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CHAPTERR I 

GeneralGeneral Introduction 

Basedd on: 

Hormoness and the autonomic nervous system are involved in suprachiasmatic nucleus modula-

tionn of glucose homeostasis. 

Mariekee Ruiter, Ruud M. Buijs, Andries Kalsbeek 
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Andd based on: 

Biologicall  clock control of glucose metabolism. Timing metabolic homeostasis. 

Mariekee Ruiter, Ruud M. Buijs, Andries Kalsbeek 

InIn press 

Homeostasis s 

Thee development of the concept of homeostasis began in the mid 19th century, when 
Claudee Bernard (1813-1878) claimed that 'la fixeté du milieu interieur' is essential 
forr higher organisms to survive in an ever changing environment. "Standing or stay-
ingg the same" is the literal meaning of the term homeostasis, which was introduced 
laterr by Walter B. Cannon (1871-1945). However, as Cannon emphasized, homeos-
tasiss does not mean something that stays exactly the same all the time. In his words, 
homeostasiss "means a condition that may vary, but which is relatively constant". This 
definitionn was refined by Donald C. Jackson (1987): "Homeostasis is not a single opti-
mall  control condition but rather a variety or continuum that varies with the animal's 
circumstances.. Set points or regulated values are not fixed, but may change depending 
onn ambient conditions or because of changing physiological conditions or demands." 
Thee text book example of changing the homeostatic setpoint is the fight/flight re-
sponse.. The presence of an acute danger calls for mobilization of energy stores, ena-
blingg the organism to adequately handle the situation. These responses aimed to 
maintainn homeostasis may be directed to a sudden change in external or internal 
environment,, such as a stressful situation, a hypoglycemic event or cold exposure. 

Besidess these acute events, more gradual changes in the environment occur as well. 
Ann example of such changing ambient condition with consequent changes in physio-
logicall  demands is the daily cycle of light and dark, resulting from the earth's rotation 
aroundd its own axis. All animals have adopted a certain daily activity pattern, depend-
ingg on their specific habitat, body size and composition, or feeding preferences. This 
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activityy rhythm causes their daily energy requirement to vary as well. Fortunately, the 

light-darkk (L/D) cycle, and therefore the variation in energy need, is very predictable. 

Itt offers the possibility not only to maintain homeostasis, but to prevent disturbance 

off  homeostasis by anticipation of the changes that recur regularly. This means that the 

setpointt itself changes over the 24-hour period. To have a timing system provides the 

organismm with a major advantage that guarantees storage and mobilization of energy 

resourcess at the right moments of the day. In addition, the timing system plays an 

importantt role when energy supplies are restricted. In this case, homeostasis is not 

acutelyy disturbed, but adaptations need to be made to save energy sources. 

InIn this thesis, we will  investigate the role of the biological dock in the daily variation of 

differentdifferent elements of glucose metabolism. Furthermore, we will  explain the importance 

ofof the biological clock when energy sources are sparse. First, we will  describe what is cur-

rentlyrently known about biological clock control of different aspects of glucose metabolism, 

andand why we think the biological clock is important in glucose homeostasis. 

Thee timing system: the central clock 

Thee mammalian biological clock is harbored in the brain, in the suprachiasmatic nu-

cleuss (SCN), located in the anterior hypothalamus, on top of the optic chiasm13. It 

oscillatess endogenously4'5 and synchronizes these oscillations to the light-dark cycle 

byy means of the light-dark information received directly from the eyes, through the 

retino-hypothalamicc tract (RHT)6 9. At the basis of the daily rhythms of the SCN are a 

sett of genes known as the 'clock genes', which are transcribed rhythmically. This mo-

lecularr clock mechanism involves positive and negative feedback loops (reviewed by 

Reppertt and Weaver10) that drive the expression of many other genes in the SCN. The 

phasee and function of this molecular clock may differ in the various subpopulations 

off  SCN-neurons11. The timing signal thus composed is sent to other areas within the 

brainn and the rest of the body via several types of neuronal projections. 

Anterogradee tracer injections into the SCN have revealed a very restricted range of 

projectionn sites, mainly within the medial hypothalamus12. The intra-hypothalamic 

projectionn areas are important in the regulation of many processes in physiology. 

