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Dynamics of 02 Consumption in Rat Pancreatic Islets 

J. C. Hutton and W. J. Malaisse 

Laboratory of Experimental Medicine, Brussels Free University Medical School, Brussels, Belgium 

Summary. The 0 2 consumption of rat pancreatic 
islets was determined by monitoring pO 2 in the 
perifusate from groups of 200-300 islets. Basal respi- 
ration was maintained for up to 2 h. The insulin se- 
cretagogues, glucose and 4-methyl-2-oxopentanoate, 
provoked an immediate (<5 s) increase in islet respi- 
ration which attained a new steady-state within 
10-40 min. The respiratory changes were immedi- 
ately reversible upon removal of the substrate and 
were parallelled by changes in insulin release and 
substrate oxidation. The concentration dependence 
of glucose-induced respiratory changes was sigmoidal 
with a threshold at 3 mmol/1. The concentration 
dependence with 4-methyl-2-oxopentanoate was 
characterised by a hyperbolic relationship. The weak 
insulin secretagogues 3-methyl-2-oxobutyrate and 
d,l-3-methyl-2-oxopentanoate, although stimulating 
islet respiration were not more effective than 4- 
methyl-2-oxopentanoate at non-insulinotropic con- 
centrations. Rotenone, antimycin and oligomycin 
inhibited both basal 02 consumption and the ability 
of glucose and 4-methyl-2-oxopentanoate to increase 
islet respiration. 2,4-Dinitrophenol increased islet 02 
consumption. The omission of Ca 2+ and Mg 2+ from 
the perifusing media, or the addition of the 
ionophore A23187, had little effect on respiration. 
The omission of K + inhibited glucose-induced 
changes but had a lesser effect in the absence of sub- 
strate or in the presence of 4-methyl-2-oxopentano- 
ate. The omission of HCO 3- reduced both basal and 
secretagogue-induced changes in islet respiration. It 
is concluded that mitochondrial 02 consumption 
linked to oxidative phosphorylation is a major com- 
ponent in the respiratory response, and that some 
energy consuming process in the islets depends on 
the availability of HCO3-. Mitochondrial reactions 
may generate a signal initiating the secretory process. 

Key words: Islets, insulin release, glucose, 2-oxo 
acids, 02 consumption, respiration. 

The importance of oxidative metabolism in the 
stimulus-secretion coupling of insulin release is illus- 
trated by the finding that nutrient secretagogues 
increase islet respiration [1-4], and that agents which 
interfere with mitochondrial electron transport or 
oxidative phosphorylation are potent inhibitors of 
insulin release [5-7]. The rates of oxidation of vari- 
ous carbohydrate homologues and anomers are cor- 
related to their secretory capacities [8-10], though 
such a correlation is not observed when comparing 
metabolisable secretagogues of differing chemical 
structure [11, 12]. The question remains as to 
whether oxidative metabolism is important in the 
generation of a signal initiating insulin release or 
merely plays a supportive role in the stimulus-secre- 
tion coupling mechanism by providing metabolic 
energy for as yet undefined reactions possibly associ- 
ated with ion transport or biosynthetic activity. 

The present communication investigates the tem- 
poral relationship between changes in islet respira- 
tory activity, substrate oxidation and insulin secretion 
in perifused rat pancreatic islets. The two principal 
secretagogues presently used, glucose and 4-methyl- 
2-oxopentanoate (2-ketoisocaproate; KIC) were 
chosen to represent metabolisable nutrients of high 
insulinotropic potency which share only the tricar- 
boxylic acid cycle as a common metabolic pathway. 
The nature of the 0 2 consuming reactions was inves- 
tigated by using a number of inhibitors or modifiers 
of insulin release. 
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Materials and Methods 

Chemicals 

Enzymes, cofactors, oligomycin and antimycin were obtained from 
Boehringer, Mannheim, Germany; 2,4-dinitrophenol from BDH, 
Poole, U.K.,  and 2 keto acids, valinomycin, luminol (5-amino- 
2,3-dihydro-l,4-phthalazinedione), cycloheximide, rotenone and 
bovine serum albumin from Sigma, St. Louis, MO, USA. The 
ionophore A23187 was a gift from Eli Lilly, Indianapolis, IN, 
USA. All other reagents were of analytical reagent grade and 
obtained from Merck, Darmstadt, Germany. Radioisotopes were 
obtained from The Radiochemical Centre, Amersham, Bucks, 
U.K. With the exception of [2-14C]pyruvate, all labelled 2-keto 
acids were prepared by the enzymic oxidation of the corresponding 
1-amino acid using 1-amino acid oxidase (EC 1.4.3.2) in the pre- 
sence of catalase (EC 1.11.1.6) [ 13]. [U- 14C] isovalerate was pre- 
pared by the oxidation of [U-14C] KIC with ceric sulphate [14]. 

Islets and Perifusion Media 

Islets were isolated from the pancreases of fully fed 200 g female 
Wistar rats by the coUagenase digestion technique [15]. Groups of 
200 islets were collected in ice-cold Hank's saline supplemented 
with 3.3 mmol/1 glucose. The islets were rinsed three times in fresh 
medium and then transferred to the perifusion chamber. The 
perifusion medium in most experiments was a Krebs-bicarbonate 
buffer, pH 7.5, with bovine serum albumin 5 mg/ml [16]. The C1- 
content of the media ranged from 84-124 mmol/1 since NaC1 in 
many cases was replaced by the sodium salts of acidic substrates in 
order to maintain iso-osmolarity. Equilibration with a 95% air, 
5% CO 2 (v/v) atmosphere was achieved by passing a stream of 
humidified gas at 100-200 ml/min above the media contained in a 
250 ml Erlenmeyer flask. This step and all subsequent operations 
were performed in a chamber maintained at between 36.9 and 
37.1 ~ Bicarbonate-flee media were prepared by substitution of 
HCO 3- by 25 mmol/1 Hepes (2-(N-2'-hydroxyethyl piperazine- 
N'-yl-ethane sulphonate) with appropriate adjustments being 
made in NaCI content to maintain iso-osmolarity; the final pH was 
adjusted to 7.5 with carbonate-free NaOH, and the gas phase was 
ambient air. 

