendentt of insulin) by changing the translocation of the glucose transporters. 

Insulinn sensitivity showed a clear SCN-driven 24h-rhythm that resembled the rhythm 

inn glucose tolerance, but in SCN-lesioned rats insulin sensitivity changes did not resem

blee the changes in glucose tolerance (chapter 3). This suggests that apart from the influ

encee of the SCN on glucose tolerance, the SCN also influences insulin sensitivity. These 

SCNN influences may be on muscle and fat tissue, both containing glucose transporters 

actingg with or without insulin (i.e. GLUT-1 and GLUT-4). 
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SCNN control on insulin regulation 

Inn both sympathetic and parasympathetic hepatic denervated rats we observed con
tinuouslyy elevated plasma glucose concentrations. Interestingly, only at times when 
plasmaa glucose concentrations exceeded their habitual levels for that time of the day it 
resultedd in elevated insulin concentrations, i.e. more insulin was released at dawn than at 
dusk,, despite unchanged plasma glucose concentrations over the light/dark-cycle. Thus, 
thee pancreas only increases insulin release when plasma glucose concentrations are el
evatedd (as compared to the intact situation) for that particular time-point. This suggests 
thatt in Hpx rats and in Hsx rats the CNS or the pancreas receives signals about plasma 
glucosee concentrations (via afferent signaling) and is able to define whether those are 
elevatedd for that particular time of the day. The afferent signaling to the CNS may ascend 
fromm hepatic glucose sensors that are able to relay information about glucose concentra
tionss to the CNS83'l3S. Consequently, with this information the CNS may provide a time-
dependentt signal to the pancreas via the autonomic nervous system resulting in an ap
propriatee level of insulin secretion. There is anatomical and physiological evidence for 
suchh interactions; using transneuronal tracing techniques, polysynaptic pathways were 
demonstratedd between the SCN and the pancreas, enabling the SCN to influence insulin 
releasee from the pancreas23. Further support comes from experiments in which meals 
weree provided at different times during the light/dark-cycle. It revealed that the amount 
off insulin secreted after a meal depended on the time-point in the light/dark-cycle the 
meall was provided, illustrating an SCN control on meal induced-insulin secretion92. This 
pointss to another regulatory mechanism of the SCN: in addition to its influence on plasma 
glucosee concentrations (via innervation of the liver), and its control on glucose toler
ancee and insulin sensitivity (probably via innervation of skeletal muscles and/or fat tis
sue),, the SCN also influences meal-induced insulin release from the pancreas (probably 
viaa innervation of the pancreas). 

II.. THE ANATOMICAL ORGANIZATION 

Evidencee is accumulating that the SCN uses a dense neural network to transfer its signal 

too peripheral organs, resulting in daily rhythms in plasma concentrations of hormones 

andd substrates, and in sensitivity to hormones. For the liver, pancreas and fat tissue, for 

example,, it has been proposed that the SCN is able to affect their metabolism and secre

tionn via its projections to the autonomic nervous system523,107. Like the pancreas, the 

liverr is able to receive signals from the SCN via both the sympathetic part and the para

sympatheticc part of the autonomic nervous system (chapter 5). The SCN does not di

rectlyy innervate autonomic motor neurons, but transmits its signal to the hypothalamus. 

Mostt likely, the PVN is the most important area in the autonomic control of the liver. 
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Fig.. 2 Plasma glucose concentrations in rats with complete liver denervation (n=3) subjected to 
aa scheduled feeding regimen of 6 meals/day. The black bars indicate the dark period and the white 
barss indicate the light period. The vertical dotted lines represent the time food was available for 10 
min.. Plasma glucose concentrations in intact rats subjected to a scheduled feeding regimen are 
presentedd as gray in the background. 

