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CHAPTERR V 

DailyDaily variation in peripheral glucose uptake 

Mariekee Ruiter, Andries Kalsbeek, Caroline van Heijningen, Jan van der Vliet, Corbert van Eden, 

Peterr J. Voshol, Ruud M. Buijs 

Abstract t 

Inn rats and humans, both glucose tolerance and insulin sensitivity display a daily 
rhythm,, modulated by the hypothalamic biological clock, which is located in the su-
prachiasmaticc nucleus (SCN). It is currently not clear which tissue is responsible for 
thiss rhythm in glucose uptake. It may be a matter of tissue-specific daily rhythms, 
becausee several lines of evidence indicate a differential control of the SCN on glucose 
uptake,, and because tissues have different functions that may require energy supplies 
att different moments of the light/dark (L/D) cycle. We hypothesized that the SCN 
mayy modulate glucose tolerance via neural pathways. On the other hand, it can be 
assumedd that variations in blood glucose levels may be due to differences in glucose 
production,, rather than a variation in glucose uptake. Hepatic insulin sensitivity varies 
throughoutt the day, which may cause differences in insulin-induced inhibited glucose 
production.. Thus, we aimed at investigating whether there are indeed tissue-depen-
dentt differences in glucose uptake and whether there are tissue-specific differences 
inn the time dependence of glucose uptake. We assessed glucose uptake in various 
peripherall  tissues by injecting a single bolus of  3H-2-deoxy-D-glucose (3H-2DG) and 
analyzingg tissue 3H-2DG content. Our aim was to assess glucose uptake in the basal, 
non-stimulatedd situation; therefore we did not use the hyperinsulinemic-euglycemic 
clampp technique in our experiments. Injections of  3H-2DG were performed at several 
momentss of the L/D cycle, in rats with and without SCN lesions. Our results show 
thatt the 3H-2DG technique is not suitable for assessing glucose uptake in the basal 
situation.. Consequently, we were unable to test our hypotheses. 

Introduction n 

Glucosee tolerance shows a daily rhythm in both rodents and humans202,205209,369, with 

peakk levels at the onset of the activity period. This rhythm is modulated by the hy-

pothalamicc biological clock, located in the suprachiasmatic nucleus (SCN)202. Plasma 

glucosee concentrations, too, are high at the onset of the activity period201, which sug-

gestss a daily peak of glucose production at the onset of the activity period. This is 
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supportedd by a study in humans that shows peak hepatic glucose production (HGP) 

levelss in the morning211. A daily rhythm in glucose uptake may be explained in part 

byy daily changes in insulin sensitivity202. 

Furthermore,, several lines of evidence suggest a differential neuronal control of pe-

ripherall  glucose uptake. Anatomical evidence for multisynaptic, autonomic connec-

tionss between several hypothalamic nuclei and peripheral tissues involved in glucose 

metabolismm was collected with the use of transsynaptic retrograde virus tracing, and 

showedd sympathetic and parasympathetic innervation of the liver, pancreas, adipose 

tissue,, heart and lungs33,92-102104,196'260370'371. Furthermore, it has been shown that the in-

nervationn of, at least, the adipose tissue is organized somatotopically, i.e. the neurons 

thatt control fat depots in different parts of the body do not co-localize104, and that 

separatee second order neurons in the PVN innervate the liver and adrenal gland372. A 

differentiall  somatotopic control of peripheral organs is also supported by functional 

glucosee uptake studies. Stimulation of the ventromedial nucleus of the hypothala-

muss (VMH) with glutamate increased glucose uptake in skeletal muscle, brown adi-

posee tissue (BAT) and the heart, but not in white adipose tissue (WAT)116. Similar 

effectss have been found after leptin injection into VMH but not LH118. Furthermore, 

intracerebroventricularr (icv) administration of the glutamate agonist NMDA induces 

hyperglycemiaa and promotes glucose uptake in skeletal muscle and heart115, but it 

decreasess glucose uptake in liver, ileum and skin. Denervation of one hind limb pre-

ventedd the increase in muscle glucose uptake. The observed effects were independent 

off  insulin and blood flow115. Furthermore, glucose transporters (GLUT) that facilitate 

glucosee uptake373 not only respond to insulin but also to neural stimuli97,374,375. 