Dynamics of 0 e Consumption 

The perifusion chamber was a 2 cm length of 6 mm i. d. glass tub- 
ing into which was inserted at both ends a stainless-steel cannula 
(0.58 mmi.  d., 1 mm o. d.) covered by successive layers of silicone 
rubber tubing to achieve an o. d. of 6.05 mm. The internal volume 
of the chamber was 30 ~d, and the islets were placed in the centre 
of the chamber between two 6 mm glass fibre discs (Whatman GF/ 
A) separated by a 0.6 mm x 6 mm o. d. spacer ring of cellulose 
nitrate. The chamber was connected on one side to a medium 
reservoir (75 mm x 10 mmi.  d. tube) and on the other to a Clark- 
type 02 electrode assembly (Radiometer E5046 in a D616 ther- 
mostatised cell; Radiometer, Copenhagen, Denmark) the outlet of 
which was connected via a perifusate pump (LKB 12000, Stock- 
holm, Sweden) to a fraction collector (LKB 7000). All connections 
were made with short pieces of 0.41 mm i. d., 2 mm o. d. tubing 
(Technicon, NY, USA). The overall volume of the system was 
180 gl, the flow rate 100 ~tl/min, and the dead space between the 
reservoir and electrode 60 ~tl. 

The 02 electrode response was monitored with a Radiometer 
PHM 72 blood gas analyser (Radiometer, Copenhagen, 
Denmark), the output of which was registered on a potentiometric 
chart recorder (Servegor S, Goer 2, F. R. G.) equipped for scale 

expansion and background suppression. An initial recording of the 
media pO 2 was attained using an empty perifusion chamber. The 
chamber was then replaced with one containing islets, and after a 
steady state was attained (20-30 min), the experiment was per- 
formed. The islet oxygen consumption was calculated from the 
preset flow rate and the observed decrease in the pO 2 in the 
perifusate. The relationship between pO 2 and the 02 content of 
the media was established from 02 solubility data [17] with 
appropriate corrections for atmospheric pressure and H20 vapour 
pressure. 

Dynamics of Insulin Release 
and Islet Acetoacetate Production 

Insulin in the effluent was assayed by the procedure of Wright et 
al. [18]. Acetoacetate was determined enzymatically on HC104- 
deproteinised extracts of the perifusate by a fluorimetric technique 
[19]; the recommended procedure was modified in that a smaller 
volume of enzymatic reagent (100 btl) was used and that the reac- 
tion product NAD + was determined by the alkali-induced 
fluorescence method [20]. 

Dynamics of 14C02 Production 

Radioactive CO 2 produced by the islets from uniformly 14C-label- 
led substrates was trapped as Ba14CO3 by collecting the effluent 
perifusate (2-min sample) in 300 ~tl of a solution which contained 
initially 20 mmol/1 NaOH and 150 mmol/1 BaC12. The precipitated 
material was isolated by centrifugation (2000 g for 10 rain) and 
washed twice with the alkaline BaC12 solution. The tube (3.5 cm • 
6 mm i. d.) with the final precipitate was placed in a liquid-scintil- 
lation counting vial which contained 0.5 ml hyamine hydroxide 
(Packard Instrument Co., Downer Groves, IL, USA). The vial was 
sealed with a rubber septum and 100 [xl of 0.2 mol/1 HC1 injected 
into the tube. The vials were shaken for 1 h at 37 ~ and the 
radioactivity in the hyamine hydroxide phase was determined by 
liquid-scintillation counting after adding 10 ml of a toluene based 
scintillation fluid (Lipoluma, Lumac Ind., Basel, Switzerland). 
Samples of the perifusate which contained either the labelled sub- 
strate or NaH14CO3 were passed through the entire procedure in 
order to attain a blank determination (about 60% of the observed 
incorporation) and to correct for losses of x4CO2 (69.7 + 2.1% 
recovery, mean + SEM, n = 4) in the procedure. 

Analyses Performed in Long-term Incubations 

Insulin released from groups of 8 islets incubated for 90 min in 
1 ml buffer, and 14CO2 formed from 14C-labelled substrates by 
groups of 15 islets incubated for 120 min in 50 lxl buffer, were 
determined by methods previously described [9, 16]. In these 
experiments the gas phase used was 95% 02/5% CO 2. 

1t202 Production 

Groups of 30-50 islets placed in 30 mm • 5 mm i. d. pyrex tubes 
were incubated for 2 h at 37 ~ in 50 ~tl medium. The medium was 
then withdrawn and injected into 300 ~tl of a solution which con- 
tained 0.5 mmol/1 luminol and 0.1 mol/l NaOH. Luminescence 
was determined (Chem-Glow Photometer; American Instrument 
Co., Silver Spring, MD, USA) and recorded on a moving paper 
chart. The steady-state luminescence recorded 30 s after initiation 
of the reaction was calibrated by the subsequent injection of 
standard H202 solutions (0.1-10nmol).  Blank determinations 
were made from incubations not containing islet tissue. 
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Fig. 1. Dynamic response in islet acetoacetate production, 0 2 con- 
sumption and insulin release on stimulation with KIC. Groups of 
200-300 islets were perifused for 30 min the absence of substrate 
and then exposed to 15 mmol/1 KIC for 20 min. The plotted values 
are the mean +_ SEM of results obtained in 5 separate experi- 
ments. Each variable is shown as the increment observed in the 
presence of the substrate. Basal 02 consumption was 8.1 _+ 
0.8 pmol/min/islet, basal insulin release 0.14 +_ 0.13 ~tU/min/islet 
and basal acetoacetate production 0.49 + 0.13 pmol/min/islet 

Presentation of Results 

Determinations of islet respiration were performed on at least 4 
separate batches of islets; however, the results shown are actual 
recordings from single experiments which illustrate the results 
obtained in the overall experimental series. Tabulated values of 02 
consumption correspond to the steady-state value 10-30 rain after 
the change in medium composition. Results are expressed as the 
mean _+ SEM with the number of separate observations indicated 
in parentheses. The statistical significance of differences was esti- 
mated by two-tailed Student's t test. 
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Fig. 2. Islet respiratory response to glucose and KIC. Groups of 
200 rat pancreatic islets were perifused with a substrate-free me- 
dium for 20 min and then exposed to either 27.8 mmol/1 glucose 
(solid line) or 15 mmol/1 KIC (dotted line). The results shown 
were obtained in two separate experiments and illustrate differ- 
ences which were observed in the short term and long-term respi- 
ratory response of islets to these substrates. The change in pO e is 
shown relative to the pO 2 recorded prior to the introduction of the 
substrate ( - - - - )  