Thee PVN receives signals from the SCN and has extensive projections to the IML and 
DMVV 21'77' 12°'184; after injection of PRV into the liver, the first-order labeling in the IML 
andd DMV is followed by extensive second-order labeling in PVN neurons, neurons that 
cann be accessed by the SCN (chapter 4). In the PVN, a group of neurons has been iden
tifiedd that project specifically to the sympathetic motor neurons, while another group of 
neuronss is dedicated to the parasympathetic motor neurons20. In addition, we demon
stratedd (chapter 5) that the SCN is able to transmit its signal to the liver via both the 
parasympatheticc and sympathetic part of the ANS. It remains to be elucidated whether 
theree is also differentiation at the level of the SCN in the sense that one neuron in the 
SCNN projects to the parasympathetic part and another SCN neuron projects to the sym
patheticc part of the ANS. 

Inn addition to the SCN involvement in the autonomic input to the liver, also afferent 
projectionss from the liver appear to be important in the SCN-control on glucose me
tabolism.. Hepatic denervation of the parasympathetic or sympathetic input involves 
dissectionn of both efferent and afferent information (since afferent and efferent fibers 
aree intermingled in the nerve bundles). The data on glucose concentrations and insulin 
concentrationss in rats that were either sympathetic or parasympathetic liver denervated 
suggestedd different regulatory mechanisms with regard to glucose homeostasis and in
sulinn secretion. Glucose concentrations were maintained at peak-values of the 24h-
rhythmm of intact rats, after dissection of either the parasympathetic or the sympathetic 
hepaticc nerve. Furthermore, similar peak-values were also observed in rats that were 
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Fig.. 3 Plasma insulin concentrations in rats with complete liver denervation (n=3) subjected to 
aa scheduled feeding regimen of 6 meals/day. The black bars indicate the dark period and the white 
barss indicate the light period. The vertical dotted lines represent the time food was available for 10 
min.. Plasma insulin concentrations in intact rats subjected to a scheduled feeding regimen are 
presentedd as gray in the background. 

completee liver denervated (Fig. 2), suggesting that both parasympathetic and sympa
theticc afferent output are important in the regulation of the 24h-rhythm. The absence of 
afferentt information of already one branch results in safety-values in plasma glucose 
concentrations,, i.e. the glucose concentrations are high enough for the supply of glucose 
too the brain, but do not exceed these peak-values of the 24h-rhythm thus preventing 
hyperglycemia.. We therefore propose that the CNS, when lacking adequate afferent in
formation,, maintains plasma glucose concentrations at safety-values. 

Glucose-inducedd insulin secretion may not depend on completely intact afferent in
formationn but on either intact parasympathetic or intact sympathetic hepatic afferent 
signaling.. Plasma insulin concentrations appear to react to plasma glucose concentra
tionss with an increase in a time-dependent manner (chapter 5) only in rats that were 
eitherr sympathetic or parasympathetic denervated, thus in animals in which one part of 
thee afferent nerves of the ANS (i.e. the remaining branch) was still intact, but not in rats 
withh complete liver denervation (Fig 3). We propose that the afferent information, from 
thee liver on plasma glucose concentrations, is passed on to the CNS, for example to the 
PVN.. In addition, the SCN transmits its signal to the PVN, and both signals are inte
grated.. Consequently, the PVN will signal to the pancreas to release insulin in an effort 
too bring the plasma glucose concentrations to the appropriate concentrations for that 
particularr time in the day/night-cycle. 

Thus,, the time-dependent elevation in insulin concentrations depends on (partly in
tact)) afferent neural signaling. Furthermore, the increasing plasma insulin concentra-
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t ionss do not result in a decrease in the plasma glucose concentrations, when they are 

elevatedd for that particular time of the day, since for regulating plasma glucose concen

trationss an intact neuronal input to the liver is necessary. 