Inn our previous experiments, glucose tolerance in intact animals was the highest at 

thee onset of the activity period. Glucose tolerance of rats with SCN lesions (SCNx) 

wass increased at the onset of the resting period as compared with control animals, 

whereass at the onset of the activity period, glucose tolerance in SCNx and control 

ratss did not differ202. Insulin responses in these animals could not explain these differ-

ences,, which supports the notion of a neural control of glucose uptake. 

Wee hypothesized that the SCN is able to modulate noninsulin-mediated glucose 

uptakee in peripheral tissue via the autonomic nervous system, possibly by mediating 

thee expression or activity of glucose transporters. Furthermore, we hypothesized that 

thee SCN inhibits glucose uptake during the first half of the resting period. However, it 

iss not known which tissue accounts for the daily rhythm in glucose tolerance. Moreo-

ver,, we proposed that glucose uptake in tissue may be modulated with a somatotopic 

organization,, because different organs may need glucose at different moments of the 

L/DD cycle. 

Onn the other hand, the rhythm in glucose tolerance shown previously202 may be 

duee to a decrease in glucose production rather than an increase in glucose uptake. It 
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hass been shown that insulin inhibits HGP376. Although there is no clear daily rhythm 
inn plasma insulin concentrations, whole body insulin sensitivity does show a daily 
rhythm,, with the highest insulin sensitivity occurring towards the onset of the activ-
ityy period. A daily peak in insulin sensitivity may thus increase glucose tolerance in 
twoo ways; it will enhance glucose uptake and, concomitantly, inhibit HGP more pro-
foundly.. The aim of the present experiments was twofold; firstly, to test the hypothesis 
thatt the daily rhythm in glucose tolerance is due to a daily rhythm in glucose uptake 
insteadd of a daily rhythm in the inhibition of HGP. The second aim was to test the hy-
pothesiss that there is a tissue-specific difference in the daily rhythm of glucose uptake. 
Therefore,, we analyzed the amount of  3H-2-deoxy-D-glucose (3H-2DG), which can-
nott be metabolized, taken up in different tissues after an intravenous 3H-2DG bolus 
injectionn at different moments of the L/D cycle. 

Thee SCN may modulate peripheral glucose uptake by controlling the expression 
levelss of glucose transporters. Therefore, we analyzed the expression of GLUT1 and 
GLUT4,, two glucose transporters present in skeletal muscle tissue. 

Methods s 

Animals Animals 

Malee Wistar rats (Harlan, Zeist NL) were housed in individual cages (25x25x35cm) at 
aa room temperature of 20°C and a light/dark regimen of 12h:12h (lights on at 07:00 
am).. The animals were allowed to acclimatize one week before surgical procedures 
weree performed. Water and chow were available ad libitum, unless stated otherwise. 
Al ll  experiments were approved by the Animal Care Committee of the Royal Nether-
landss Academy of Arts and Sciences. 

Surgery Surgery 
Duringg all surgical procedures animals were anesthetized with Hypnorm* (Duphar, 

Thee Netherlands; 0.6mL/kg, i.m.) and Dormicum" (Roche, The Netherlands; 0.4mL7 

kgg s.c). Postoperative care was provided by a subcutaneous injection of the analgesic 

Temgesic**  (Reckitt & Colman, UK; 0.3mL/kg) after the animals had woken up from 

anesthesia.. For blood sampling and injection of the 3H-2DG bolus, a silicon catheter 

wass placed in the right jugular vein, according to the method of Steffens229. The ani-

malss were allowed to recover from the surgical procedures at least 7 days. 

Inn experiment 2, bilateral stereotactic lesions were made, as described previously231, 

inn order to investigate the role of the SCN in the control of peripheral glucose up-

take. . 

AA total of 60 male Wistar rats were operated on to obtain a sufficient number of suc-

cessfullyy lesioned animals. Initially, the quality of the lesions was checked by measur-
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ingg drinking behaviour for three weeks. SCN lesions were considered successful when 

ann animal drank -30% of its daily water intake during the light period (when intact 

animalss drink 0-5%). With this method, 20 rats were selected as being completely 

arrhythmic.. These rats were fitted with jugular vein catheters as described above and 

allowedd to recover for 7 days. 