R e s u l t s  

Technical Considerations 

T h e  drif t  in the  p O  2 signal  r e c o r d e d  f rom the  assem-  
b l ed  pe r i fus ion  sys tem was < 2 % / h  when  no  t issue 
was p r e se n t  and  < 4 % / h  in the  p r e s e n c e  of t issue.  
T h e  d e c r e m e n t  in p O  2 caused  b y  the  i n t roduc t ions  of  
t issue was a p p r o x  15 to  2 0 %  of the  ini t ia l  pO2. 
R e s p i r a t i o n  was m a i n t a i n e d  for  up  to  2 hours  in the  
absence  of  subs t ra te  bu t  t h e r e a f t e r  dec l i ned  rapid ly .  
A p e r t u r b a t i o n  in the  r e sp i r a t i on  r a t e  of  as l i t t le  as 
5 %  was d e t e c t a b l e  p r o v i d e d  this o c c u r r e d  ove r  a 
t ime  in te rva l  of 5 min  o r  less. 

The  use of  a i r / C O  2 r a t h e r  than  O 2 / C O  2 as the  gas 
phase  was  d i c t a t ed  b y  the  g r e a t e r  s tab i l i ty  of  m e d i a  
p r e p a r e d  at  c lose  to  a m b i e n t  p O  2 and  the  g r ea t e r  
re la t ive  change  in p O  2 i n d u c e d  by  is le t  r e sp i ra t ion .  
L o w e r i n g  the  m e d i u m  pO2 to this ex ten t  d id  no t  a l t e r  
s ignif icant ly  the  ox ida t i on  of  [U-14C] l abe l l ed  sub-  
s t ra tes  o r  the  insu l ino t rop ic  ac t ion  of g lucose  
(16.7 mmol/1)  and  K I C  (10 mmol/1) .  

The Dynamic Response to KIC 

E x p o s u r e  of  islets to  K I C  p r o v o k e d  an i m m e d i a t e  
( <  5 s) change  in is let  r e sp i r a t i on  which  i nc r ea sed  
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Fig. 3. Dynamic response of changes in islet respiration and 1 4 C 0 2  

production in the presence of [U-14C] KIC. Islets were perifused 
with substrate-free buffer for 30 min prior to the introduction of 
[U-14C] KIC (25 mmol/1, 10 ~Ci/ml) into the perifusate. Results of 
a typical experiment are shown in which islet 02 consumption 
(continuous trace) and ]aCO2 formation (discontinuous trace) 
were determined simultaneously. The basal 02 consumption in this 
experiment was 15.7 pmol/min per islet 
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Fig. 4. Dynamic response of islet 02 consumption and insulin re- 
lease to 27.8 retool/1 glucose. Groups of 200-300 islets were peri- 
fused for 30 min in a substrate-free medium and then exposed to 
27.8 mmol/1 glucose over a 20 min interval. The plotted values are 
the mean + SEM of results obtained in 3 separate experiments. 
Each variable is shown as the increment observed in the presence 
of the substrate. Basal 02 consumption was 7.7 _+ 0.6 pmol/min 
per islet, and basal insulin release 0.34 + 0.13 uU/min per islet 

usually in a monophasic manner to attain a new 
steady-state after 10 to 20 min (Figs. 1 and 2). 
Removal of KIC invoked a rapid decrease in islet O2 
consumption, the respiratory rate then returning to 
that observed before the substrate was added. The 
half-time for the on-response was 1.7 min and for the 
off response 2.5 min. The half-time of the response 
of the perifusion system tested with square wave 
changes in medium p O  2 w a s  2 0  s. 

Changes in the insulin and acetoacetate content 
of the perifusate evoked by KIC followed a time 
course similar to the changes in islet respiration 
(Fig. 1). The acetoacetate response, although 
immediate, developed more slowly and was less 
rapidly reversed than either respiration or insulin 
release. As shown in Figure 3, the time course of 
14C02 production from 25mmol/1 [U-14C] KIC 
resembled that of O 2 uptake. The apparent respira- 
tory quotient (mole 14CO2/mole 02) was about 1.3, a 
value comparable to that expected on the basis of 
combination of 3 moles of 02 with one mole of 
[U-14C] KIC to yield one mole of acetoacetate and 3 
moles of 14CO2. 

The Dynamic Response to Glucose 
and Other Substrates 

The respiratory response to glucose was rapid in 
onset (less than 5 s), sustained, and rapidly reversible 
(Figs. 2 and 4). Compared to the respiratory 
response to KIC that obtained with glucose initially 
developed more slowly and did not reach a true 
steady-state until after 40 min. These differences 
were reflected in the time course of insulin release 
invoked by glucose; insulin release was not observed 
within 1 min of exposure to glucose, and the rate of 
secretion increased progressively. The decrease in 
respiratory rate and insulin release upon removal of 
glucose was more rapid than with KIC. 

The dynamic responses of islet respiration to all 
other 2-oxo acids and amino acids tested (Table 1) 
were qualitatively similar to that observed with KIC 
in that the response was initiated as rapidly, and 
attained a steady-state within 10-20 rain after the 
change in medium composition. 

Concentration-dependence of Respiratory Changes 

Glucose at a concentration below 2.8 mmol/1 did not 
cause a significant change in islet O2 consumption 
within 15 min, but higher concentrations provoked a 
marked increase in respiratory activity (Fig. 5). Rep- 
resentation of the results shown in Figure 5 on a 
logarithmic concentration scale yielded a linear rela- 
tionship, which when extrapolated to a zero incre- 
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Table 1. Relationship between respiratory rate, substrate oxidation and insulin release. The increment in islet respiratory rate observed 
10-20 min after the introduction of the indicated substrates into the perifusate is expressed relative to the increment in respiratory rate 
induced by 10 mmol/1 KIC within the same experiment. The mean basal 02 consumption was 486 + 43 pmol O2/h/islet (n = 18), and the 
mean increment induced by 10 mmol/1 KIC was 200 _+ 19 pmol O2/h/islet (n = 18). The rate of substrate oxidation was determined over a 
120 min incubation in the presence of 14C-labelled substrates. The rates of incorporation of radioactivity into a4CO2 calculated as pmol 
substrate were multiplied by the number of carbon atoms in each compound and expressed relative to the value observed with 10 mmol/l 
KIC in the same experiment. All substrates were uniformly labelled except for succinate, [2,3-t4C], and pyruvate, [2-14C]. The rate of 
oxidation of KMV was determined with the 1-stereoisomer of the radioisotope but in the presence of a racemic mixture of unlabelled 
substrate; results are expressed as if both stereoisomers were equivalently oxidised. The mean rate of [U-t4C]-KIC oxidation observed in 
these experiments was 164 _+ 10pmol 14CO2/h/islet (n = 40). Insulin release was determined over a 90 rain incubation. Results are 
expressed relative to those obtained with 10 mmol/1 KIC in the same experiment. The mean basal secretory rate was 22.3 _+ 1.4 lxU/90 
rain/islet (n = 50) and the rate observed in the presence of 10 mmol/1 KIC 155 _+ 9 ~tU/90 min/islet (n = 63). Each tabulated value is the 
mean • SEM of results obtained with separate batches of islets, the number of batches used being shown in parentheses 