AboutAbout the experimental setup 
Thee SCN receives light/dark information via direct synaptic connections with the 
retina,, adapting the phase of the SCN (which is ~24h) to the light/dark-cycle; i.e. an 
exactt 24h-rhythm. The SCN thus generates circadian rhythms in physiology and 
behaviorr and synchronizes them to the 24h light/dark-cycle. Although this thesis 
describess 24h- rhythms in glucose metabolism under a 12h light/ 12h dark-situation, 
theree is sufficient evidence for the rhythms in components of glucose metabolism to 
bee circadian and thus endogenously regulated by the biological clock: experiments 
withh humans kept under constant routine conditions (i.e. receiving nutrition at con
stantt rate, in a recumbent position, with constant low light intensities and no sleep), 
showedd circadian rhythms in blood glucose levels and in glucose tolerance171182 !95 

Thee SCN regulates feeding behavior, resulting in a pronounced rhythm with most 
foodd consumption in rats during the dark phase. Since this SCN-driven rhythm in 
feedingg behavior could mask a direct SCN-generated rhythm in glucose metabo
lism,, we used a model in which rats were provided with 6 identical meals equally 
distributedd over the light/dark-cycle. Food itself may serve as a strong synchronizer/ 
entraining-signal,, i.e when food availability is limited to a fixed time of the day it 
causess a phase advance in circadian rhythms such as locomotor activity and body 
temperature28'36'3995.. This influence of food restriction on circadian rhythms is prob
ablyy not mediated via the SCN. First, since it still occurs in SCN-lesioned rats, and 
second,, since restricted feeding changed clock gene expression in the liver, the kid
neyss and the pancreas (peripheral oscillators), while clock gene expression in the 
SCNN (central oscillator) remained unchanged46. Thus, limited or abnormal food ac
cesss seem to overrule the influence of the central pacemaker on certain aspects of 
circadiann rhythmicity. Our feeding schedule, however, is not likely to have these en
trainingg properties since it only disrupted the rhythm in feeding behavior, whereas 
thee rhythm in locomotor activity (Fig. 4) and corticosterone concentrations (chap
terr 2) remained intact. 
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Fig.. 4 Locomotor activity patterns in 4 rats subjected to a scheduled feeding regimen. Meals were 
givenn at ZT 2,6,10,14,18 and 22. Dark bars indicate the dark period, white bars indicate the light 
period. . 

III.. A MODEL FOR THE INFLUENCE OF THE SCN ON COMPONENTS OF 

GLUCOSEE METABOLISM 

Thee model in Fig.5 summarizes the observations of the present thesis. We demonstrated 
thatt with respect to glucose metabolism the SCN prepares the animal for the upcoming 
activityy period in two ways: 1) it increases plasma glucose concentrations and 2) it in
creasess glucose tolerance. For the 24h-rhythm in plasma glucose concentrations we 
showedd an involvement of SCN projections to the autonomic nervous system innervat
ingg the liver. It seems unlikely that the 24h-rhythm in glucose tolerance is regulated at 
thee level of the liver as well, since uptake and output occur at the same time, i.e. at the end 
off the light period. We propose that this control is more at the level of the muscles, where 
thee major (insulin-mediated) glucose uptake occurs, especially since the 24h-rhythm in 
insulinn sensitivity resembles the rhythm in glucose tolerance (chapter 3). It is likely that 
thee 24h-rhythm in insulin sensitivity, as was described in chapter 3, mediates, at least 
partly,, the rhythm in glucose tolerance. On the other hand, the SCN-lesioning experi-
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mentss revealed an effect on glucose tolerance, not explained by changes in insulin sensi
tivityy or insulin response (chapter 3). It may well be that the SCN influence on glucose 
tolerancee involves regulation at a different level than SCN influence on insulin sensitiv
ity.. We propose that for glucose tolerance and insulin sensitivity the SCN transmits its 
informationn to muscle and fat tissue via the autonomic nervous system. 

Inn addition, the meal-induced insulin responses also vary according to the time of the 
dayy the meal is given92, i.e. meals at the end of the light period resulted in smaller insulin 
responsess than those in the remainder of the cycle. Furthermore, atropine, which blocks 
thee parasympathetic system, eliminated the differences in insulin responses between 
night-mealss and day-meals180. This suggests that the SCN inhibits the insulin responses 
att the end of the light period via autonomic projections to the pancreas. The anatomical 
basiss for this, i.e. a polysynaptic neural pathway between the SCN and the pancreas, has 
recentlyy been demonstrated23. 