ExperimentalExperimental set up 

Onee day before the experiment, the rats were connected to external catheters fixed 

too a metal collar that was kept out of reach of the rats by means of a counterbalanced 

beam.. In this way, the rats were able to move freely during the experiments and blood 

sampless could be taken without handling the animals. One hour before injection of a 

boluss of 2-deoxy-D-[l-3H]glucose (3H-2DG), food was removed from the rats' home 

cage.. Just before injection, a blood sample (0.2 ml) was taken. The 3H-2DG bolus 

(20uCi,, Amersham Biosciences Europe, Roosendaal, The Netherlands) was injected 

thereafterr (t = 0 min) and subsequent blood samples were taken at t = 5, 10, 20, 30 

andd 45 min. After the last blood sample, a lethal dose of sodium pentobarbital was 

injectedd through the jugular vein catheter. The animal carcasses were placed on ice 

andd tissue samples were excised and frozen in liquid nitrogen immediately. Samples 

off  triceps muscle, heart, epididymal white adipose tissue (EWAT), subcutaneous or 

inguinall  WAT (IWAT), retroperitoneal WAT (RWAT), kidney, liver, brain and lung 

tissuee were taken. Blood samples were chilled at 0 °C immediately, centrifuged at 4 °C 

andd stored at -20 °C until further analysis. 

ExperimentExperiment 1 

Thee 3H-2DG bolus injection procedure described above was performed at four mo-

mentss of the light-dark (L/D) cycle: two hours after lights on (Zeitgeber Time 2 (ZT2), 

n=6),, two hours before lights off(ZT10, n=7), two hours after lights off (ZT14, n=8) 

andd two hours before lights on (ZT22, n=8). 

ExperimentExperiment 2 

Thee experiment described above was repeated at ZT2 (n = 7) and ZT10 (n = 7) with 

aa group of intact animals and a group of animals with their SCN ablated six weeks 

previouslyy (n = 8 at both ZTs). All tissues mentioned above were isolated, but only tri-

cepss muscle and lung tissue samples were analyzed, because these tissues showed the 

biggestt difference between ZT2 and ZT10 in experiment 1. No blood samples were 

taken.. Due to the experimental set up, we were unable to check the completeness of 

thee SCN lesions histologically. 
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ExperimentExperiment 3 

Basedd on the first two experiments, it seems that basal glucose uptake does not show 
aa daily variation. Insulin sensitivity and glucose tolerance, however, do. Therefore, we 
hypothesizedd that only insulin-induced glucose uptake displays a daily rhythm. To 
testt this hypothesis, we used a similar experimental set up as described above to ana-
lyzee 3H-2DG content of the insulin-sensitive tissues skeletal muscle and white adipose 
tissuee (EWAT). Experiments were performed at ZT2 (n=6), ZT10 (n=5) and ZT14 
(n=7).. The animals received a bolus injection of  3H-2DG as described above, com-
binedd with a bolus injection of insulin (0.5 IU/kg bw, bovine insulin, Sigma Aldrich 
Chemie,, Zwijndrecht, The Netherlands). Skeletal muscle samples (triceps) of each 
animall  were analyzed for 3H-2DG content. White adipose tissue (epididymis) was 
analyzedd only in a subset of animals (ZT2 and ZT14 both n=4). 

ExperimentExperiment 4 

Duringg a glucose or insulin tolerance test (IVGTT or IVITT) , the glucose concentra-
tionss change most rapidly during the first five to ten minutes after the injection of glu-
cosee or insulin202. Because previously the biggest differences were found with a bolus 
off  glucose, we injected a bolus of  3H-2DG and sacrificed the animals only 5 minutes 
afterr injection of the bolus, instead of 45 min. We co-injected a bolus of glucose (500 
mg/kgg bw) with the 3H-2DG bolus. This procedure was performed at ZT2 (n=6) and 
ZT144 (n=6). At each time point, three rats were injected with both 3H-2DG and glu-
cose,, three rats were injected only with 3H-2DG. 

