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Summary. In  intact  rats  16 h of fasting reduced the 
plasma insulin response to i.v. s t imulat ion with either 
glucose, to lbutamide or glibenelamide by  50-- 80 %, with- 
out affecting the extractable  insulin content of the  pan- 
treas. In  subsequent studies with the isolated perfused ra t  
panereas two dist inct  pat terns  of insulin release could be 
discerned during the secondary phase. In  the fed state, 
glucose 1.5 mg/ml induced a more or less constant  eleva- 
t ion of the insulin secretion rate  over 30 rain (type I). At  
glucose concentrations of 2 and 3 mg/ml the release pat-  
tern was characterized by  progressively increasing secre- 
t ion rates (type I I  pattern).  Infusion of to lbutamide  
(0.2 mg/ml) lowered the threshold for glueose s t imulat ion 
and induced both pa t te rns  of secretion at  lower glucose 
concentrations. Fasting for 24~ h caused a 70--80 % in- 

hibit ion of insulin secretion per 30 rain a~ glucose levels of 
1.5 and. 2 mg/ml. Decreased glucose sensi t ivi ty was in- 
dicated by  a shift to the r ight  of the entire dose-response 
curve for glucose and by  reduced inhibit ion (30 %) at  a 
glucose level of 3 mg/ml. The effect of to lbutamide  was 
also strongly diminished. The percent inhibition of the 
response to to lbutamide at  different levels of glucose 
showed a pa t te rn  of inhibit ion similar to tha t  observed 
with glucose alone. These findings suggest tha t  the glu- 
cose-dependent release mechanism is highly sensitive to 
relat ively short  periods of fasting. 

Key-words: Fasting,  plasma insulin, pancreatic in- 
sulin content, pancreas perfusion, glucose, tolbutamide,  
glibenelamide, insulin secretion patterns.  

Introduction 

Since 1960 the d i rec t  s t i m u l a t o r y  effect of glucose 
on pancrea t i c  insul in release has  been confirmed b y  a 
va r i e t y  of new techniques  such as in  vitro incuba t ion  of 
pieces of pancrea t i c  t issue [2, 8, 29], pcrfusion of iso- 
l a t ed  r a t  pancreas  [13, 32], in vitro i ncuba t ion  of iso- 
l a t ed  islets of Langerhans  [19, 27] and  more  r ecen t ly  
per i fusion of pancrea t i c  t issue in vitro [7, 17]. Many  of 
these s tudies  were conduc ted  wi th  pancreas  f rom 
fas ted  animals  in order  to es tabl ish  basa l  condi t ions  
and to reduce sca t t e r  of expe r imen ta l  da ta .  Likewise,  
fas ted  animals  were of ten used in numerous  s tudies  on 
the  insul inogenie ac t ion  of hypog lycaemie  sulfonyl- 
ureas  wi th  incuba ted  pancreas  [3, 8] or wi th  i so la ted  
perfused r a t  pancreas  [1, 9, 11, 15, 21]. No tab le  excep- 
t ions are the  recent  s tudies  b y  Loubat i~res  et al. [23, 
24, 25] and  b y  Malaisse et aI. [4, 26, 28]. Thus,  much  
of our cur ren t  knowledge on insul in secret ion and  i ts  
regu la t ion  pe r t a ins  specifical ly to  is le t  funct ion  in the  
fasting state. 

The effect of fasting as such on direct parameters of 
islet function has received relatively little attention so 
far. In intact mice fasting over 24 h was reported to 
enhance the plasma insulin response to tolbutamide 
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[10]. I n  the  in tac t  ra t ,  on the  o ther  hand,  fas t ing and  
s t a rva t i on  were shown to reduce the  insulin secre tory  
response to the  combined  admin i s t r a t i on  of ant i - insul in  
serum with  e i ther  glucose or t o l b u t a m i d e  [28, 30] or to  
glucose alone [12]. These in vivo studies  are difficult  to 
in t e rp re t  in view of differences be tween fas ted  and  fed 
animals  wi th  respect  to the  in i t ia l  p l a sma  glucose level 
and  i ts  consecut ive changes. However ,  in  vitro s tudies  
wi th  pieces of pancreas  [30] and  wi th  i sola ted  islets [5] 
have  suppl ied  s t rong evidence t h a t  fas t ing and  s ta rva-  
t ion  for 1 to 4 days  severe ly  impai rs  the  secre tory  re- 
sponse to glucose s t imula t ion .  

