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CHAPTERR II 

TheThe daily rhythm in plasma glucagon concentrations in the rat is 
modulatedmodulated by the biological clock and by feeding behavior 

Mariekee Ruiter, Susanne E. la Fleur, Caroline van Heijningen, Jan van der Vliet, Andries Kalsbeek 

&&  Ruud M. Buijs 

DiabetesDiabetes 52 (7): 1709-1715 (2003) 

Abstract t 

Plasmaa glucose concentrations display a daily rhythm generated by the hypothalamic 
biologicall  clock, located in the suprachiasmatic nucleus (SCN). How the SCN orches-
tratess this rhythm is currently unknown. Because glucagon stimulates hepatic glucose 
production,, we hypothesized that, if glucagon has a daily rhythm, it may be responsi-
blee for the glucose rhythm. From hourly blood samples we determined daily glucagon 
concentrationss for intact and SCN-lesioned rats. Intact ad libitum fed rats showed a 
clearr daily glucagon rhythm and fasting resulted in an even more pronounced rhythm. 
Interestingly,, a decrease in glucagon concentrations, instead of the expected increase, 
occurredd already shortly after food removal. Towards the start of the active period, a 
peakk in glucagon levels occurred, with concentrations similar to those measured in 
adad libitum fed rats. SCN lesions abolished rhythmicity in plasma glucagon profiles. 
Scheduled-fedd rats showed meal-induced glucagon peaks, but also a daily rhythm in 
basall  pre-meal glucagon concentrations. Plasma glucose concentrations of ad libitum 

andd scheduled-fed rats, however, were similar. In conclusion, feeding and the bio-
logicall  clock control 24-hour plasma glucagon concentrations. In fed rats, glucagon is 
nott responsible for the daily glucose rhythm. During fasting, however, glucagon may 
contributee to energy mobilization when the activity period starts. 

Introduction n 

Mammalss adapt their activity pattern to the daily changes in light intensity. This activ-

ityy rhythm dictates the need for energy at a specific time of day. This includes glucose 

inn particular, since, under normal conditions, it is the only fuel that can be metabo-

lizedd by the brain212. Circadian rhythms have been shown in mammals213,214, including 

humans204-215.. Rat plasma glucose concentrations display a daily rhythm, with peak 

valuess at the beginning of the activity period. Studies involving scheduled feeding and 

thermicc lesions of the biological clock, located in the suprachiasmatic nucleus (SCN), 
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havee shown that this rhythm is feeding-independent and generated by the SCN201-216. 
Yett it is not clear by which mechanism the SCN creates this glucose rhythm. Studies 
investigatingg the role of insulin have shown that insulin concentrations have a daily 
rhythm,, but not independently of food intake201 and therefore cannot be responsible 
forr the glucose rhythm. Corticosterone stimulates gluconeogenesis217 and also displays 
aa clear daily rhythm218"221, with peak values occurring just before the onset of the activ-
ityy period. Despite the hyperglycemic effect of corticosterone and the coincidence of 
itss peak release with the peak in plasma glucose concentrations, blocking corticoster-
onee synthesis does not affect the morning rise of glucose concentrations seen in hu-
mans2222 and thus cannot be the main cause of the rhythm in glucose concentrations. 
Growthh hormone, too, is able to stimulate glucose release217, but in the rat displays 
ann ultradian rhythm rather than a circadian rhythm, which makes it unlikely to con-
troll  the daily glucose rhythm223,224. Recent experiments suggest that hepatic glucose 
outputt is a major factor in the early morning rise of glucose2". Pancreatic glucagon 
iss an important factor in the stimulation of hepatic glucose production139 and there 
aree numerous reports of neural control of glucagon secretion141144. Recently, direct 
neurall  connections were found between the SCN and the pancreas, by means of the 
retrogradee virus tracing technique92225. There are, however, only few reports on daily 
patternss of glucagon releaselól216,226228, and the findings are inconsistent. A possible 
rolee of glucagon in the rhythm of glucose concentrations has not been elucidated. We 
thereforee investigated whether glucagon concentrations display a daily rhythm inde-
pendentt of feeding conditions. Second, our aim was to determine whether a possible 
24-hourr glucagon rhythm could be responsible for the induction of the previously 
reportedd rhythm in plasma glucose concentrations201. We determined the 24-hour 
plasmaa glucagon profile in intact rats either fed ad libitum, fasted or subjected to a 
scheduledd feeding regimen. Furthermore, a 24-hour plasma glucagon profile was de-
terminedd in rats with thermic lesions of the SCN. 