ExperimentExperiment 5 

Too determine whether the SCN influences the expression of glucose transporters, we 
initiatedd GLUT1 and GLUT4 mRNA expression analysis by quantitative real-time 
PCRR in skeletal muscle (triceps) tissue. Tissue samples were taken at ZT2 and ZT10 
fromm ad libitum fed animals (n = 4 at both time points). Furthermore, tissue samples 
weree taken at ZT2 (n = 4) and ZT10 (n = 4) from rats that were entrained to a sched-
uledd feeding regimen. The rats received six 10-minute meals equally spaced over the 
L/DD cycle. Food was available at ZT2, ZT6, ZT10, ZT14, ZT18 and ZT22. The rats 
weree allowed to adapt to this regimen for 2 weeks and considered fully entrained 
whenn eating 5 grams of chow during each meal. After a slight reduction in body 
weightt during the first few days of adaptation, the rats resumed normal growth. The 
animalss were anesthetized by a mixture of C02 and 02and decapitated. Skeletal mus-
clee (triceps) samples were isolated and frozen in liquid nitrogen immediately. 

Analysis Analysis 
Tissuee samples (at least 200 ug) were homogenized in water and boiled for 10 minutes. 
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Phosphorylatedd 3H-2DG (i.e. taken up in cells) was separated from free 3H-2DG by 

ionn exchange chromatography (Dowex X-100 column, Sigma Aldrich) as previously 

described377.. A sample of eluens (1 ml) was counted in a liquid scintillation counter 

(Packardd Tri Carb Liquid Scintillation, Groningen, The Netherlands). 

Plasmaa glucose concentrations were measured in triplicate in lOul aliquots using 

thee GOD-PAP method (Roche Diagnostics, Mannheim, Germany). Plasma 3H-2DG 

concentrationn was determined by counting lOul plasma with 10ml scintillation fluid 

inn a scintillation counter. 

RNAA extraction was performed in Trizol (Life Technologies Inc., Gaithersburg, Mary-
land,, USA) according to the instructions of the manufacturer. Total RNA was reverse 
transcribedd using 2 jig of RNA, 500 ng of oligo-dT, and 200 U reverse transcriptase 
(Superscriptt IIRT; Life Technologies Inc.) for 1 hour at 42°C. Quantitative assessment 
off  mRNA levels was performed using a Gene Amp 5700 sequence detection system (PE 
Biosystems,, Foster City, California, USA). RT-PCR was performed using the SYBR 
Greenn Mastermix (PE Biosystems). Primer pairs were designed using Primer Express 
softwaree (Applied Biosystems, Foster City, California, USA): GLUT1 (mCT4481.1), 
GCCCCCCAGAAGGTTATTGAA and GCCCCCCAGAAGGTTATTGA and GLUT4 
(NM012751),, TTTCCAGTATGTTGCGGATGC and ATCTGGTCAAATGTCCG-
GCC.. As a reference, ubiquitin expression (U13176, CTCCAACAGGACCTGCT-
GAACC and CTGAAGAGAATCCACAAGGAATTGA) and HPRT (AF009656, AT-
GGGAGGCCATCACATTGTT and ATGTAATCCAGCAGGTCAGCAA) were used. 
Amplificationn efficiency was between 1.80 and 1.85 for the PCR reactions considered 
inn this study. The unique presence of the amplicons was checked by dissociation curve 
andd on gel. 

Results s 

ExperimentExperiment 1 

Ass expected, the very low 3H-2DG concentration did not affect glucose metabolism 

(Fig.. 1). Tissue 3H-2DG content at four moments of the L/D cycle is shown in Figure 

2.. Only skeletal muscle (triceps) and lung tissue showed a clear difference in uptake 

betweenn time points (p = 0.025 and p < 0.001, respectively). Uptake in muscle was the 

highestt at ZT10, i.e. two hours before lights off Unexpectedly, lung tissue showed a 

veryy high 3H-2DG content at ZT10 as well. In retroperitoneal adipose tissue (RWAT), 

kidney,, heart and liver, uptake was slightly higher at the onset of the dark period, 

butt this difference was not significant. Only brain tissue showed a (non-significant) 

inversee uptake pattern, with a low tissue 3H-2DG content at ZT10. 
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Fig.. 1 Plasma glucose concentrations in animals injected with a 3H-2DG bolus in experi-
mentt 1. Values are as mean  SEM. ZT = Zeitgeber time, o = ZT2, A = ZT10,  = ZT14 and 

 = ZT22. 