The present  perfusion exper iments  allow a more 
de ta i led  analysis  of this  phenomenon,  since this  pro- 
cedure pe rmi t s  cont inuous  moni to r ing  of secret ion 
rates ,  cha rac te r i za t ion  of pa t t e rn s  of secret ion and  
de t e rmina t ion  of t o t a l  insulin secret ion dur ing  appl ica-  
t ion  of expe r imen ta l  s t imul i  t h rough  the  vascu la r  
sys tem under  h igh ly  s t anda rd i zed  condit ions.  

Materials and Methods 

Animals and Diets 

Male albino rats  of an inbred Wistar  strain were used 
throughout  this  study. I n  vivo experiments and pancreas 
extract ions were performed on animals of 160--180 g 
body weight. For  perfusion experiments the pancreas 
was taken from animMs in the weight range of 240-- 290 g. 

The experiments were performed either on ad l ibi tum 
fed rats  (deprived of food for 2 h preceding each experi- 
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merit) or on aninaals which had been fasted for 16 h (in 
rive studies) or for 2g h (perfusion experiments). All rats 
were allowed free access to water. 

For perfusion experinaents with pancreas of fed rats it  
was inconvenient to use aninaals fed with regular pellet 
diet (Muracon 1, Trouw Ltd., Amsterdam). Bulk and 
food remnants often caused obstruction of the gastric 
cannula for drainage of gastric secretions, which resulted 
in a diminished flow rate during perfusion. This could be 
avoided by  the use of rats which had been kept, for 2 days 
on a bulk-less powder diet of baby food (Farilacid B, 
kindly supplied by Nutricia Ltd., Zoetermeer, Holland). 
The effect of this diet was also investigated in vivo. The 
composition of both diets as supplied by the manufac- 
turers is given in Table 1. The rats did not change their 
caloric intake when the diet was changed from pellets to 
powder. 

Table 1. Ccrmposition of the diets 

pellets powder 

carbohydrate 53.5 % 61.0 % 
digestable protein 18.0 ~ 19.9 % 
remaining protein 3.4 % -- 
fat 4.6% 9.~% 
lactic acid -- 3.1 ~) 
minerals 5.3 % 4.4 % 
liquid 11.5 % 2.5 % 
cellulose 3.7 ~o -- 
calories 399/100 g 417/100 g 

In  Vivo Experiments 

Anaesthesia was induced by an intraperitoneal injec- 
tion of pentobarbital  (Nembutal| 4.5 mg/100 g body 
wNght). After 15 min the rats were given an intravenous 
load of either glucose (1.00 mg/100 g), tolbutamide 1 (5 nag/ 
100 g), or glibenclamide ~ (10 tzg/100 g). Immediately 
before and at 10 and 30 min after adnainistration of the 
test, substance, blood from the orbital plexus was collected 
in heparinized test tubes to be analysed for plasma insulin 
and glucose concentrations. Each of the three mentioned 
insulinogenie substances was tested at different occasions. 
Ad l ibi tum fed and fasted rats were examined on the same 
day. 