Material ss and methods 

Animals Animals 

Malee Wistar rats (Harlan) were housed in individual cages (25x25x35cm, experiment 

1,, 2 and 4 or 35x35x40cm, experiment 3) at a room temperature of 20°C and a light/ 

darkk regimen of 12h:12h (lights on at 07:00 am). The time that lights are turned on is 

calledd zeitgeber time 0 (ZTO), lights off is ZT12. The rats were fed a standard rat chow 

adad libitum, unless stated otherwise. Water was available ad libitum at all times. For 

bloodd sampling, a silicon catheter was placed in the right jugular vein under general 

anesthesia,, according to the method of Steffens229. After surgery, the rats were allowed 

att least one week to recover before the experiments started. One day before sampling, 
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thee rats were connected to external catheters fixed to a metal collar that was kept out 

off  reach of the rats by means of a counterbalanced beam. In this way, the rats were 

ablee to move freely during the experiments and blood samples could be taken without 

handlingg the animals. All experiments were approved by the Animal Care Committee 

off  the Royal Netherlands Academy of Arts and Sciences. 

ExperimentExperiment 1 

AA 24-hour profile of plasma glucagon concentrations was established by taking hourly 
bloodd samples (0.2ml) from ad libitum fed rats for a total duration of 24 hours. The ex-
perimentt was divided in two 12-hour sessions with one week in between the sessions 
too allow recovery. Previous experiments have shown that this frequency of sampling 
doess not decrease the hematocrite level and preserves the corticosterone rhythm201. 
Samplingg sessions started either at ZT6.5 (in the middle of the light period) or at 
ZT18.55 (in the middle of the dark period). Another week later, the experiment was 
repeatedd in the same animals, but now under fasted conditions. Food was removed at 
thee end of the light period (ZT11.5) and sampling started 10 hours later (in the dark 
phase,, at ZT21.5), or 19 hours later (in the middle of the light phase afterwards, at 
ZT30.5).. Rats were refed after the final sample of each session. 

ExperimentExperiment 2 

AA second group of rats was fasted for a shorter period of time. This time, food was re-

movedd at the beginning of the light period (ZTO.5) and hourly blood samples (0.2ml) 

weree taken, starting from the middle of that same light period (ZT6.5), until the mid-

dlee of the next dark period (ZT 18.5). Rats were again refed after the final sample. 

ExperimentExperiment 3 

AA third group of rats was adapted to a scheduled feeding regimen of six meals, equally 

distributedd over the light/dark cycle. During each meal, the rats had access to food in 

metall  food hoppers with sliding doors, for duration of 10 minutes. In this time they 

consumedd 3.0-3.5 grams of food on average and were able to show a normal growth 

curve.. Meals were offered at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. For more de-

tailss on the 6-meals-a-day feeding schedule, see Kalsbeek and Strubbe, 1998230 and La 

Fleurr et al, 1999201. The 24-hour glucagon profile of these animals was determined by 

takingg hourly blood samples (0.2ml) in two sessions, as described above. 

ExperimentExperiment 4 

Bilaterall  thermic lesions of the suprachiasmatic nucleus (SCNx) were made as de-

scribedd previously231, to investigate the role of the SCN in the daily variations in gluca-

gonn concentrations. A total of 60 male Wistar rats were operated to obtain a sufficient 
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numberr of successfully lesioned animals. Initially, quality of the lesions was checked 
byy measuring drinking behavior. SCN-lesions were considered successful when an 
animall  drank more than 30% of its daily water intake during the light period (when 
intactt animals drink 0-5%). By this method, 20 rats were selected as being completely 
arrhythmic.. These rats were fitted with jugular vein catheters as described above and 
connectedd to metal collars and blood-sampling catheters 2 days before the experi-
ment.. Blood samples (0.3ml) were taken every other hour. At the hour between two 
samples,, a sham sample was taken to keep blood from clotting in the catheter. The 
day-nightt cycle was divided in two sessions in which 7 2-hourly samples were taken. 
Inn this way, there was an overlapping sample at the beginning and end of each ses-
sion. . 