Substrate Increment in 02 consumption Substrate oxidation Insulin release 

KIC 10mmol/1 100.0_+ 9.5 (18) 100.0_+ 6.0 (40) 100.0_+5.0 (63) 
KIC 4mmol/ l  48.4_+ 6.2 (4) 73.8_+ 4.1 (16) < 2 0  (16) 
Glucose 11mmol/l  68.9_+10.5 (8) 78.0_+ 4.7 (8) 106.0_+4.0 (16) 
Leucine 40mmol/1 69.0_+ 6.2 (3) 80.2_+17.9 (19) 46.3_+2.3 (16) 
KMV 20mmol/ l  57.0_+ 3.2 (5) 62.0_+ 9.6 (8) 37.2_+3.2 (30) 
KIV 20mmol/1 52.0_+ 6.1 (4) 59.4_+12.1 (14) < 20 (16) 
Pyruvate 10mmot/1 25.2_+ 1.2 (4) 58.0_+10.6 (8) < 20 (16) 
Glutamine 10retool/1 22.7_+ 2.7 (3) 136.0_+11.3 (8) < 20 (16) 
Isovalerate 20 mmoI/I - 0 (3) 30.3_+ 5.7 (8) < 20 (16) 
Succinate 20 mmol/1 - 0 (3) 25.7_+ 5.7 (7) < 20 (16) 

ment in islet respiration indicated that the threshold 
of the glucose-induced changes occurred between 3 
and 3.5 mmol/1. 

The concentration dependence of the respiratory 
response to KIC (Fig. 5) was hyperbolic, there being 
no evidence of a threshold response. 

The finding that marked changes in 02 consump- 
tion were induced by KIC at concentrations well 
below those provoking insulin secretion [21] was 
further investigated by comparing the effects of this 
2-keto acid with the effects of the weak insulin se- 
cretagogues 3-methyl-2-oxobutyrate (2-ketoisoval- 
erate; KIV) and d,l-3-methyl-2-oxopentanoate 
(d,l-2-keto-3-methyl valerate; KMV) [14]. The 
concentration dependencies of KIV- and KMV- 
induced respiration were identical to KIC-induced 
changes but only up to a concentration of 3.3 mmol/1 
whereafter only KIC induced a further increment in 
02 uptake (Fig. 6). It is interesting that the threshold 
for KIC-induced insulin release lies at 4 mmol/1 [21]. 
The rate of respiration in the presence of 20 mmol/1 
KMV was equivalent to that in the presence of 
6.0 mmol/1 glucose. 

Relationship of Respiratol y Changes 
to Substrate Oxidation and Insulin Release 

Comparisons of the respiratory response on islets to 
various substrates, and to the rates of oxidation and 
insulinotropic effect of these substrates, established 
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Fig. 5. Response of islet respiration to variation in the concentra- 
tion of glucose and KIC, Islets were perifused for 30-40 min with 
substrate-free medium and then exposed to either glucose (open 
circles) or KIC (closed circles) until a new steady-state respiratory 
rate was observed (about 20 rain). The medium substrate concen- 
tration was then increased or decreased in 3 or 4 successive steps 
before returning to a substrate-free medium and terminating the 
experiment. Each plotted value is the mean +_ SEM of results 
obtained in 8-16 separate experiments. The mean basal respira- 
tion in these experiments was 8.1 -+ 0.8pmol/min per islet 
(n = 18) 
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Fig. 6. Effect of related 2 keto acids upon islet respiration. Batches 
of 200 islets were perifused for 20 min in the absence of substrate 
and then exposed for a 10 rain interval successively to KIV (closed 
circles), KMV (asterisks) and KIC (open circles) at each of the 
concentrations indicated. Each result is the mean of four determi- 
nations performed in two separate experiments 
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Fig. 7. Relationship between the effect of various substrates on 
islet respiration and insulin release. The respiratory response of 
islets was determined in the perifusion system presently described 
in the presence of KIC (open circles), d-glucose (closed circles), 
Meucine (triangle) and non-secretagogue nutrients (stars; see Ta- 
ble 1). Insulin release determined over a 90 min incubation is 
taken from references 14 and 21. Each result is expressed relative 
to the effect observed in the presence of 10 mmol/1 KIC 

in batch-type incubations, are shown in Table 1. All 
the substrates examined were oxidised by islets, but 
their oxidation did not parallel their effects on respi- 
ration. This difference could not be attributed simply 
to differences in the O2/CO 2 stoichiometry of the 
respective metabolic pathways, certainly not in the 
case of glutamine, pyruvate, isovalerate and succi- 
nate for which wide discrepancies between oxidation 
and respiration were observed. As found by previous 

authors [8-12] a general correlation between rates of 
insulin release and substrate oxidation under such 
conditions was observed. However there were excep- 
tions, exemplified in the present experiment by 
glutamine. 

A much closer correlation was seen between 
respiratory response and insulin release. Compounds 
which were insulin secretagogues provoked larger 
increases in 02 consumption than did non-secretago- 
gues; indeed, no substrate was encountered which 
markedly stimulated islet respiration but not insulin 
release. The correlation of the insulinotropic and 
respiratory response was also born out from studies 
of the concentration dependencies of KIC- and glu- 
cose-induced changes (Fig. 7). However, at any given 
rate of insulin secretion the respiratory response to 
KIC was about 1.4 • that to glucose. 

Effect of Pharmacological Agents 

Rotenone 3 ~mol/1, or 5 ~tmol/1 antimycin A, rapidly 
inhibited the respiration of islets leading to a new 
steady-state at 0-30% of the basal rate within 10-15 
min (Fig. 8). Inhibition was seen in the absence of 
substrate and in the presence of glucose (2.8- 
28 mmol/1) or KIC (3.3-25 mmol/1). 