ExperimentExperiment 2 

Ratss with SCN lesions did not show a difference in 3H-2DG content between ZT2 
andd ZT10 in either muscle or lung tissue (Fig 3). More surprising, however, was the 
factt that the intact animals did not show any difference in uptake between these two 
timee points either, whereas in experiment 1, uptake at ZT10 exceeded that of ZT2 
two-- to threefold. Plasma 3H-2DG concentrations of both intact and SCNx animals 
weree similar to those in experiment 1. There was no difference between intact and 
SCN-lesionedd rats in the absolute amount of  3H-2DG taken up in lung and muscle 
tissue.. When the tissue 3H-2DG content of several tissues in individual rats was ana-
lyzedd more closely, it became evident that, in experiment 2, all rats had uptake levels 
inn the same order of magnitude. In experiment 1, the high uptake levels at ZT10 were 
mostlyy caused by a few animals that showed uptake levels much higher than the other 
animalss at the same time point. However, the animals that showed high 3H-2DG val-
uess in skeletal muscle were not the same animals that had a high 3H-2DG content in 
lungg tissue. 

ExperimentExperiment 3 

Plasmaa glucose concentrations were clearly decreased in response to the insulin injec-
tionn (Fig 4), at a degree similar to that in previous experiments (chapter 3). There was 
noo difference in insulin-induced 3H-2DG uptake in either skeletal muscle or adipose 
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Fig.. 2 Tissue 3H-2DG content in several different tissues from animals in experiment 1. 
Animalss were sacrificed 45 minutes after bolus injection, at four moments of the L/D period. 
Indicatedd are individual values and means, calculated as the number of counts per gram tis-
sue.. ZT = zeitgeber time; ZT12 is the onset of the 12-hour dark phase. The tissue 3H-2DG 
contentt at ZT10 in skeletal muscle (p = 0.025) and lung tissue (p < 0.001) differs significantly 
fromm that of other ZTs. Differences in other tissues were not significant. 
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viduall  levels and means. Animals were sacrificed 45 minutes after 3H-2DG injection. 
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tissuee between the different time points analyzed (Fig 5). Compared to the animals 
withoutt an insulin injection (experiment 2), surprisingly enough insulin had not 
increasedd 3H-2DG uptake in skeletal muscle tissue (EWAT could not be compared 
becausee it was not analyzed in experiment 2). The plasma 3H-2DG concentration, 
however,, was decreased compared to the previous experiment. 

ExperimentExperiment 4 

Fivee minutes after injection of a combined glucose and 'H-2DG bolus we did not 
findfind a difference in glucose uptake between ZT2 and ZT14, either in the animals that 
receivedd extra glucose, or in those that only received 3H-2DG (Fig 6). Moreover, 3H-
2DGG uptake did not differ, whether the groups received extra glucose or not. To as-
sesss total tissue 3H-2DG (i.e. both phosphorylated and non-phosphorylated), we also 
countedd 3H-2DG in tissue homogenate before it was applied on the Dowex column. 
Wee found no difference between ZT2 and ZT14 in either skeletal muscle or liver tis-
sue. . 