Histology Histology 

Afterr the experiments, the animals were decapitated and brains were fixed by immer-

sionn in a 4% paraformaldehyde solution. Vibratome sections (50um) of the hypotha-

lamuss were stained for vasoactive intestinal peptide (VIP) and vasopressin (VP). If 

celll  bodies around the lesion area were stained positive for either VIP or VP, the lesion 

wass considered to be incomplete and data were excluded from analysis. 

Analysis Analysis 

Bloodd samples were chilled immediately at 0°C and centrifuged at 4°C. Plasma al-

iquotss for determination of glucagon were stored at -80°C, aliquots for glucose and 

corticosteronee assays were stored at -20°C until analysis. 

Plasmaa glucose concentrations were determined in triplicate using the GOD-PAP 

methodd (Roche Diagnostics GmbH, Mannheim, Germany). Plasma glucagon and 

corticosteronee concentrations were measured in duplicate by radio-immuno assay 

(Lincoo Research Inc., St.Charles, MO, USA and ICN Biomedicals, Costa Mesa, CA, 

USA,, respectively). All samples from one animal were included in one assay. For cor-

ticosterone,, lOul plasma aliquots were diluted in 4ml assay buffer. The lower limit of 

thee assay was lng/ml and the coefficient of variation was 7%. The lower limi t of the 

glucagonn assay was 20 pg/ml, the coefficient of variation was 10%. 

Statistics Statistics 

Thee plasma concentrations of glucagon, corticosterone and glucose are expressed as 

meann  SEM. The statistical analysis was conducted using a repeated-measures analy-

siss of variance (ANOVA) to test for effects of time of day. Meal-induced glucagon 

peakss at different times of the day were compared, using the AUCs of the first 2 hours 

afterr every meal. The software package TableCurve (Jandel Scientific GmbH, Erkrath, 

Germany)) was used for fitting cosine functions to the data of individual animals. For 
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experimentss 1-3, only animals that showed significant rhythms in their ad libitum 

glucosee concentrations (r2>0.30) were selected for further analysis. See Table 2 for 

furtherr statistical details. For experiment 4, rats whose glucose and corticosterone 

dataa significantly fitted a cosine analysis were considered unsuccessfully lesioned, and 

weree not included in the final analysis. 

Results s 

AA total of 86 rats were used in these experiments. In experiments 1 and 2, the same 
ratss were used to determine the 24-hour plasma glucagon profile during both ad li-

bitumbitum feeding and a 30-hour fast. Initially, 18 animals were in this group. A complete 
24-hourr profile could be obtained from 9 ad libitum fed rats. Others missed part of 
theirr curve because of catheters that were blocked. Of these 9 rats, 7 were selected for 
analysiss after curve-fitting analysis. From 6 of these rats also a complete curve could 
bee obtained when the animals were fasted. In experiment 3, 8 animals were used, of 
whichh 6 full 24-hour profiles were obtained. In experiment 4, from the 20 rats oper-
ated,, 11 24-hour profiles were obtained. Histological analysis of the brains of these 
ratss revealed no VIP- or VP-stained cells in the SCN area. Ten rats did not produce a 
significantt fit  for glucose and corticosterone after curve-fitting analysis. 

AdAd libitum fed rats 

Glucagonn concentrations in rats with ad libitum access to food did not display a sig-
nificantt daily rhythm (Fig. 1), although concentrations tended to increase during the 
darkk phase and decrease at the onset of the light phase. However, ANOVA detected 
aa significant difference between the mean glucagon concentration during the light 
periodd (80.1  3.5 pg/ml) and the dark period (87.3  3.4 pg/ml, F= 14.91, p=0.008). 
Seee Table 1 for further statistical details. Glucose and corticosterone were similar to 
previouslyy published data201. 

FastedFasted rats 

Inn rats that were fasted up to 30 hours, glucagon concentrations decreased gradually 

fromm 59.2  5.3 at the end of the dark phase to a nadir of 52.8  4.4 pg/ml at ZT6.5 in 

thee following light phase, followed by a sharp increase to a peak of 88.4  8.4 pg/ml 

att ZT14.5 (Fig. 1). Short-term fasted rats (up to 18 hours) showed a similar glucagon 

peakk at the onset of darkness as compared to long-term fasted rats. In the middle of 

thee light period (after 9 hours of food deprivation), the glucagon concentration was 

alreadyy well below the concentration seen during the light period in ad libitum fed 