2,4-Dinitrophenol, 0.1-0.2 mmol/1, provoked an 
immediate and marked increase in islet respiration 
which occasionally persisted for 10 min or more 
before being replaced by an inhibitory effect of 
increasing intensity. The stimulatory response to 2,4- 
dinitrophenol was augmented in the presence of glu- 
cose or KIC or a combination of these substrates. 
The magnitude of the response to 2,4-dinitrophenol 
was proportionate to the extent to which the sub- 
strate(s) itself stimulated respiration (Fig. 9). 

In the absence of substrate or in the presence of 
KIC, 1-10 ~tmol/1 oligomycin immediately though 
progressively inhibited islet respiration. The subse- 
quent addition of either 0.1 mmol/1 2,4-dinitro- 
phenol or 1 ~tmol/1 valinomycin caused an increase in 
respiration, but the rate attained was less than that 
observed in the presence of uncoupler alone. 

The ionophore A23187, 0.1-12 ~tmol/1, in the 
presence of 10mmol/1 KIC did not affect islet 
respiration over 20 min (Fig. 10). Cycloheximide, 
36 ~tmol/1, caused only a 7% fall in respiratory rate 
when used in the presence of 10 mmol/1 KIC (data 
not shown). 

Effect of Modification of the Ionic Composition 
of the Perifusate 

The effect of the omission of Ca 2+, Mg 2+ or K + from 
the perifusate was tested in several different pro- 
tocols which included the simultaneous removal of 
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Fig. 8. Effect of antimycin A, rotenone and oligomycin on islet 
respiration. Groups of 200 islets were perifused either in the ab- 
sence of substrate (A) or in the presence of 20 mmol/1 KIC (B). At  
the time indicated by the first arrow ( ' )  5 ~tmol/1 antimycin A (A 1 
& B1), 3 ~tmol/1 rotenone (B2) or 1 pmol/l oligomycin (A 2 & B3) 
was added to the perifusate. From the time indicated by the second 
arrow (i.) 0.1 ~tmol/1 valinomycin was combined with i ~mol/1 oli- 
gomycin (A 3 & B4). The results shown are traces of direct re- 
cordings of perifusate pO 2 obtained in 5 separate experiments. The 
results are shown with a common baseline (Ao or Bo) which was the 
mean change in pO 2 observed under each substrate condition. 
Circles were superimposed on the traces obtained in the presence of 
either oligomycin (o) or both oligomycin and valinomycin ( . )  
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Fig. 9 .  Effect of 2,4-dinitrophenol on islet respiration. Groups of 
200 islets were perifused in the absence of metabolisable substrate 
for 20 rain and then in the presence of either glucose or KIC. 
When a steady-state of respiration was reached (10-30 min) 
0.2 mmol/1 2,4-dinitrophenol was introduced in the perifusate. 
The results shown are direct recordings from experiments with 4 
different batches of islets. In each case the change in pO 2 is shown 
relative to the pO 2 recorded prior to the introduction of substrate 
( - - - ) .  The time of introduction of 2,4-dinitrophenol is indicated 
by the vertical dashed line. (A) No exogenous substrate; (B) 
5 mmol/l glucose; (C) 10 mmol/1 KIC; (D) 20 mmol/1 KIC com- 
bined with 20 mmol/1 glucose 
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Fig. 10. Effect of various modifications in buffer ionic composition 
and the presence of antimycin A or the ionophore A23187 up- 
on islet respiration. The results illustrated were taken from the 
same or different experiments all conducted in the presence of 
20 mmol/1 KIC. Groups of 200 islets were perifused with the com- 
plete media for 5-10 min before the media of altered composition 
was introduced (;).  Experiments which investigated the effects of 
K +, Mg 2+ and Ca 2+ were performed in the same batch of islets. 
Experiments with HCO 3- were conducted in the presence of 
25 mmol/1 Hepes buffer containing initially 2.5 mmol/1 NaHCO 3 

the three ions, their removal individually or their 
removal in pairs. Experiments were conducted either 
in the absence of substrate or in the presence of 
10-20 mmol/1 KIC or 27.8 mmol/1 glucose. Alterna- 
tively, islets were perifused in the absence of sub- 
strate, the ion of interest then omitted from the 
medium for 10 min, the substrate of interest then 
added, and finally the cation readmitted. All experi- 
mental approaches yielded essentially the same 
results and are summarised in Table 2 and Figure 10. 

The omission of Ca 2+ or Mg 2+ in any given pro- 
tocol did not markedly affect the basal rate of respi- 
ration or the changes induced by glucose or KIC. 

The omission of K + resulted in a rapid though 
small decrease in the basal respiratory rate which 
attained, within 5 min, a new steady-state value. The 
effect of K + removal was fully reversed within 10 min 
of the readmission of the cation into the perifusate. 
The effect of K + omission in the presence of KIC was 
quantitatively similar to the effect observed in the 
absence of substrate, there being a diminution in the 
respiratory rate of about 10%. In contrast, K + omis- 
sion in the presence of glucose resulted in a marked 
decreased in the respiratory rate such that the new 
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Table 2. Effect of media K + and bicarbonate concentration on islet respiration in the absence of substrate or in the presence of glucose and/ 
or KIC. The effect of K + omission was investigated in the presence of a bicarbonate buffer (24 mmol/1) equilibrated with 95% air, 5% CO 2 
(by vol.) (buffer A), and the effect of bicarbonate omission in the presence of a Hepes buffer (25 mmol/1) equilibrated with ambient air 
(buffer B). Unless specified the K + concentration of both buffers was 5 mmol/1, and the bicarbonate concentration in buffer B was 
2.5 mmol/l. The islet rate of respiration observed in the complete media is expressed in absolute terms. The rate of respiration observed 10 
rain after removal of the relevant ion is expressed in percent of the paired control value. Each value is the mean +_ SEM of results obtained 
in separate experiments; the number of such experiments is shown in parentheses. The statistical indices refer either to the difference in 
control value attributable to the buffer used, or to the effect attributable to the removal of K + or bicarbonate (a p < 0.01; b p < 0.02; 
c p < 0.05; d p < 0.10). N.D. not determined 

Buffer A Buffer B 

Substrate Control No K + Control No HCO 3- 
(pmol/min per islet) % (pmol/min per islet) % 