Unfortunately,, we did not have plasma samples from the animals in experiments 2 
andd 4. Therefore, we were unable to calculate the ratio of tissue 3H-2DG content to 
thee plasma 3H-2DG concentration at t = 45. However, when the specific activity of 
thee samples from experiment 1 was calculated, this did not make a difference for the 
finalfinal data; i.e. the ratios between the different time points were the same in all tissues 
analyzed. . 
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Fig.. 5 Tissue 3H-2DG content in skeletal muscle and epididymal white adipose tissue from 
animalss that also received an insulin bolus at t=0 (experiment 3). Indicated are individual 
valuess and means. Animals were sacrificed 45 minutes after 3H-2DG injection. 
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Fig.. 6 Tissue 3H-2DG content in skeletal muscle and liver tissue from animals also receiv-
ingg a glucose bolus at t=0 (grey bars), and control animals (white bars). A, C: total  3H-2DG 
countss per gram tissue after separation of phosphorylated from non-phosphorylated 3H-
2DGG on an ion-exchange column, as in the previous figures. B, D: total  3H-2DG counts per 
gramm tissue, i.e. both intra- and extracellular. The animals were sacrificed 5 minutes after 
receivingg bolus injections. 
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ExperimentExperiment 5 

Expressionn of GLUT 1 could not be analyzed because primers appeared not to be de-
signedd correctly and no good PCR product was formed. GLUT4 expression did not 
showw a difference between ZT2 and ZT10 (Fig 7), either in ad libitum fed or schedule-
fedd animals. Furthermore, there was no difference in GLUT4 expression between ad 

libitumlibitum fed animals and animals fed according to a six-meals-a-day schedule. 

44 r 

22 -

11 -

oo ' — ' — ' — ' — ' — ' 
ZT22 ZT10 

Fig.. 7 Skeletal muscle expression of GLUT4 mRNA in ad libitum fed animals (light grey 
bars)) and animals fed according to a 6-meals-a-day schedule (dark grey bars). Values are 
arbitraryy units, relative to the expression of house-keeping genes HPRT and ubiquitin in the 
samee tissue samples. 

Discussion n 

Inn the present paper, we were unable to show a daily variation in basal glucose uptake 
inn peripheral tissues. Because, using the same technique, we were also unable to show 
ann insulin-mediated higher uptake of glucose in tissues, these findings indicate the 
technicall  limitations of the technique that we used. 

Thee 3H-2DG technique is based on the assumption that 3H-2DG is taken up in cells, 
afterr which a phosphate group is attached to it by hexokinase. Phosphorylated glucose 
(G6P)) and phosphorylated 2DG cannot be released from cells, since peripheral tis-
suess (apart from liver, kidneys and intestines) do not have active glucose-6-phospha-
tasee (G6Pase), the enzyme that de-phosphorylates G6P. In addition, 2DG is trapped 
andd accumulated in the cell once it has been phosphorylated, because it cannot be 
metabolizedd any further. These features should enable us to estimate cumulative glu-
cosee uptake at 45 minutes after injection of a 3H-2DG bolus. 
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Althoughh the use of  3H-2DG to estimate glucose uptake in skeletal muscle and 
adiposee tissue has been extensively described in the literature122,377"383, it may not be 
suitablee for our purpose. The main difference between our experiments and many of 
thosee reported in the literature is the combination with a hyperinsulinemic clamp, 
whichh we did not use. Our aim was to measure peripheral glucose uptake in the basal 
situation.. Therefore, the use of a hyperinsulinemic clamp was not an option in our 
experimentall  set up. An explanation could be that in contrast to what is currently as-
sumed,, 2DG is metabolized in muscle cells. 

Untill  now, the dogma still holds that glucose-6-phosphatase (G6Pase) is present 
andd active only in liver, kidneys and the intestines. Therefore, 3H-2DG is trapped in 
alll  other tissues that do not have G6Pase activity, and can be used as an estimation of 
glucosee uptake. Recently, however, a new subtype of G6Pase was identified in skeletal 
musclee and other tissues137. Although its activity has not been assessed in vivo, the 
authorss suggest that it indeed dephosphorylates G6P and that this finding may give 
risee to a potential new role for skeletal muscle in glucose metabolism. This indicates a 
seriouss drawback of the 3H-2DG technique. 