Wee observed a clear increase in plasma glucose concentrations in the dark period as a 

consequencee of pinealectomy, the main source of melatonin (chapter 6). This suggests 

AUTONOMICC NERVOUS SYSTEM 

B/C C 

Pancreas s 

 Neuronal signal 

>  Hormonal signal 

AA / \ / Plasma glucose concentrations 

B / CC ' S , / Glucose tolerance/ Insulin sensitivity 

DD ' \ / Meal-induced insulin responses 

Fig.. 5 On the basis of the data of this thesis we propose a simplified model for the influence of 
thee SCN on components of glucose metabolism. 
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thatt melatonin acts as a night signal, bringing glucose concentrations down in the dark 
period.. Support for this proposal is that glucose concentrations in pinealectomized rats 
remainedd elevated during the dark period, and only decreased in the beginning of the 
lightt period, where melatonin is not secreted normally. In spite of the fact that the SCN is 
largelyy silent in the dark period, it may well be that along with melatonin the SCN itself 
alsoo stimulates a decrease in glucose concentrations. A mechanism similar to the one 
thatt elevates melatonin probably also stimulates the synthesis of glycogen (and/or in
hibitss hepatic glucose production). We therefore propose that, with respect to the 24h-
rhythmm in plasma glucose concentrations, two different mechanisms are involved in the 
inhibitionn of glucose concentrations, i.e. an SCN mechanism that inhibits glucose pro
ductionn and stimulates glycogen synthesis, and melatonin. 

Inn summary, we provided evidence that the control of the 24h-rhythm in glucose con
centrationss involves SCN projections to the autonomic nervous system innervating the 
liver.. In addition, we hypothesize that also the control of other components of glucose 
metabolism,, such as glucose tolerance, insulin sensitivity and meal-induced insulin re
sponses,, involves SCN projections to the autonomic nervous system that innervates a 
varietyy of peripheral organs. 

FutureFuture questions 
Thee present thesis clearly shows that the SCN controls glucose metabolism at the 
levell of hepatic glucose output, and at the level of glucose uptake. For the SCN-driven 
rhythmm in plasma glucose concentrations it was shown that the autonomic nervous 
systemm innervating the liver plays an important role. Clearly, the exact role of the 
autonomicc innervation of the liver in the control of the SCN-driven rhythm in plasma 
glucosee concentrations requires further investigation. Future research may address 
thee following questions: 
1)) How does the SCN affect glycogenosis and gluconeogenesis resulting in the 24h-

rhythmm in plasma glucose concentrations? 
2)) Whatt is the exact role of the parasympathetic and sympathetic nerves of the auto

nomicc nervous system in the changes in hepatic glucose production? 
3)) What is the role of the hepatic afferent projections in the SCN regulation of plasma 

glucosee concentrations? 
4)) Does a change in muscle GLUT-1/4 expression and/or translocation underlie the 

effectss of SCN-lesioning on glucose tolerance? 
5)) What is the mechanism the SCN uses to control the rhythm in insulin sensitivity? 
6)) What is the role of glucagon and corticosterone in the regulation of the rhythm in 

plasmaa glucose concentrations when rats are fasted? 
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Glucosee is de belangrijkste energiebron voor het lichaam, met name voor de hersenen 

diee veel glucose verbruiken. De hersenen zelf kunnen geen glucose opslaan of produce

renn en zijn dus afhankelijk van het glucosegehalte in het bloed. Het is daarom van groot 

belangg dat de glucoseconcentraties relatief constant worden gehouden; ze variëren dan 

ookk binnen duidelijke grenzen. De handhaving van dit relatief constante glucosegehalte, 

i.e.. glucosehomeostase, wordt aan de ene kant bewerkstelligd door afgifte van hormo

nenn die glucoseopslag (insuline) of glucosevr ij making (glucagon, corticosteron, adre

naline)) tot gevolg hebben en aan de andere kant door activatie van het autonome ze

nuwstelsell dat perifere organen inner veert. Het autonome zenuwstelsel bestaat uit een 

parasympathischh en een sympathisch deel: activatie van het parasympathische deel leidt 

inn de lever tot opslag van glucose in glycogeen en in de pancreas tot afgifte van insuline. 