None 8.5+_1.5 (4) 89.3+1.5 a 5.5+_0.4 (3) 72.7+9.3 d 
Glucose 27.8 mmol/1 12.2+-1.2 (4) 71.2+5.0 b 8.9+_0.7 (3) 77.1_+5.7 a 
KIC 10.0mmol/1 11.1+-1.0 (4) 89.0+1.1 a 8.2+-0.5 (3) 83.4+_6.1 
Glucose 20 mmol/l and 
KIC 20mmol/1 14.8+_0.7 (3) N.D. 11.5+0.8 c (3) 84.7_+3.0 c 
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Fig. 11 A and B. Effect of media cation composition on the respir- 
atory response evoked by glucose and KIC. Groups of 300 islets 
were perifused for 10 min with substrate-free media which was 
either of normal ionic composition (upper trace) or depleted of 
Ca 2+, Mg 2+ and K + (lower trace). At the indicated time (,[,) either 
11.1 retool/1 glucose A or 10mmol/1 KIC B was introduced 
into the perifusate. The substrate was removed at the time indicat- 
ed by the second arrow (~) 

steady-state value was no greater than the basal 
respiratory rate before glucose was added. Glucose 
added to a perifusate depleted of K +, Ca 2+ and Mg 2+ 
likewise failed to stimulate islet respiration, again in 
contrast to the effect of KIC (Fig. 11). 

The effect of HCO 3- was investigated using a 
perifusate buffered with 25 mmol/1 Hepes. Control 
experiments and published data [22] suggested that 
2.5 mmol/1 HCO 3- was sufficient for the close-to-full 
expression of the insulinotropic potential of the sub- 
strates presently used. The minor variation in 
medium pH and pO2 which occurred as a result of 

changing the HCO3- concentration did not signific- 
antly influence the results. 

Removal of HCO 3- from a perifusate previously 
containing 2.5 mmol/1NaHCO3 caused an immediate 
( < 5  s) and rapidly developing inhibition of islet 
respiration which reached a new steady-state within 
10 min (Figs. 10 and 12). The relative magnitude of 
the inhibition was similar in the absence of substrate 
and in the presence of 5-27.8 mmol/1 glucose or 
10-20 mmol/1 KIC (Table 2). The respiratory rate 
was fully restored by the subsequent addition of 
2.5mmol/1 NaHCO 3 and partially restored by 
0.25 mmol/1 NaHCO 3. The finding that such a low 
concentration of HCO 3- was effective suggested that 
the effect of HCO3- omission may have been under- 
estimated since contamination of the medium with 
atmospheric CO2 was unavoidable. 

H202 Production 

Islet production of H202 was not detected (i. e. 
< 20 pmol/h per islet) in the absence of substrate or 
in the presence of 20 mmol/1 glucose or 20 mmol/1 
KIC. In the case of KIC, however, a substantial pro- 
portion of any H202 produced would have been 
eliminated through chemical reaction with the sub- 
strate. 

Discussion 

The present results obtained by continuous monitor- 
ing of effluent pO2 in a perifusion system confirm, in 
several respects, previous findings obtained by the 
Cartesian diver method [1-3]. Thus, islet tissue 
maintained a significant rate of endogenous respira- 
tion for up to 2 h, and insulin secretagogues pro- 
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voked increases in O2 consumption, which were com- 
mensurate with their insulinotropic potencies. How- 
ever, the basal rate of islet respiration presently 
observed (about 8 pmol/min per ~g dry wt) was 2 to 
5 times higher than that previously reported [1, 2], 
although the relative increase induced by glucose 
(about 43% of basal at 27.8 mmol/1) was of similar 
magnitude. It was not possible to confirm the previ- 
ous observation [23] that succinate, in contradistinc- 
tion to its effect on islet insulin release, was a power- 
ful stimulus to islet respiratory activity. 

Relationship between Exogenous Substrate Oxidation 
and Respiratory Changes 

A general correlation was observed between the 
rates of 14C-labelled substrate oxidation and the 
effects of these substrates on islet respiration and 
insulin release. However, notable exceptions existed. 
In these experiments, no attempt was made to meas- 
ure the specific radioactivity of the 14CO2 formed. 
Thus, no account could be made of the extent to 
which exogenous substrate oxidation replaced that of 
endogenous nutrient. That such replacement may 
occur or that the exogenous substrate may undergo 
radioisotopic exchange with an endogenous pool of a 
related metabolite was suggested by the finding that 
rate of 14C02 production from any substrate was 
invariably greater than that which may have been 
predicted from its effect on O2 consumption (Table 
1). Although the radioisotopes used were nominally 
pure, it should also be remembered that the radioac- 
tivity recovered as  14C02 in most cases represented 
less than 0.1% of that present in the incubation 
medium. The possibility of artifactual changes in 
14CO2 production due to radioisotopic contamination 
should not be overlooked. 

The difference between the observed rate of 
14C02 production and that predicted from O 2 con- 
sumption measurements was less evident at higher 
rates of respiration. The results in Table 1 and Figure 
3 suggest that the increase in respiration induced by 
glucose and KIC was associated with oxidation of the 
secretagogue itself rather than with any major change 
in the rate of oxidation of endogenous nutrients. 

Concentration-dependence 
of Substrate-induced Changes in Respiration 

The finding that a threshold concentration of glucose 
existed below which respiratory changes were not 
apparent mimics in many ways the effect of glucose 
on various other indices of islet function [24]. In this 
respect, the minimal concentration of glucose 
required to evoke respiratory changes (about 
3 mmol/1) corresponded closely to the threshold for 

15 

ct 

T 

E t E B 

0 ~ 
o. 
"~ At 

l m i n  

Fig. 12. Effect of bicarbonate upon islet respiratory activity. 
Groups of 200 islets were perifused with media buffered with 
25 mmol/1 Hepes, pH 7.5, either in the absence of substrate (A) or 
in the presence of 27.8 retool/1 glucose (B) or 20 mmol/1 glucose 
combined with 20 mmol/1 KIC (C). The media initially contained 
2.5 mmol/1 NaHCO 3 which was omitted at the time indicated (7) 
and then latter reintroduced (r) 

changes in insulin biosynthesis, 86Rb o r  45Ca net 
uptake, but was lower than that required to stimulate 
insulin release from islets such as those presently 
used [24]. Insulin release, bioelectrical activity and 
changes in 45Ca movements induced by KIC also 
exhibit threshold responses to increasing concentra- 
tions [21]; however, the respiratory response to KIC, 
unlike that to glucose, appeared to be a continuous 
function of its concentration (Fig. 5). 