Neuronss of the paraventricular nucleus (PVN) regulate pituitary hormone secretion13 

andd can change the sensitivity of peripheral organs to the pituitary hormones via the 

autonomicc nervous system (ANS)14. The medial preoptic area (MPO) is involved in 

thee regulation of body temperature and gonadal hormone secretion1516. The dorsome-

diall  nucleus of the hypothalamus (DMH) is important for sleep/wake regulation1718, 

ACTHH and corticosterone secretion19 and the regulation of food intake20 22. The lateral 

hypothalamuss (LHA) is involved in feeding and sleep-wake regulation as well23 and 
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GENERALL INTRODUCTION 

thee VMH has a role in the regulation of energy metabolism24-25. Retrograde tracing 
fromm these target areas has revealed that at least partly separate cell groups within the 
SCNN project to different hypothalamic target areas26. 

Byy projecting to, and closely cooperating with these nuclei, the SCN modifies the 
autonomicc output of the hypothalamus and induces daily rhythms in hormone con-
centrations277 31, body temperature32, heart rate and blood pressure33, feeding behavior 
andd many more, thus integrating its daily signal with mammalian physiology. The 
SCNN neurons and their projections express a wide range of different neurotransmit-
terss and peptides that have inhibitory or stimulatory effects on their target neurons. 
Thesee substances are present in many different combinations3435, offering the possibil-
ityy of a very extensively differentiated SCN output. 

Thee timing system: peripheral clocks 

Thee molecular clock machinery described above is present not only in most of the 
SCNN neurons but also in many peripheral tissues. Clock genes have not only been 
identifiedd but were also shown to oscillate in liver36,37, lung, and skeletal muscle tis-
sue38,, as well as in the heart37'39 and pancreas40. Recently, a role of Bmall and Clock 

inn the control of glucose homeostasis has been suggested. Clock""" and Bmall' mice 
showw deficits in several aspects of glucose homeostasis41. In general, however, the 
functionalityy of the peripheral clock genes is not fully understood. 

AA discussion about the role of the SCN as a 'master clock' continues. Evidence in 
favorr of the 'master clock' theory is abundant (reviewed by Reppert and Weaver10), 
suggestingg that peripheral clocks need the master clock in order to keep oscillat-
ing5.36,38,422 44 j t n as be en proposed that the SCN is able to sustain endogenous oscilla-
tionss because of its paracrine neuropeptide (vasoactive intestinal peptide, VIP) sig-
naling,, a feature that peripheral oscillating cells do not possess35. However, recent 
results,, gained from per2 transgenic mice, do show persistent per2 expression in mice 
withh SCN lesions and in cultured peripheral tissue45. Without the SCN, the phases of 
per2per2 expression in different peripheral tissues seem to drift apart, instead of dampen-
ing.. These findings indicate that the SCN acts as a 'synchronizer' rather than a 'driver' 
off  circadian gene expression. 

Besidess light as the main Zeitgeber, other cues, like food intake, have been shown to 

havee a major impact on the synchronization of peripheral clock gene expression to 

thee environment. Evidence for a "food entrainable oscillator" was first obtained by 

Stephann and colleagues46, who have shown that rats with an ablated SCN can still be 

entrainedd to a feeding schedule. Furthermore, entrainment to a feeding schedule may 

uncouplee peripheral clock gene rhythms from the rhythm in the SCN47,48 and affect 

13 3 



CHAPTERR I 

liverr physiology and hormonal profiles49,50, possibly through carbohydrate availabil-

ity51'52. . 

Itt is suggested that peripheral clocks may serve a purpose in situations where food 

availabilityy is not in synchrony with an animal's usual activity pattern, which may cre-

atee the need to uncouple peripheral oscillations from the central timing signal of the 

SCNN in order to use available energy resources as efficiently as possible. Furthermore, 

peripherall  clocks enable peripheral organs to oscillate without the need of a continu-

ouss SCN input. 