ratss (67.1 + 3.5) and decreased further to a nadir of 56.7  3.3 pg/ml at ZT9.5. The 

concentrationn then increased to a peak of 102.8  9.8 pg/ml at ZT12.5 (Fig. 2). 
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Fig.. 1 Plasma concentrations of glucagon (A), glucose (B) and corticosterone (C) in ad libi-
tumtum fed (open circles, n=7) and 30-hour fasted (closed circles, n=6) rats. Values are indicated 
ass mean  SEM. Black bars indicate the dark phase, dotted lines in A indicate the mean
SEMM glucagon concentration of ad libitum red rats during the light period. Arrows indicate 
thee time at which food was removed. 
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Fig.. 2 Plasma concentrations of glucagon (A), glucose (B) and corticosterone (C) in 30-
hourr (open circles, n=6) and 18-hour (closed circles, n=7) fasted rats. Values are indicated 
ass average . Black bars indicate the dark phase, dotted lines in A indicate the mean
SEMM glucagon concentration of ad libitum fed rats during the light period. Arrows indicate 
thee time at which food was removed for 18-hour fasted rats. 
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Glucosee concentrations in 18-hour fasted rats decreased compared to ad libitum fed 

animals,, but still showed a significant daily rhythm with peak concentrations at the 

beginningg of the dark period (Fig. 2, Table 2). Rats that were fasted for 30 hours had 

decreasedd plasma glucose concentrations as well, but did not show an increase at the 

beginningg of the dark period (Fig. 2). Fasted animals displayed a significant daily 

rhythmm in plasma corticosterone concentrations, similar to ad libitum fed animals 

(Fig.. lc, Table 3). 

Tablee I. Rhythm parameters of basal plasma glucagon concentrations 

r2 2 

F F 

M M 

Amplitudee (%) 

A (ZT ) ) 

FF (ANOVA ) 

PP (ANOVA) 

n n 

AdAd libitum 

--

--
83.77  3.3 

--

--
1.585 5 

0.055 5 

7 7 

Fastedd 30h 

0.499  0.06 

11.8+4.5 5 

67.22 0 

20.00  1.2 

14.99 5 

7.315 5 

<O.O005 5 

7 7 

Fastedd 18h 

0.555  0.04 

6.11 9 

75.22  2.7 

31.88 0 

19.00  0.8 

13.067 7 

<0.0005 5 

7 7 

Scheduledd fed 

0.088  0.03 

1.00 4 

90.99  2.8 

--
--

3.867 7 

<0.0005 5 

6 6 

SCNx x 

0.155 4 

1.00 3 

79.11 6 

--
--

2.527 7 

0.005 5 

10 0 

Dataa are mean  SEM (pg/ml); r2 = goodness of fit; M = absolute 24-hour mean; A=acrophase 
(ZT) ) 

Tablee II. Rhythm parameters of basal plasma glucose concentrations 

r2 2 

F F 

M M 

Amplitudee (%) 

A (ZT ) ) 

FF (ANOVA ) 

PP (ANOVA) 

n n 

AdAd libitum 

0.433  0.03 

8.44  1.0 

6.77  0.2 

11.88 9 

14.77  1.7 

2.01 1 

0.007 7 

7 7 

Fastedd 30h 

0.355 1 

9.00  4.2 

4.44  0.2 

8.66 6 

1.0++ 0.9 

2.86 6 

<0.001 1 

7 7 

Fastedd 18h 

0.533 5 

6.. 5  1.1 

5.. 9 1 

19.00 6 

9.99  0.6 

8.36 6 

<0.001 1 

7 7 

Scheduledd fed 

0.499  0.04 

10.66  1.7 

6.33 1 

9.22  0.6 

10.99  0.3 

7.54 4 

<0.001 1 

6 6 

SCNx x 

--

--

6.88 1 

--
--

1.43 3 

0.160 0 

10 0 

Dataa are mean  SEM (mmol/1) 
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Tablee III . Rhythm parameters of basal plasma corticosterone concentrations 

r2 2 

F F 

M M 

Amplitudee (%) 

A(ZT) ) 

FF (ANOVA) 

