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SummarySummary and General Discussion 

Contents Contents 

I.. The organization of the daily rhythm in glucose metabolism 

hormonall  changes 

autonomicc input to the liver 
hepaticc mechanisms 
SCNN control on glucose tolerance 

SCNN control on insulin regulation 

II .. The anatomical organization 

III .. A model for the influence of the SCN on components of glucose metabolism 

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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CHAPTERR 7 

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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GENERALL DISCUSSION 

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 wil l 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 Tneref orej it m ay wel 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 ANATOMICA L 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 t ime 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-
tivit yy 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? 

107 7 