The respiratory response to KIC was greater than 
that to glucose, at the same insulinotropic concen- 
tration. A greater proportion of the reducing equiva- 
lents formed in the metabolism of glucose, however, 
pass via pyridine rather than flavin nucleotides than 
is the case for KIC, thus giving a higher P/O ratio 
when glucose is the substrate. Furthermore glucose, 
but not KIC, stimulates glycolysis in islet tissue [25, 
26]. When available quantitative data were con- 
sidered [25, 26], it appeared that the rate of ATP 
generation was the same at equivalent insulinotropic 
concentrations of glucose and KIC. 

The Dynamic Response in Islet Respiration 
to Insulin Secretagogues 

The finding that large increases in respiratory activity 
were provoked only by insulin secretagogues, and 
that the effects of glucose and KIC on insulin release 
parallelled their effects on respiration a n d  14C02 pro- 
duction supports the hypothesis that a metabolite or 
related cofactor [21, 27], rather than the secretago- 
gue molecule itself [28], provides the signal which 
initiates the secretory response. The findings that 
glucose or KIC exerted an immediate effect on islet 
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respiration and that the reversal of respiratory 
changes were accompanied by a decline in insulin 
release (Figs. 1 and 4) are also consistent with this 
hypothesis. The changes induced in islet respiration 
by KIC developed more rapidly than with glucose 
and were more slowly reversible, differences which 
parallelled the effects of these compounds on insulin 
release. 

The Nature of the Reactions 
Coupled to 02 Consumption 

Insulin secretory granules, like the storage granules 
of the adrenal gland and other secretory tissues, are 
reported to contain significant amounts of adenine 
nucleotides [29, 30]. In chromaffin granules [31] such 
accumulation may be associated with the presence of 
an uncoupler-sensitive respiratory chain. Thus the 
question arises as to whether extramitochondrial 
respiration may be an important component of the 
respiratory response of islet tissue to insulin secre- 
tagogues. Phagocytosing cells which, like islet tissue, 
respond to specific stimuli by an increased rate of 02 
consumption produce significant quantities of H 2 0  2 

through extramitochondrial single electron transfer 
reactions [32]. However, it was not possible to detect 
H202 production from islets incubated in the absence 
of substrate or in the presence of glucose. The finding 
that 2,4-dinitrophenol provoked an increased 
respiratory response of the same relative magnitude 
at different concentrations of secretagogues (Fig. 9), 
and the finding that antimycin A, oligomycin and 
rotenone inhibited islet respiratory activity (Fig. 8) 
suggest that islet 02 consumption was to a major 
extent linked to oxidative phosphorylation. 

The finding that the omission of Ca 2+ (Table 2) 
from the medium or the promotion of the uptake of 
divalent cations by the ionophore A23187 did not 
markedly affect islet respiratory activity suggested 
that the reactions involved in the transport or seques- 
tering of C a  2+ w e r e  not responsible for secretagogue- 
induced changes in islet respiration. The finding that 
cycloheximide failed to affect markedly the respira- 
tory response to KIC suggested that changes in pro- 
tein synthesis were not important in determining the 
respiratory response. 

The possibility that the handling of K + by islets is 
a major site of energy expenditure was investigated 
in experiments on the effects of omission of this 
cation from the media. The finding of a marked K + 
dependency for glucose-induced changes in respira- 
tion contrasted with the effects of K + removal in the 
presence of KIC (Figs. 10 and 11, Table 2). These 
differences are perhaps accounted for by the pre- 
sence of the K+-sensitive enzyme pyruvate kinase 

(EC 2.7.1.40) in the pathway of glucose metabolism 
[34]. 

The finding that bicarbonate removal exerted a 
marked effect on islet respiration both in the absence 
of substrate or in the presence of metabolisable se- 
cretagogues (Fig. 12, Table 2) may account for the 
present observation of a much higher rate of 02 con- 
sumption than has been previously reported using the 
Cartesian diver technique [1, 2]. Frankel et al. [4] 
have similarly reported high rates of 02 consumption 
in islets maintained in tissue culture medium. 

Islet tissue like several other tissues of the gas- 
trointestinal tract [35] contains a HCO3--activated 
ATPase [36], a finding consistent with the present 
sensitivity of islet respiration to the presence of bicar- 
bonate. Given the magnitude of the bicarbonate 
effect on respiration and the observation that bicar- 
bonate is essential for insulin release [22], it is con- 
ceivable that the handling of this anion constitutes an 
important physiological process in the stimulus-se- 
cretion coupling mechanism. 

Acknowledgements. This work was supported in part by grants 
from the Fonds de la Recherche Scientifique M6dicale (Brussels, 
Belgium). The authors are grateful to A. Tinant for technical 
assistance and to C. Demesmaeker and S. Procureur for secretarial 
help. J. C. H. was recipitent of a Pfizer Travel Award through the 
European Association for the Study of Diabetes. 

References 

1. Hellerstr6m C (1967) Effects of carbohydrates on oxygen con- 
sumption of isolated pancreatic islets of mice. Endocrinology 
81 : 105-112 

2. Hedeskov CJ, Hertz L, Nissen C (1972) The effect of manno- 
heptulose on glucose and pyruvate-stimulated oxygen uptake 
in normal mouse pancreatic islets. Biochim Biophys Acta 
261 : 388-397 

3. Asplund K, Hellerstr6m C (1972) Glucose metabolism of pan- 
creatic islets isolated from neonatal rats. Horm Metab Res 
4 : 159-163 

4. Frankel B J, Gylfe E, Hellman B, Idahl L_A, Landstr6m U, 
Lovtrup S, Sehlin J (1978) Metabolism of cold-stored pan- 
creatic islets. Diabetologia 15 : 187-190 

5. Coore HG, Randle PJ (1964) Regulation of insulin secretion 
studied with pieces of rabbit pancreas incubated in vitro. Bio- 
chem J 93 : 66-77 

6. Malaisse WJ, Malaisse-Lagae F, Wright PH (1967) A new 
method for the measurement in vitro of pancreatic insulin se- 
cretion. Endocrinology 80 : 99-108 