PP (ANOVA) 

n n 

AdAd libitum 

0.399  0.09 

9.55  3.8 

51.55  17.3 

78.33  14.5 

13.99  2.4 

2.53 3 

<0.001 1 

7 7 

Fastedd 30h 

0.477  0.08 

9.311 1 

67.77  14.7 

90.44  10.1 

12.55  0.9 

3.25 5 

<0.001 1 

7 7 

Fastedd 18h 

0.277  0.06 

2.511.1 1 

37.22  2.2 

46.77  7.0 

12.22  0.7 

6.93 3 

<0.001 1 

7 7 

SCNx x 

--

--
88.33  12.7 

--
--

0.76 6 

0.703 3 

10 0 

Dataa are mean  SEM (ng/ml) 

ScheduledScheduled feeding conditions 

Ratss subjected to the scheduled feeding regimen displayed increases in glucagon con-
centrationss after each meal, which lasted until 0.5 to 1.5 hours after the meal (Fig. 
3).. There was no significant difference between the meals with respect to the total 
amountt of glucagon released, as calculated by the area under the curve (AUC) of 
eachh separate meal (i.e. t=-30 to t=90). The t=-30 and t=30 concentrations, however, 
showedd significant rhythmicity (r2>0.30), with peak levels attained at the end of the 
darkk period (Table 1). Plasma corticosterone (data not shown) and glucose concen-
trationss (Fig. 4) were similar to previous observations201. 

SCN-lesionedSCN-lesioned rats 

Plasmaa glucagon, glucose and corticosterone concentrations of SCNx rats did not 
displayy any daily rhythmicity (Fig. 4, Tables 1-3). Glucose and corticosterone data 
weree consistent with previously published data201. Mean glucagon concentrations in 
animalss with SCN lesions were similar to the mean concentrations in the light period 
measuredd in intact rats. 

Discussion n 

Thee present study provides evidence that plasma glucagon concentrations are modu-

latedd by both the hypothalamic biological clock, located in the suprachiasmatic nu-

cleuss (SCN), and by feeding behavior. A daily rhythm was present in intact rats fed 

adad libitum, fasted or subjected to a scheduled feeding regimen, but most pronounced 

inn the fasted rats. Thermic lesions of the SCN abolished the rhythm in glucagon con-

centrations. . 
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Fig.. 3 Plasma concentration of glucagon (A), and glucose (B) in rats fed 6 equal meals a day. 
Valuess are indicated as mean  SEM. Vertical dotted lines indicate 10-minute meals. Black 
barss indicate the dark period. 

AdAd libitum fed rats did not show a clear 24-hour glucagon rhythm, but average glu-
cagonn concentrations during the dark period were significantly higher than during 
thee light period. This may be related to feeding activity, which occurs almost exclu-
sivelyy during the dark period in rats. In the absence of food, however, rats also showed 
aa pronounced glucagon rhythm, with peak concentrations shortly before dark onset. 
Twoo groups of rats were fasted up to either 18 or 30 hours. Despite the clear difference 
inn hypoglycemia in the two groups of fasted animals, peak glucagon concentrations 
occurredd at dark onset in both groups, indicating control by the endogenous clock. 

Thee classic function of glucagon is to increase hepatic glucose output when glucose 
concentrationss decline during fasting. This is supported by studies in man349, and to 
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Fig.. 4 Plasma concentrations of glucagon (A), glucose (B) and corticosterone (C) in ad libi-
tumtum fed rats with thermic lesions of the SCN. Values are indicated as mean  SEM. Black bars 
indicatee the dark period. Dotted lines in A indicate the mean  SEM glucagon concentration 
off  ad libitum fed rats during the light period. 
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ourr knowledge, Mlekusch et al. performed the only study testing this hypothesis in 

rats232.. Indeed glucagon in their animals increased, reaching a plateau after 2 days 

off  fasting. However, their ad libitum fed animals show a glucagon rhythm that is in-

vertedd to the rhythm in our rats. Furthermore, corticosterone in their fasted animals 

decreases,, whereas starvation is known to increase corticosterone secretion233. In con-

trastt to the results of Mlekusch et al.232, our animals, that started fasting at the onset of 

activity,, had decreased plasma glucagon concentrations at the end of the dark period 

(afterr 9 hours of fasting), instead of the expected increase. In the present study, plasma 

glucagonn levels decreased even further in the first half of the ensuing light period, 

afterr which a steep rise occurred at the end of the light period. Although in meal-fed 

rats,, glucagon increases accompany decreasing glucose concentrations (at ZT14 and 

ZT18),, the opposite occurs as well (ZT2 and ZT6). Therefore, it seems that during ad 

libitumlibitum and fasting conditions, plasma glucagon levels are not solely controlled by the 

levell  of hypoglycemia. Fasting gradually decreases the glucose concentration, whereas 

insulinn or 2-deoxyglucose induces acute hypoglycemia234,235. Gradual decrease of plas-

maa glucose concentrations may be less effective in evoking a glucagon response than 

acutee hypoglycemia. Indeed, Matschinsky et al. showed that the response of a-cells in 

thee isolated pancreas from 1-, 2- or 3-day fasted rats does not differ from those of fed 

rats236. . 