Sympathischee activatie leidt tot mobilisatie van glucose doordat in de lever glycogeen 

wordtt afgebroken of nieuw glucose wordt geproduceerd; daarnaast leidt sympathische 

activatiee tot afgifte van adrenaline en corticosteron uit de bijnier en glucagon uit de pan

creas. . 

Ookk al worden de glucoseconcentraties in het bloed constant gehouden, toch verto

nenn ze evenals concentraties van hormonen die betrokken zijn bij de regulatie van 

glucosehomeostasee een duidelijk dag/nachtritme. Zo is beschreven dat mensen vlak voor 

hett opstaan verhoogde bloedglucoseconcentraties laten zien, en dat weefsel gemakkelij

kerr glucose opneemt in de ochtend dan in de avond. Ook nachtdieren, zoals de rat, laten 

vergelijkbaree veranderingen zien, rekening houdend met de verschillen in activiteits

periodess (mensen zijn actief wanneer het licht is, ratten wanneer het donker is). Dag/ 

nachtritmess worden voor een belangrijk deel gestuurd door de biologische klok gelegen 

inn een kern in de hypothalamus: de suprachiasmatische nucleus (SCN). Samen met ver

anderingenn uit de omgeving zorgt de SCN voor een regelmatige afwisseling van rust en 

activiteitt en voor aanpassing aan die situatie door het lichaam. 

Glucoseconcentratiess in het bloed vertoonden een duidelijk dag/nachtritme in ratten, 

ditt ritme was afwezig wanneer de SCN verwijderd werd (hoofdstuk 2). Echter, in SCN-

gelaedeerdee dieren wordt ook het eetgedrag aritmisch, en gaat eten gepaard met een 

veranderingg van de glucoseconcentratie in het bloed. Daarom lijken dagelijkse variaties 

inn glucoseconcentraties het gevolg van SCN-gestuurd eetgedrag. Om te onderzoeken of 

dee SCN ook een directe sturing heeft op glucoseconcentraties was het nodig om de in

vloedd van de SCN op eetgedrag uit te schakelen. Om dit te bewerkstelligen hebben we 

rattenn gedurende 36 uur laten vasten waardoor het eten geen verstorende of maskerende 

factorr meer kon zijn. Vervolgens was het mogelijk om de directe invloed van de SCN op 
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glucoseconcentratiess te onderzoeken. Een tweede benadering die we hebben gebruikt 
omm de ritmische factor van voedselopname te elimineren, was het opleggen van een 
maaltijdregimee van 6 maaltijden per dag, met telkens 4 uur tussen elke maaltijd, waar
doorr het ritme in voedselopname verdwijnt (terwijl andere dagelijkse ritmes, zoals het 
ritmee in locomotoractiviteit en in corticosteronniveaus, bleven bestaan). Zowel dieren 
diee gevast hadden, als dieren die gewend waren aan het 6 maaltijdenschema lieten een 
duidelijkk 24-uursritme zien in bloedglucoseconcentraties met een piek vlak voor de 
activiteitsperiode.. Dit ritme verdween na verwijdering van de SCN. Glucoseconcentraties 
inn het bloed laten dus een duidelijk 24-uursritme zien, gestuurd door de SCN en onaf
hankelijkk van het ritme in voedselopname. 

Omdatt insuline- en glucagonconcentraties in het bloed een dagelijks ritme vertonen 

datt samenvalt met het dagelijks ritme in glucoseconcentraties zouden ze verantwoorde

lijkk kunnen zijn voor het 24-uursritme in glucose. Insulineconcentraties in het bloed 

vann dieren op een 6 maaltijdenschema lieten echter geen 24-uursritme zien, maar een 

stijgingg na elke maaltijd (hoofdstuk2). Hierdoor is het niet logisch dat insuline verant

woordelijkk is voor een ritme in glucoseconcentraties. Deze observatie werd ondersteund 

doorr het feit dat in dieren die 36 uur gevast waren, ook geen 24-uursritme in insuline

concentratiess gevonden werd. Ook glucagon bleek geen kandidaat te zijn voor de stu

ringg van het 24-uursritme in glucoseconcentraties in het bloed, omdat evenals insuline

concentraties,, glucogonconcentraties in ratten op een 6 maaltijden regime het voedsel -

patroonn volgden (hoofdstuk 7). Het 24-uursritme in glucoseconcentraties wordt dus 

niett geregeld via veranderingen in hormonen zoals insuline en glucagon. 