7. Aleyassine H (1970) Energy requirements for insulin release 
from rat pancreas in vitro. Endocrinology 87 : 84-89 

8. Ashcroft SJH, Hedeskov CJ, Randle PJ (1970) Glucose me- 
tabolism in mouse pancreatic islets. Biochem J 118:143-154 

9. Malaisse WJ, Sener A, Mahy M (1974) The stimulus-secretion 
coupling of glucose-induced insulin release. XV/II. Sorbitol 
metabolism in isolated islets. Eur J Biochem 47 : 365-370 

10. Malaisse WJ, Sener A, Koser M, Herchuelz A (1976) The 
stimulus-secretion coupling of glucose-induced insulin release. 
XXIV. Metabolism of a-  and r-D-glucose in isolated islets. J 
Biol Chem 251 : 5936-5943 



J. C. Hutton and W. J. Malaisse: 02 Consumption by Islets 405 

11. Hellman B, Sehlin J, T~iljedal I-B (1971) Effects of glucose 
and other modifiers of insulin release on the oxidative metabo- 
lism of amino acids in micro-dissected pancreatic islets. Bio- 
chem J 123:513-521 

12. Berne C (1975) The metabolism of lipids in mouse pancreatic 
islets. Biochem J 152 : 661-666 

13. Meister A (1952) Enzymatic preparation of a-keto acids. J 
Biol Chem 197:309-315 

14. Hutton JC, Sener A, Herchuelz A, Atwater I, Kawazu S, Bo- 
schero AC, Somers G, Devis G, Malaisse WJ (1980) Similari- 
ties in the stimulus-secretion coupling mechanisms of glucose- 
and 2-keto acid-induced insulin release. Endocrinology 106: 
203-219 

15. Lacy PE, Kostianovsky M (1967) Method for the isolation of 
intact islets of Langerhans from the rat pancreas. Diabetes 
16 : 35-39 

16. Malaisse WJ, Brisson GR, Malaisse-Lagae F (1970) The sti- 
mulus-secretion coupling of glucose-induced insulin release. I. 
Interaction of epinephrine and alkaline earth cations. J Lab 
Clin Med 76 : 895-902 

17. Hodgman CD (1949) Handbook of chemistry and physics, 
31st ed. Chemical Rubber Publ., Cleveland, p 1422 

18. Wright PH, Malaisse WJ, Reynold IJ (1967) Assay of partially 
neutralized guinea-pig anti-insulin serum. Endocrinology 
81 : 226-234 

19. Mellanby J, Williamson DH (1974) Acetoacetate. In: Berg- 
meyer HU (ed) Methods of enzymatic analysis, vol 4, 2nd ed. 
Academic Press, New York, p 1840-1843 

20. Lowry OH, Passonneau JV (1972) A flexible system of enzy- 
matic analysis. Academic Press, New York London 

21. Hutton JC, Sener A, Malaisse WJ (1979) The stimulus-secre- 
tion coupling of 4-methyl-2-oxopentanoate induced insulin re- 
lease. Biochem J 184:303-311 

22. Henquin JC, Lambert AE (1975) Extracellular bicarbonate 
ions and insulin secretion. Biochim Biophys Acta 381: 
437-442 

23. Hellerstrrm C, Westman S, Marsden N, Turner D (1970) 
Oxygen consumption of the B-celts in relation to insulin re- 
lease. In: Falkmer S, Helman B, T~ljedal I-B (eds) The struc- 
ture and metabolism of the pancreatic islets. Pergamon Press, 
Oxford, p 315-329 

24. Malaisse WJ, Sener A, Herchuelz A, Hutton JC (1979) Insulin 
release: the fuel hypothesis. Metabolism 28 : 373-385 

25. Sener A, Malaisse WJ (1976) Measurement of lactic acid in 
nanomolar amounts. Reliability of such a method as an index 
of glycolysis in pancreatic islets. Biochem Med 15 : 34-41 

26. Hutton JC, Sener A, Malaisse WJ (1979) The metabolism of 
4-methyl-2-oxopentanoate in rat pancreatic islets. Biochem J 
184:291-301 

27. Malaisse WJ (1977) The possible link between glycolysis and 
insulin release in isolated islets. In: Lindenlaub E (ed) Diabe- 
tes research today. Schattauer, New York, p 191-206 

28. Matschinsky FM, Ellerman J, Stillings S, Raybaud F, Pace G, 
Zawalich W (1975) Hexoses and insulin secretion. In: Hassel- 
blatt A, Bruchhausen FV (eds) Insulin, part 2. Springer, Berlin 
Heidelberg New York, p 79-114 

29. Leitner JW, Sussman KE, Vatter AE, Schneider FH (1975) 
Adenine nucleotides in the secretory granule fraction of rat 
islets. Endocrinology 95 : 662-677 

30. Douglas WW, Poisner AM, Rubin RP (1965) Efflux of ade- 
nine nucleotides from perfused adrenal glands exposed to ni- 
cotine and other chromaffin cell stimulants. J Physiol (Lond) 
179 : 130-137 

31. Njus D, Radda GK (1978) Bioenergetic processes in chromaf- 
fin granules. A new perspective on some old problems. Bio- 
chim Biophys Acta 463:219-244 

32. Babior BM (1978) Oxygen-dependent microbial killing by 
phagocytes. N Engl J Med 298 : 659-668 

33. Malaisse WJ, Hutton JC, Kawazu S, Herchuelz A, Valverde I, 
Sener A (1979) The stimulus-secretion coupling of glucose- 
induced insulin release. XXXV. The links between metabolic 
and cationic events. Diabetologia 16:331-341 

34. Sener A, Kawazu S, Malaisse WJ (1980) The stimulus-secre- 
tion coupling of glucose-induced insulin release. XXXVIII. 
Metabolism of glucose in K+-deprived islets. Biochem J 186: 
183-190 

35. Kasbekar DK, Durbin RP (1965) An adenosine triphospha- 
tase from gastric mucosa. Biochim Biophys Acta 105: 
472-482 

36. Sener A, Valverde I, Malalsse WJ (1979) Presence of a 
HCO3--activated ATPase in pancreatic islets. FEBS Lett 
105:40-42 

Received: May 18, 1979, 
and in revised form: November 23, 1979 

Dr. W. J. Malaisse 
Laboratoire de Mrdecine Exprrimentale 
Universit6 Libre de Bruxelles 
Boulevard de Waterloo, 115 
B-1000 Brussels 
Belgium 