Furtherr evidence for a role of both the SCN and feeding in the daily modulation 

off  plasma glucagon was gained from animals entrained to a scheduled feeding regi-

men.. These animals received six 10-minute meals equally distributed over 24 hours. 

Thiss feeding regimen abolished their natural feeding rhythm, but left other rhythms 

(suchh as corticosterone, glucose and locomotor activity201) intact. Each meal induced 

aa rise in plasma glucagon, which agrees with previous reports of a stimulatory effect 

off  feeding on glucagon secretion. Increased amino acid concentrations after protein 

intakee stimulate a-cells to release glucagon237. Furthermore, in the first few minutes 

afterr the start of feeding, glucagon (and insulin) is released, which is called cephalic 

phasee release238239. This type of glucagon (and insulin) release does not persist longer 

thann 10 minutes, whereas peaks in our animals persisted 30 or even 90 minutes after 

thee start of the meals. 

Althoughh total plasma glucagon increments (AUC) were comparable for each mo-

mentt of the light-dark cycle, a daily rhythm was present in the basal (pre-meal) and 

peakk (post-meal) glucagon levels of these rats. This indicates control by the SCN as 

welll  as by feeding. Animals with thermic lesions of the SCN displayed no daily plasma 

glucagonn rhythm, which supports a role for the SCN besides the effect of feeding on 

thee control of plasma glucagon concentrations. Previous results of Yamamoto et al. 

supportt this finding216. Although the lack of a rhythm in feeding in SCNx animals 

(theyy eat small amounts throughout the day-night cycle) may contribute to the ab-
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sencee of a glucagon rhythm, the data of the fasted animals show the feeding activity is 
nott the only determinant. 

Constantt food intake in SCNx rats may influence the glucagon level and based on 
thee meal-induced glucagon peaks, we expected a higher glucagon levels in these ani-
mals.. Instead, we found levels slightly below those of intact rats in the light period. 
Yamamotoo et al. found concentrations even lower than ours216. Apparently, the con-
stantt intake of small amounts of nutrients by SCNx rats does not stimulate glucagon 
releasee as much as the normal meals of ad libitum fed rats or 10-minute meals of 
intactt meal-fed rats. 

AA second aim of this study was to investigate a possible role of daily glucagon se-
cretionn in the modulation of the daily glucose rhythm that has previously been re-
ported201.. The present results provide littl e evidence for such a modulatory role of 
glucagon.. The glucose and glucagon patterns correlate in some, but not all cases. This 
iss clear when comparing ad libitum and meal-fed animals in which the glucagon pro-
filesfiles are very different, whereas plasma glucose in both conditions is almost identical. 
Furthermore,, the glucagon peaks in both groups of fasted rats (short and longer dura-
tion)) are identical, whereas here, the glucose patterns differ. 

Insulinn is very important in glucose homeostasis, on its own but also in relation to 
glucagon.. The insulin/glucagon ratio determines whether glucose uptake or output 
occurs161,162.. Although insulin was not assessed in our study, La Fleur et al. previously 
investigatedd the role of insulin in experiments very similar to ours201. When compar-
ingg insulin and glucagon in the meal-fed animals, the patterns are strikingly similar. 
Wee cannot calculate a ratio on data from different animals, but it can be assumed 
thatt the ratio would be relatively constant throughout the light-dark cycle. Keeping 
thee glucose rhythm of these animals in mind (similar in both studies), we conclude 
thatt neither the 24-hour patterns of glucagon and insulin, nor their ratio, are directly 
responsiblee for the daily glucose rhythm. In fasted animals, however, glucagon may 
havee a role in the mobilization of glucose stores at the onset of the dark period. 