Dee piek in glucoseconcentraties in het bloed vlak voor de activiteitsperiode gaat ge

paardd met een verhoging van de tolerantie van de weefsels voor glucose (het weefsel 

neemtt makkelijker glucose op) (hoofdstuk 3). Naast dit 24-uursritme in glucose-

tolerantiee werd er ook een ritme gevonden in de gevoeligheid van het weefsel voor insu

line.. Wanneer de glucosetolerantie hoog was, vonden we eveneens een verhoogde ge

voeligheidd van het weefsel voor insuline (met dezelfde hoeveelheid insuline wordt meer 

glucosee weggewerkt), terwijl over de hele dag/nachtcyclus de insuline-afgifte als gevolg 

vann glucosetoediening gelijk was. Dit geeft aan dat de verhoogde glucosetolerantie van 

dee weefsels in ieder geval gedeeltelijk komt door een hogere gevoeligheid van het weefsel 

voorr insuline en niet door de hoeveelheid aanwezige insuline. Zowel de glucosetolerantie 

alss de insulinegevoeligheid van de weefsels wordt aangestuurd door de SCN, d.w.z. na 

verwijderingg van de SCN verdwenen beide ritmes (hoofdstuk 3). Echter, in SCN-

gelaedeerdee dieren werd een glucosetolerantieniveau gevonden dat vergelijkbaar was met 

hett piekniveau in intacte dieren zonder dat dit gepaard ging met een verhoogde insu

line-afgiftee of met een verhoogde gevoeligheid van de weefsels voor insuline. Dit bete

kentt dat in SCN-gelaedeerde dieren blijkbaar meer glucose-opname plaatsvindt onaf

hankelijkk van insuline. Glucose-opname in weefsel vindt plaats met behulp van 
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glucosetransporterss die zowel insuline-afhankelijk als insuline onafhankelijk kunnen zijn. 

Eenn SCN-laesie zou een verandering in de glucosetransporters kunnen bewerkstelligen 

waardoorr SCN-gelaedeerde dieren zonder insuline meer glucose het weefsel binnen kun

nenn transporteren. 

Glucoseconcentratiess in het bloed en glucoseopname door de weefsels vertoonden 

duss eenzelfde 24-uursritme, d.w.z. beide ritmes piekten op hetzelfde moment. Het is 

duidelijkk dat deze gelijktijdige stijging van glucoseconcentraties en glucose-opname al

leenn kan optreden wanneer de glucosevoorziening aan het bloed dusdanig is dat het 

compenseertt voor dee verhoogde glucose-opname. Een manier waarop de SCN een ritme 

inn glucoseconcentraties zou kunnen aansturen is door invloed uit te oefenen op de 

glucoseproductiee in de lever, aangezien de lever de grootste en belangrijkste opslagplaats 

voorr glucose is. Door middel van transneuronale tracingstechnieken hebben we inder

daadd kunnen aantonen dat de SCN neuroanatomische projecties heeft naar de lever via 

beidee takken van het autonome zenuwstelsel (hoofstuk4&5). Vervolgens is onderzocht 

off deze SCN-autonome zenuwstelsel-leverprojecties betrokken zijn bij de sturing van 

hett ritme in glucoseconcentraties. Het selectief doorsnijden van zowel de parasympa-

thischee als de sympathetische tak naar de lever resulteerde beide keren in een verstoring 

vann het ritme in glucoseconcentraties (hoofdstuk5).De sympathische en de parasym-

pathischee zenuwbanen, die beide informatie kunnen ontvangen van de SCN, zijn dus 

ookk allebei betrokken bij de sturing van de glucoseconcentraties in het bloed. Uit deze 

resultatenn kan worden geconcludeerd dat er sterke aanwijzingen zijn voor een 24-uurs

ritmee in glucoseconcentraties in het bloed; dit ritme is onafhankelijk van voedselopname 

enn wordt gegenereerd door de SCN die dit ritme aanstuurt via de autonome input naar 

dee lever. 