Iff  skeletal muscle cells indeed have active G6Pase, 3H-2DG can only be kept in the 
cellss by high circulating levels of insulin. Besides stimulating glucose uptake, insulin 
alsoo inhibits G6Pase expression and activity376. Therefore, the absence of continuous 
highh insulin concentrations until the moment the animals were sacrificed may have 
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Fig.. 8 An insulin bolus may push the balance between uptake and release of  3H-2DG to-
wardss uptake shortly after bolus injection. However, if G6P-ase is indeed present in skeletal 
musclee tissue, the insulin effect may have disappeared at t = 45, when the animals are sac-
rificed.. Therefore, it may not be possible to measure a difference in tissue 3H-2DG due to 
insulinn treatment. 
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beenn the reason why we did not see a difference in tissue 3H-2DG content between 

animalss with or without insulin injection (see figure 8). 

Interestingly,, we did measure a decrease in plasma 3H-2DG counts in our insulin-

treatedd animals, which indicates that more 3H-2DG was removed from the plasma. 

However,, the adipose tissue (EWAT) and skeletal muscle (triceps) analyzed did not 

reflectt this difference. In theory, skeletal muscle or adipose tissue at other locations or 

liverr may account for this difference. Indeed, Horn and colleagues showed that sub-

cutaneouss fat is more sensitive to insulin than EWAT379. Furthermore, the same study 

alsoo showed an increased tissue 3H-2DG content after single 3H-2DG and insulin in-

jection.. However, the insulin-induced hypoglycemia was more severe in their animals 

(Spraguee Dawley) than in our (Wistar) rats, even though they used the same insulin 

dosee as we did (0.5 U/kg bw). Perhaps insulin sensitivity varies per rat strain. Further-

more,, the body weight of the rats (300-350 g in our study vs. 160-180 g previously) 

mayy be of influence on insulin sensitivity. Indeed, when performing the experiment 

withh a sub-maximal insulin dose, Hom and Goodner found no difference between 

insulin-treatedd and control rats in either EWAT or skeletal muscle379. Therefore, we 

suggestt that insulin indeed keeps 3H-2DG in the cell during the hyperinsulinemic 

clampss used in other studies and that in our studies, without continuous hyperinsu-

linemia,, 3H-2DG wil l be released from the cell again. Therefore, the lack of  3H-2DG 

accumulationn is probably the main reason why we were unable to detect daily differ-

encess in glucose uptake. 

Besidess a circadian modulation we also expected an activity-induced increase in 

skeletall  muscle 3H-2DG content at the onset of the activity period. The absence of an 

activity-inducedd increase in glucose uptake indicates that the animals may use nutri-

entss other than glucose to meet their increased energy use at that moment, or that the 

differencess are tooo small to be detected with this technique. 

Inn the next experiment, we co-injected 3H-2DG together with a glucose bolus to 

inducee an insulin peak without concomitant hypoglycemia. In glucose tolerance tests 

suchh a glucose bolus evokes a rise in insulin concentrations that peaks five minutes 

afterr injection. We hypothesized that, if insulin indeed shifts the balance between 

uptakee and release of  3H-2DG towards uptake, we should be able to measure this at 

t=55 min. At t = 45 min, the effect of insulin may have disappeared (as schematically 

depictedd in Figure 8). However, we did not see a difference in glucose disposal, either 

inn skeletal muscle or in the liver. Furthermore, there was no difference in 3H-2DG 

concentrationn in tissue homogenate, so before 3H-2DG and phosphorylated 3H-2DG 

weree separated. The liver was already known to express active G6Pase, and therefore 

wee did not expect to see any difference in liver tissue. The present data suggest that 
3H-2DGG accumulation also does not occur in skeletal muscle tissue, supporting a pos-

siblee active role of G6Pase. 
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Besidess this fundamental issue, several other aspects need attention when inter-
pretingg data obtained with this technique. Before 3H-2DG is trapped into a cell, a few 
intermediaryy steps may be subject to (daily) variation (see figure 9). First, 3H-2DG 
transportt across the cell membrane, mediated by glucose transporters, may vary un-
derr different experimental conditions. It is not a one-way transport, because 3H-2DG 
cann leave the cell as long as it is not phosphorylated. Second, because not all  3H-2DG 
iss phosphorylated immediately, the amount of un-phosphorylated 3H-2DG in the cell 
mayy differ from time to time, or between experimental conditions. Third, the activ-
ityy of hexokinase, the enzyme that phosphorylates 3H-2DG, may also be subject to 
aa daily variation. Finally, a small part of the 3H-2DG taken up in a cell can be built 
intoo glycogen384,385, although the dogma holds that deoxyglucose is not metabolized. 
Thee amount of  3H-2DG in glycogen is unknown. It may vary over the L/D cycle and 
iss not easily measured. By application of the usual method of analysis, the amount of 
3H-2DGG built into glycogen is not included in the total amount en 3H-2DG uptake 
inn tissue is underestimated. Therefore, the amount of tissue 3H-2DG may not accu-
ratelyy reflect the amount of  3H-2DG transported across the cell membrane. Because 