Wee have hypothesized that the SCN controls the daily rhythm in basal glucose con-
centrationss via its control on the autonomic inputs to the liver102,240. Glucagon stimu-
latess both glycogenolysis and gluconeogenesis241, but the fact that after an overnight 
fast,, the glycogen stores are largely depleted212242243

J may explain the absence of a rise 
inn plasma glucose in the 30-hour fasted rats. Therefore, increased glucose output as a 
resultt of gluconeogenesis alone may not be sufficient to surpass glucose utilization. 

Thee available information on circadian variations in plasma glucagon concentra-
tionss is littl e and inconsistent. In two studies in humans, no daily rhythm in plasma 
glucagonn concentrations was found226,228. Studies done in mice and rats did show a 
dailyy rhythm similar to the one we show, with peak levels at the end of the dark pe-
riod161,227.. Although a daily glucagon rhythm was found in two other rat studies, here 
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peakk concentrations were measured in the light period, and a nadir in the dark peri-

0(j2i6,2399 ^ye c a n n ot explain these discrepancies. Possibly, methodological differences 

playy a role, e.g. the plasma glucagon measurement recently has become much more 

standardizedd than before. 

Whenn comparing the 24-hour glucagon patterns found in fed and fasted rats with 

thosee of body temperature32244, we observed a striking similarity. Both plasma glu-

cagonn and body temperature decrease in fasted rats during the light period, and re-

turnn to levels measured in fed rats at the onset of the activity period. This suggests 

thatt glucagon and thermoregulation are related, which is indeed supported by several 

studies.. Davidson et al.245 first showed a thermogenic effect of glucagon in rats. Later 

on,, several other studies suggested an influence of glucagon on metabolic rate and 

thermogenesiss also in man, birds and pigs162'246248. Many of these studies show an 

effectt of glucagon in supra-physiological concentrations, but the role of glucagon in 

physiologicall  conditions is unclear. The similarity of glucagon and temperature in 

fastedd rats, however, supports the idea that glucagon and metabolic rate are function-

allyy related. 

Basedd on the present observations, we propose another role for glucagon in energy 

metabolismm besides stimulating hepatic glucose output. Organisms experience a rela-

tivelyy constant routine in their daily activities, dictated by the presence of light. The 

dailyy pattern of energy expenditure is therefore relatively constant as well, besides 

acutee changes necessary for e.g. fight or flight. Thus, a mechanism preparing the body 

forr everyday variations in energy requirement (besides the mechanisms necessary for 

quickk energy mobilization) may be very useful. The daily rhythms in many hormones, 

bodyy temperature and also glucose are well known examples of this daily control of 

thee internal milieu. 

Whenn food availability is low, an organism should minimize unnecessary energy 

expenditure.. It can do so by lowering metabolic rate during inactivity, while keeping it 

unchangedd when really needed, i.e. at the onset of activity. This leads to an increase in 

thee amplitude of daily rhythms, as has been shown earlier32-244 as well as in our current 

fastingg glucagon pattern. Peak glucagon concentrations in these animals occurred at 

thee onset of the activity period, at which time they were similar to glucagon concen-

trationss in ad libitum fed animals. In the light period, the glucagon concentrations in 

fastedd rats were low compared to fed rats. This suggests the presence of a mechanism 

thatt keeps glucagon stable at the beginning of the activity period, whereas it lowers 

thee glucagon concentration during inactivity. Due to the similarity to the pattern in 

bodyy temperature in fasted rats, we suggest that, at least in conditions of famine, glu-

cagonn has a role not in glucose homeostasis alone, but also in energy metabolism in 

general. . 
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InIn conclusion, a clear day/night rhythm exists in the plasma glucagon concentrations 
off  both fed and fasted rats. In a situation without rhythmicity of feeding, i.e. when 
animalss are fasted or meal-fed, a rhythm was still observed, suggesting endogenous 
regulationn of glucagon release. This is supported by the absence of any rhythmicity 
inn SCNx rats. The pattern of the rhythm, however, differs between fed and fasted 
rats,, indicating a strong influence of food intake as well. The rhythm seen in the glu-
cagonn concentration of meal-fed rats does not correlate with the glucose rhythm. 
Wee conclude therefore, that in the fed state, glucagon does not contribute in a major 
wayy to the feeding-independent daily glucose rhythm. It may, however, have a role 
inn stimulating hepatic glucose output in fasted rats, besides a possible role in energy 
metabolismm in general. This would suggest that glucagon has different roles in differ-
entt energetic states. 
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