Perfusion Expcriment,~ 

The pancreas with the stonaach, the spleen and part  
of the duodenum, was prepared and perfused according 
to the method of Grodsky and collaborators [t3, 14], with 
slight naodifleations. The perfusion medians was Krebs- 
Ringer bicarbonate solution [33] with 40 mg/ml of de- 
mineralized bovine albumin (Poviet Producten Ltd., 
Amsterdam). Ampieillin (Penbritin| Beecham Research 
Laboratories, Brentford, England) in a concentration of 
t0 ~g/ml was added. Flow rates were established at 
4 ml/min by adjusting the pressure between 30 and 
60 mm Hg. This flow rate was chosen since flow rates of 
10--12 ml/min, as indicated by Grodsky et at. [9, t4], 
often caused leakage of perfusion fluid from the prepa- 
ration, The perfusion medium was equilibrated with 95 ~ 
oxygen and 5 % carbon dioxide resulting in a pH (meas- 
ured with a continuous flow electrode) of 7.35. The arterial 
oxygen tension (measured with an oxy-gen electrode) was 
400--500 tuna ttg, whereas the venous oxygen tension 
was t85--215 tuna Hg. The high oxygen reserve in the 
venous effluent indicates sufficient oxygenation of the 
perfused tissue at the flow rate of 4 ml/nain. 

1 Tolbutanaide (Igeinsubstanz) and glibenclanaide 
(I-IB 119) were generously given by Farbwerke Hoechst, 
A.G., Fraaqkfurt (M.). 

Dm'ing an initial equilibration period of 30 nain the 
preparation was perfused while reeireulating the medium. 
The glucose concentration over this period was 1 mg/mi. 
I n  experiments without glucose or with glucose concen- 
trations of 0.6 and 1 nag/ml these concentrations were 
naaintained throughout the whole experiment. After 
equilibration, the reeireulation was discontinued and the 
effluent was quanti tat ively collected over 5 min intervals. 
The first two of these fractions were used to measure the 
secretion of insulin during a control period of 10 min. The 
subsequent test period of 30 nain (six fractions) was begtm 
by adding variable amounts of glucose and/or tolbutanaide 
to a concentration of 0.2 nag/nal. The substances were 
added into the reservoir during the control period in 
order to reach the preparation in the first minute  of the 
test period. The desired glucose concentration at  the 
arterial inflow was reached after the initial 4--5 nain of 
the test period. Samples of the collected fractions were 
anMysed for glucose and insulin concentrations. 

Extraction and Assay Procedures 

For determination of the pancreatic insulin content, 
the pancreas was removed after decapitation of the ani- 
mal, weighed and quickly frozen in liquid nitrogen. The 
frozen tissue was stored at  --40~ unti l  extraction. The 
tissue was homogenized in aeid-aleohoI (cone. HCI 1.5 % 
v/v, ethanol 76 % v/v) and the supernataa~t was diluted 
with veronal buffer containing 2.5 nag/naI of bovine al- 
bumin.  

Plasnaa samples and samples of the extracts and per- 
fusates (if necessary diluted with veronal buffer) were 
stored at --20~ unti l  assay. 

CrystaUine rat  insulin was prepared from about 1 kg 
of rat  pancreas collected in our laboratory 2. This material 
(Lot hr. 1~. 564; biologieM potency 21 U/mg) was used as 
the standard for insulin determinations by  radioimm~mo- 
assay and Mso served for the preparation of specific anti- 
rat insulin sera. 

Immunoreaetive insulin ( IgI)  in the samples men- 
tioned before was determined with a slight modification 
of the naethod of Yalow and Berson [34], as previously 
described [18]. Antisera were obtained by imnatmization 
of guinea pigs with crystalline rat  insulin. They were care- 
fully selected for immunoassay purposes. The antiseruna 
for the present study was used at a concentratiou of 1: 
40000, which binds 50--60 % of added insulinJalI  (final 
concentration 1.5--2 ng/ml). Beef insulin-l~lI was used as 
a radioactive tracer since this preparation appeared to be 
more stable than rat  insulin-t~lI. 

Glucose concentrations were measured with a Teehni- 
con Autoanalyzer | adapted for the ferrieyanide m.ethod. 