Melatoninee is een stof die gemaakt wordt door de epifyse (ook wel pijnappelklier ge

noemd).. De afgifte van melatonine wordt gestuurd door de SCN en vertoont dan ook 

eenn duidelijk ritme: afgifte van melatonine is beperkt tot de donkerperiode, bij de rat 

gebeurtt dit tijdens zijn activiteitsperiode. Glucoseconcentraties in het bloed laten tij

denss de donkerperiode een daling zien. De experimenten in hoofdstuk 6 waren gericht 

opp de vraag of melatonine het donkersignaal van de SCN versterkt en van belang zou 

kunnenn zijn bij de nachtelijke daling in glucoseconcentraties. Om dit te onderzoeken 

werdd de epifyse verwijderd en bleef de daling van glucoseconcentraties in de donker

periodee inderdaad uit. Echter, de toediening van melatonine aan de dieren zonder epifyse 

resulteerdee niet in het verwachte herstel van een 24-uursritme in glucoseconcentraties, 

alhoewell deze gemiddeld wel lager waren dan wanneer er geen melatonine werd toege

diend.. Een andere opvallende observatie was dat insulineconcentraties in dieren zonder 

epifysee ongeveer gelijk waren aan die in intacte dieren; wanneer melatonine echter werd 

toegediend,, stegen insulineconcentraties sterk na de maaltijd, en tevens sterker dan in 

intactee dieren. Deze sterke insulinestijging zou de oorzaak kunnen zijn van de melatonine-
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geïnduceerdee verlaging in glucoseconcentraties in dieren zonder epifyse. Het is wel zo 
datt het verwijderen van de epifyse meer gevolgen lijkt te hebben dan alleen maar het 
verdwijnenn van melatonine. 

Inn hoofdstuk 7 worden de resultaten samengevat en bediscussieerd. De invloed van 
dee SCN op de regulatie van glucoseconcentraties, glucosetolerantie, insulinewerking en 
afgiftee wordt aan de hand van een vereenvoudigd model besproken. De SCN bereidt het 
lichaamm voor op de komende activiteitsperiode via twee verschillende routes, 1) het ver
hoogtt de glucoseconcentraties en 2) het zorgt dat glucose gemakkelijk opgenomen kan 
wordenn in de weefsels door de gevoeligheid voor insuline te verhogen. De SCN beïn
vloedtt de glucoseconcentraties en de glucosetolerantie op verschillende niveaus. Uit onze 
experimentenn is duidelijk gebleken dat de SCN glucoseconcentraties beïnvloed via zijn 
autonomee sturing van de lever. Voor de SCN-sturing van veranderingen in glucose
tolerantiee en insulinegevoeligheid ligt een mogelijke invloed van de SCN op de auto
nomee inner vatie van spier- en vet weefsel meer voor de hand; spieren en vet zijn name
lijkk plaatsen waar veel glucose wordt opgenomen. Tenslotte lieten de experimenten be
schrevenn in dit proefschrift en eerdere experimenten van de groep zien dat de SCN via 
hett autonome zenuwstelsel ook een invloed uitoefent op de insuline-afgifte door de pan
creas.. Met transneuronale tracing werd aangetoond dat de SCN via beide takken van het 
autonomee zenuwstelsel signalen kan overbrengen naar de pancreas. Daarnaast bleek dat 
dee hoeveelheid afgegeven insuline afhankelijk is van het tijdstip van de dag, zowel na de 
maaltijdd als bij hoge glucoseconcentraties in dieren waarvan de lever selectief 
gedenerveerdd was (hoofdstuk 5). Hierdoor lijkt de autonome aansturing van lever, pan
creas,, vet en spieren, een essentiële rol te spelen bij de invloed van de SCN op de regula
tiee van het glucosegehalte in het bloed. 
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