Glucosee metabolism - hormonal and neuronal control 

Glucosee is a very important energy source, and for some organs, such as the brain, it is 

inn normal circumstances the only energy source. The brain is unable to store glucose 

ass glycogen and it thus depends completely on glucose that enters the brain via the 

circulation.. Sufficient amounts of glucose must be available at all times. Therefore, the 

controll  of other organs, that do have the capacity to store or produce glucose, is essen-

tial.. A very important aspect of keeping homeostasis is the integration of peripheral 

feedbackk information about the metabolic state of the body with other information, 

likee the time of day or year, or inputs from prefrontal cortex or limbic areas, before the 

finalfinal output signal is generated. The major part of this integration takes place within 

thee hypothalamus. Glucose is detected at several, both central and peripheral loca-

tionss in the body. It may be sensed and adjusted at the organ level, by altered secretion 

off  glucagon or insulin, mediated by GLUT2 in the pancreatic a- or (3-cells5355. In the 

hepatoportall  vein, GLUT2-dependent vagal afferents sense blood glucose levels in 

aa very similar way as the pancreatic a- and (3-cells56'58. The vagus may also conduct 

informationn from glucose sensors present in the splenic vein, in the renal tube, and 

inn muscle and adipose tissue59. Moreover, glucose sensing cells are present in the ca-

rotidd body60. The mechanism of glucose sensing seems, in most of these examples, to 

dependd on adenosine triphosphate (ATP)-sensitive K+ channels, activated via several 

possiblee mechanisms60"62. 

Inn the brainstem nucleus of the solitary tract (NTS) and DMV, the firing rate of glu-

cosee responsive neurons can either increase or decrease during hyper- and hypogly-

cemia63'64.. This may depend on their specific target areas65,66. Furthermore, several 

hypothalamicc neurons respond to either high or low glucose levels by increasing or 

decreasingg their firing rate67. Several of these hypothalamic nuclei, such as the arcu-

ate68,699 and PVN62,70'71, as well as the VMH72,73 and LfiA 23,67, contain glucose-sensing 

neurons.. Even the SCN itself seems to be glucose-sensitive, as in vivo experiments 

havee shown that the phase of the spontaneous activity of SCN cells in a slice prepara-

tionn is altered in response to different glucose concentrations in the bathing medium74. 
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Thee brain is sensitive even to very small variations in its own adenosine triphosphate 
(ATP)) concentration, a direct indicator of local energy availability. All these different 
levelss of control may argue that the brain prioritizes its own energy supply, which 
renderss peripheral energy supply of secondary importance75. In order to ensure CNS 
energyy supply, peripheral energy use can be prevented. This occurs via sympathetic 
nervouss output to the pancreatic (3-cells, inhibiting insulin release76,77, and to skeletal 
muscle,, where it inhibits glucose uptake7880. At the same time, glutamate, increased by 
thee activation of ATP-sensitive potassium channels, stimulates glucose uptake across 
thee blood-brain barrier81. 

Severall  studies indicate that the PVN and VMH are likely candidates for the me-
diationn of autonomic responses to hypoglycemia82,83, whereas the DMH is more likely 
too mediate hormonal (HPA-axis) responses to counteract hypoglycemia84. Since the 
SCNN projects to both PVN and DMH, as discussed above, it is likely that these con-
nectionss mediate the daily variation in counterregulatory responses. 

Too restore glucose homeostasis, both decreases and increases of the plasma glucose 
concentrationn may be necessary. Plasma glucose concentrations decrease because of 
uptakee into cells for oxidation (e.g. by skeletal muscle or brain) or storage (e.g. in 
muscle,, liver or adipose tissue). Increasing plasma glucose concentrations are due 
too absorption of glucose from the gastrointestinal tract after feeding, glucose release 
afterr glycogen breakdown (glycogenosis in the liver), or de novo glucose synthesis 
fromm precursors like glycerol, alanine and lactate (gluconeogenesis in liver, kidneys85 

andd small intestines86). Adapting glucose uptake and production may be mediated via 
aa number of processes, involving several organs in the body and several stimulatory 
andd inhibitory mechanisms. Until now, a number of studies have shown the involve-
mentt of the SCN in different aspects of glucose homeostasis. 