3H2DGG ~ 

Fig.. 9 Before 3H-2DG is trapped into a cell, several intermediary steps may be subject to 
(daily)) variation. First, 3H-2DG transport across the cell membrane (1), mediated by glucose 
transporters,, may vary under different experimental conditions. It is not a one-way trans-
port,, because 3H-2DG can leave the cell as long as it is not phosphorylated. Second, because 
nott all  3H-2DG is phosphorylated immediately, the amount of un-phosphorylated 3H-2DG 
inn the cell may differ from time to time (2), or between experimental conditions. Third, the 
activityy of hexokinase (3), the enzyme that phosphorylates 3H-2DG, may also be subject 
too a daily variation. Fourth, a small part of the 3H-2DG taken up in a cell can be built into 
glycogen,, which probably does not contribute to the amount of  3H-2DG that is measured. 
Therefore,, the tissue 3H-2DG content may be underestimated by an unknown amount (4). 
Finally,, the possible presence and activity of glucose-6-phosphatase may allow 3H-2DG-P to 
bee dephosphorylated and released from the cell. 
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thee nature (e.g. size and direction) of the possible variation in these aspects is not 

known,, their combined effects may prevent a clear vieww on the actual  3H-2DG uptake, 

thuss preventing us from measuring a possible daily difference in basal glucose uptake 

whenn this difference is small. 

Wee could not reproduce the pronounced difference in 3H-2DG uptake between 

ZT22 and ZT10 that was found in skeletal muscle and lung tissue when the experiment 

wass repeated in a new group of animals under very similar experimental conditions. 

Thiss may have been due to a variation in the technical execution of the experiments 

orr the analytical procedures. The high 3H-2DG levels in lung and skeletal muscle tis-

suee in experiment 1 were not measured within the same animal, i.e. different animals 

contributedd to the high 3H-2DG values in the two different tissues. 

Iff  the SCN modulates basal glucose disposal, this may be mediated via daily changes 

inn glucose transporter (GLUT) expression. Because we expected that skeletal muscle 

mayy be an important site for glucose uptake, we assessed the expression of two glu-

cosee transporters in this tissue, i.e. GLUT1 and GLUT4. We cannot draw conclusions 

aboutt GLUT1 yet, because better primers are needed for reliable expression analysis. 

GLUT44 expression did not differ between the onset and end of the inactivity period 

(ZT22 and ZT10). This may be explained by the fact that GLUT4 mainly stays intracel-

lularly,, unless it is recruited to the cell membrane by insulin. The expression level and 

thee size of the intracellular GLUT4 pool may therefore remain relatively constant, 

whereass GLUT4 translocation to the cell membrane may vary over the L/D cycle. 

Furthermore,, gene expression may not reflect the amount of protein in the tissue. We 

initiatedd a pilot study to assess the amount of GLUT4 protein in the cell membrane, 

relativee to the intracellular GLUT4 pool. At two moments of the L/D cycle, we col-

lectedd skeletal muscle tissue from rats treated with an insulin bolus ten minutes before 

thee isolation of tissue, as well as from untreated control animals. As we are still in the 

processs of optimizing the experimental set up, we are not able to present any data 

fromm this pilot yet. 

Inn conclusion, we were not able to show a daily rhythm in tissue-specific, basal glu-

cosee uptake. Most likely, however, this is due to the fact that the 3H-2DG technique 

iss not suitable for our purposes, preventing the detection of non-(insulin)-stimulated 

differencess in glucose uptake. 
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