Glucosee uptake 

HormonalHormonal control 

Glucosee uptake occurs in almost all cells of the body, but only a few organs are capable 

off  glucose storage. Skeletal muscle and the liver both store glucose as the polysac-

charidee glycogen. In this way glucose can be stored without increasing the osmotic 

valuee of the blood due to large glucose quantities. Elevated plasma glucose levels, e.g. 

afterr a meal or, in experimental situations, after administration of a glucose bolus 

(orall  or intravenous glucose tolerance test), stimulate the pancreatic |3-cells to secrete 

insulin.. Insulin secretion occurs upon pancreatic glucose sensing58,62, and in response 

too neural glucose sensing via both branches of the ANS87"91, originating in the hy-

pothalamus92.. The effect of sympathetic stimulation of the pancreas depends on the 
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activationn of either a-adrenergic (stimulates insulin release) or (3-adrenergic (inhibits 

insulinn release) receptors in the pancreas87,93"95. 

Insulin-dependentt glucose uptake occurs by means of active transport via glucose 

transporterr subtype GLUT4, which is present mainly in skeletal muscle and white 

adiposee tissue87. GLUT4 facilitates glucose uptake only when recruited to the plasma 

membranee by insulin96, or by muscle contraction97,98. Hormones besides insulin also 

modulatee glucose uptake. For instance, adipose tissue-derived leptin decreases insu-

li nn secretion and decreases hepatic glucose uptake99. Furthermore, adiponectin amel-

ioratess insulin sensitivity100. 

NeuralNeural control 

Byy use of the transsynaptic retrograde tracer Pseudorabies virus (PRV), direct mul-

tisynapticc connections have been shown between the hypothalamus and organs that 

takee up glucose, like the liver101,102 and white adipose tissue (WAT)103,104. Many studies 

showw that parasympathetic input to peripheral organs is important for tissue nutrient 

uptake.. Parasympathetic stimulation increases hepatic glycogen storage105107, an effect 

blockedd by atropine infusion108 and surgical denervation109. Lautt and colleagues have 

proposedd that insulin stimulates peripheral glucose disposal via a parasympathetic 

reflexx that stimulates hepatic production of a humoral factor (hepatic insulin sensi-

tizingg substance, HISS), which in turn acts at peripheral tissues110. The importance 

off  the parasympathetic hepatic innervation in this process was shown by hepatic 

vagotomy,, which induced peripheral insulin resistance1" and reduced hepatic glyco-

genn content112. The mechanisms of this insulin resistance after parasympathectomy of 

thee liver are not very well understood. Recently, Kreier and colleagues demonstrated 

aa role for the parasympathetic input to white adipose tissue, which was shown to be 

responsiblee for mediating uptake of glucose and free fatty acids (FFA), the building 

brickss of fat104. 

Skeletall  muscle glucose uptake also depends, at least in part, on neural input, as 

indicatedd by denervation studies. Transection of the sciatic nerve induces insulin re-

sistancee and decreased glycogenesis in soleus muscle113114. Denervation also prevents 

musclee glucose uptake stimulated by central infusion of NMDA (an excitatory amino 

acidd agonist)115. In addition, electrical stimulation of the VMH, but not LHA, stimu-

latess glucose uptake in BAT, heart, skeletal muscle and spleen. Adipose tissue and skin 

glucosee uptake is not affected by this treatment116117. Leptin microinjection into the 

VM HH but not the LHA resulted in increased glucose uptake in the same tissues118. By 

contrast,, in vitro leptin inhibits glucose transport in isolated muscle cells by acting on 

GLUT22 transporters99. 
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GlucoseGlucose auto-regulation 

Glucosee itself also regulates its own transport into tissue: a high muscular glycogen 
contentt or high glucose uptake rate inhibits insulin- and contraction-stimulated glu-
cosee uptake119121. This inhibition of glucose uptake occurs in skeletal muscle122 and 
iss likely to be mediated via the fuel-sensing enzyme AMP-activated protein kinase 
(AMPK)123.. On the other hand, a negative arterial-portal glucose gradient (termed 
thee portal signal) enhances hepatic glucose uptake124. Several studies suggest this is 
partiallyy a neurally mediated effect. Portal glucose infusion causes decreased firing of 
thee hepatic vagus nerve125 and increased firing in lateral hypothalamus neurons126, the 
latterr effect being inhibited by splanchnic but not vagal denervation. The portal signal 
alsoo indirectly induces glucose uptake by stimulating insulin release124. 

InfluenceInfluence of other nutrients 

Freee fatty acids are also a very important energy source and interact heavily with 
glucosee metabolism. Plasma FFAs, released by adipose tissue or taken up from the 
intestines,, compete with glucose for oxidation (known as the Randle cycle127). High 
FFAA concentrations cause insulin resistance128129, i.e. increased plasma glucose levels 
duee to a decreased tissue uptake. Both high glucose and FFA concentrations, signals 
off  nutrient abundance, will cause increased storage of lipids in adipose tissue129130. 
Furthermore,, glucose inhibits lipolysis by decreasing muscle lipoprotein lipase (LPL) 
activity131. . 

Glucosee production 

Besidess storing glucose, the liver is also the main glucose producing organ. In addi-

tion,, the kidneys produce glucose during the post-absorptive phase and are proposed 

too account for -20% of total gluconeogenesis85,132134. Other than the liver, the kidneys 

doo not contain a substantial amount of glycogen, and thus renal glucose production 

mainlyy consists of gluconeogenesis, stimulated by epinephrine and inhibited by in-

sulin135. . 

Thee final enzyme in the glucose production cascade, glucose-6-phosphatase 

(G6Pase),, removes phosphate from the glucose molecule, after which it can be re-

leasedd from the cell. Currently, the dogma still holds that only the liver, kidneys and 

intestinee express G6Pase. For this reason, skeletal muscle and other tissues cannot 

releasee glucose, but only use it as a local energy supply. However, expression and func-

tionn of a new subtype of G6Pase has recently been shown in muscle and other tis-

sues136137.. Since skeletal muscle accounts for a major amount of glucose uptake, these 

findingsfindings imply that skeletal muscle potentially has a role in glucose production as 

well,, unlike what is considered currently. 
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Glucagon Glucagon 

Ann important stimulator of glucose production is glucagon, produced in the pan-

creaticc a-cells138140. Glucagon release is stimulated either by the sympathetic141144 or 

parasympatheticc branch of the ANS145"148 as well as by circulating epinephrine149. All 

threee pathways are activated in case of hypoglycemia, when a rapid increase of glucose 

productionn is needed to restore normal plasma glucose concentrations (counterregu-

lation)150153.. Furthermore, hepatic glucose flux itself is able to modulate expression of 

thee glucagon receptor gene154. 

Onee of the hypothalamic areas possibly involved in glucagon release is the LHA23,92155, 

viaa its projections to the DMV. These projections contain the neuropeptides orexin 

andd MCH92. Insulin-induced hypoglycemia induces increased electrical activity in the 

LHAA and c-fos in the orexin neurons156, which may be a pathway for counterregula-

toryy glucagon secretion. Glucagon secretion is inhibited by insulin157158 and glucagon 

stimulatess insulin release via both indirect (glucose-mediated) and direct pathways159, 

probablyy through its own receptors on (3-cells160. The insulin to glucagon ratio also 

influencess the balance between hepatic glucose uptake and output; i.e. the presence of 

eitherr more insulin or more glucagon in the portal vein wil l induce glucose uptake in, 

orr glucose release from the liver, respectively124161162. 

OtherOther hormones 

Epinephrinee stimulates glucose production during exercise and stress situations that 

requiree increased availability of energy sources. Intravenously infused epinephrine 

firstt stimulates glycogenolysis and later on also enhances gluconeogenesis163. Another 

hormonee known for its stimulatory effect on glucose mobilization is growth hor-

mone,, secreted from the pituitary. It induces hepatic insulin resistance and thus pro-

motess hepatic glucose output164. Corticosterone (or Cortisol in humans), produced in 

thee adrenal cortex, also stimulates gluconeogenesis and induces insulin resistance165. 

Insulinn inhibits hepatic glucose production166. 

Glucosee production is also influenced by FFAs, although different studies indicate 

aa complicated interaction that seems to depend on the metabolic situation (e.g. post-

prandiall  or fasted) during performance of the studies. FFAs induce insulin secretion 

thatt stimulates glucose uptake and inhibits glucose production. When this increase 

inn the insulin concentration is prevented, plasma glucose levels rise167. Substrate com-

petitionn may be a likely cause for this, i.e. high FFA concentrations prevent uptake 

andd oxidation of glucose168 and thus decrease whole body glucose disposal169171. Fur-

thermore,, the relative contribution of gluconeogenesis to total glucose production 

increasedd after lipid infusion167 by a mechanism yet unknown. On the other hand, 

centrall  FFA infusion inhibits glucose production, even during systemic hypoglyce-

mia172,, which indicates that the brain also senses other nutrients besides glucose. An-
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otherr study also reported inhibition of gluconeogenesis by (peripheral) FFA during 
fasting,, which was proposed to protect protein stores173. Moreover, yet other studies 
showedd that gluconeogenesis in fasted or hypoglycemic humans does not increase 
unlessunless peripheral FFA concentrations are high174176. Therefore, the exact effect of FFA 
onn glucose production (i.e. gluconeogenesis or glycogenolysis) currently is not clear. 
Althoughh protecting protein stores in the fasted state may be favorable until a certain 
durationn of fasting, we suggest that, in the end, stimulating gluconeogenesis to ensure 
glucosee availability for the brain is more important. 

Adiposee tissue is nowadays considered an important endocrine organ rather than 
justt a lipid storage compartment104177179 and the hormones isolated from it have a pu-
tativee role in glucose metabolism. Leptin, for example, has been suggested to influence 
pancreaticc function180 and energy metabolism181183. Another example is adiponectin, 
aa hormone that reverses obesity-related insulin resistance by stimulating glucose and 
FFAA utilization100184. Furthermore, adiponectin inhibits glucose production by sup-
pressionn of gluconeogenic enzyme expression and gluconeogenic activity185. Part of 
thee adipose tissue hormone effects may well be mediated via the central nervous sys-
tem.. Leptin receptors are located in the arcuate nucleus of the hypothalamus and are 
involvedd in multiple functions involving energy sensing and expenditure, and feeding 
behavior. . 

NeuralNeural stimulation of glucose production 

Besidess a hormonal control of glucose homeostasis, a multitude of studies has pro-
videdd evidence for a neuronal control of several aspects of glucose metabolism. As 
earlyy as 1855, Claude Bernard showed that stimulating the floor of the fourth ven-
triclee in the brain caused hyperglycemia186. Since then, many studies have provided 
evidencee for neural control of glucose production. It has been known for decades that 
sympatheticc nerve activity in general stimulates hepatic glucose production (HGP)187" 
191.. More specifically, electrical or chemical stimulation of several hypothalamic ar-
easeas such as the VMH192, the SCN193194 and PVN195-198 increase the glucose produc-
tion,, via activation of sympathetic nerves. However, the exact pathways that mediate 
thesee effects, and their neurotransmitter content are not known at present. The use 
off  transsynaptic retrograde virus tracing has helped to reveal multisynaptic connec-
tionss between the hypothalamus and organs that are capable of producing glucose, 
i.e.. the liver101102 and kidneys196. Manipulation of neurotransmitter activity at specific 
hypothalamicc locations should provide more information on the control of glucose 
production.. For instance, stimulation of central NMDA receptors increases hepatic 
glucosee production197, an effect probably mediated via the paraventricular nucleus 
off  the hypothalamus (PVN). Furthermore, blocking GABA neurotransmission in 
thee PVN results in elevated plasma glucose concentrations198. This suggests that both 
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stimulatoryy and inhibitory inputs to the PVN modulate hepatic glucose production. 
Besidess the sympathetic stimulation of glucose production, vagal input to the liver 
alsoo modulates HGP199. However, the details on the hypothalamic control of HGP are 
stilll  fragmented. 

Inn summary, glucose metabolism is regulated by redundant hormonal and neuronal 
pathwayss that control glucose uptake and production (Fig.1). Furthermore, the avail-
abilityy and utilization of nutrients, glucose and other, affect different aspects of glucose 
metabolismm both on a local tissue level as well as via feedback to the central nervous 
system.. The redundancy is clearly illustrated by liver transplant patients, who gener-
allyy have normal glucose metabolism, but do show somewhat impaired hypoglycemia 
counterr regulation, altered pancreatic hormone concentrations and slightly decreased 
hepaticc glucose production200. 

Circadiann control of homeostasis 

Thee hypothalamic biological clock, located in the suprachiasmatic nucleus (SCN) is 

directlyy involved in the regulation of glucose metabolism, as first evidenced by Nagai 

andd coworkers. They have stimulated the SCN electrically, resulting in augmented 

plasmaa glucose concentrations193, an effect prevented by a- and (3-blockers194. Different 

aspectss of glucose metabolism mentioned above were shown to be controlled by the 

SCN.. Previous studies in our lab show that the biological clock prepares the body for 

thee upcoming activity period by modifying glucose availability201203. A daily rhythm 

inn glucose concentrations had already been shown in humans, termed the 'dawn phe-

nomenon'204.. The endogenous, feeding-independent plasma glucose rhythm medi-

atedd by the SCN has been shown in rodents201, indicating that also the plasma glucose 

rhythmm is an anticipatory rhythm instead of the result of the organisms feeding or 

activityy rhythms. Peak plasma glucose concentrations occur at the onset of the activ-

ityy period both in rodents and humans. Glucose202,205"208 and insulin202-209,210 tolerance 

inn both rats and humans also vary over the L/D cycle and are largest at the onset of the 

activityy period as well. This daily variation is controlled by the SCN, as rats with SCN 

lesionss show high glucose tolerance both at the onset of the activity period and the 

onsett of the inactivity period202. This indicates that the SCN normally inhibits glucose 

disposall  during the inactivity period. Since neither rats nor humans are eating during 

thee resting period, it has been suggested that hepatic glucose production is stimulated 

att the onset of the activity period203,211, in order to compensate for this high uptake 

ratee and plasma concentrations. 
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Fig.. 1 In rats, both glucose tolerance202 (A) and plasma glucose concentrations203 (B) show 
peakk levels at the onset of the dark (activity) period. A: A glucose bolus was injected at dif-
ferentt Zeitgeber Times (ZT) and blood samples were taken at t=0, 2, 10, 20, 30 and 60 min. 
Valuess are changes in glucose concentration from baseline at t=0. Small peaks indicate rapid 
clearancee of the injected glucose from plasma into tissue. B: 24-hour plasma glucose profiles 
inn freely moving ad libitum (black circles) and meal-fed (open circles) rats. 10-minute meals 
weree given every four hours, depicted here by vertical dotted lines. Black bars indicate the 
darkk period. Values are given as mean + SEM. 
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ScopeScope of the thesis 

Thee aim of the present thesis was to elucidate the pathways that the SCN uses to 

modulatee daily glucosee homeostasis. Therefore, we have first focused on glucose pro-

ductionn (chapter 2 and 3). An important part of hormonal stimulation of glucose pro-

ductionn is accounted for by glucagon. In chapter 2, we investigated whether glucagon 

hass a role of in the daily plasma glucose rhythm. 

Studiess in patients with diabetes mellitus have indicated that the ability to respond 

too hypoglycemic events varies of the light/dark cycle. Thus, it seems that besides an-

ticipatoryy homeostasis, the SCN also modulates acute responses to disturbances of 

thee internal milieu. In order to investigate how the SCN could modulate this counter-

regulatoryy response, we assessed whether there was a daily variation in the hormonal 

responsee to stressful hypoglycemic or psychologically events. 

Inn chapter 4 and 5, we focused on biological clock control of glucose uptake. Because 
glucosee uptake also depends on the availability of other nutrients, besides hormonal 
andd neuronal control, we examined the interaction between the daily profiles of basal 
plasmaa glucose and free fatty acid concentrations (chapter 4). In this chapter, we also 
investigatedd whether glucose and lipid stores are mobilized via the same pathway. 

Finally,, we investigated whether there is a daily rhythm in basal (i.e. non-stimu-
lated)) tissue-specific glucose uptake, and which tissue would be responsible for the 
dailyy change in glucose tolerance as previously described (chapter 5). 
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