The results were tested for statistical significance by 
means of Wfieoxon's two sample test or Student 's  t-test. 
The level of significance was chosen at p < 0.05. 

Results 

I n  Vivo Experiments 

The effect of in~ravenous admin is t ra t ion  of glucose, 
to lbutamide,  and  glibenclamide on plasma glucose and  
insul in  levels in  fed and  16-h-fasted rats  is shown in  
Table 2. Peak  values of p lasma insul in  were observed 
10 rain after the admin is t ra t ion  of these substances.  
Fas t ing  reduced the ini t ia l  plasma insul in  conten t  to 
very  low levels and  caused a consistent  decrease in  the 

2 Extraction and purification of this naaterial were 
kindly executed by the NOVO Research Inst i tute,  Copen- 
hagen, through the courtesy of Dr. J. Sehlichtkrull. 
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peak values observed after injection of the various in- 
sulinogenic substances. 

Plasma glucose in fed rats appeared to have already 
decreased 10 min after the administration of tolbut- 
amide and glibenclamide. At 30 rain the fall in plasma 
glucose in these animals was even more prominent. 
Fasted rats, on the other hand, failed to exhibit a hypo- 
glycacmie response at  10 rain, and the decrease ob- 
served at, 30 min was only small and insignificant when 
compared with fed rats. 

The difference in the insulin secretory response be- 
tween fed and fasted rats  was quantified by  ealculat- 

The results of additional experiments indicate that  
neither fasting for 24 h nor feeding of the powder diet 
significantly affected the total  extractable insulin 
content. The mean values of 10 extractions were (U/ 
pancreas • s.e.m.) 1.54 t= 0.11 (fasted), 1.75 • 0.11 (fed 
with powder) and 1.59 ~= 0.14 (fed with pellets). 

Per fus ion  of Fed Rat  Pancreas 

The response of perfused pancreas of fed rats  to 
continuous stimulation with glucose is depicted by the 
upper row of diagrams in Fig.1. In  each experiment the 

Table 2. Plasma glucose anzl insulin levels in  fed and 16-h-fasted rats after intravenous administration of glucose and sul- 
fonytureas 

Test substance Nutritional Plasma glucose Plasma insulin 
s t a t u s  r a g / 1 0 0  m l  4- s . e . m .  (n  ~ 4) ~ tU/ml  ~ s . e . m .  (n  = 4) 

0' 10' 30' 0' 10' 30' 

Glucose fed a 147=[=7 366j= 9 187~16 15j=6 79• 7 30• 
100 rag/100 g fasted 9 8 i 5  4114-15 2604- 3 0:k0 34j:12 33=t=8 

Tolbutamide fed a 143=i=2 113• I 6 3 i  I 27+4 89~ 5 59• 
5mg/100g fasted 894-4 91• 3 67• 7 9~1  30~ 9 29~3 

Glibenclamide fed a 152• t19•  2 66• 4 28~5 1084-15 5 0 t 3  
10 btg/lOOg tasted 92•  1094- 8 854- 2 44-2 19~ 3 t64-2 

Glibenelamide fed (powder) t424-3 984- 3 304-2 114• 
10 ~zg/100 g (pellets) 144:k4 1124- 5 384-4 1084- t4 

fasted 924-5 106• 6 34-2 204- 4 

Fed with pellets unless otherwise indicated. 

Table 3. Effect of fasting for 16 h on the insulin secretory response (A plasma I R I  at 
10') to glucose and sulfonylureas in rive ~ 

% 
Test substance Fed rats Fasted rats of response in fed 

(pellets) rats 
(pellets) 

Glucose + 64 ~U/ml + 34 ~U/ml 53 % 
Tolbutamide + 62 tLU/ml + 21 ~U/ml 34 ~o 
Glibenclamide + 80 ~U/ml -}- 15 ~zU/ml 19 % 
Glibcnelamide + 70 ixU/ml + 17 ~U/ml 24 ~o 

a Calculated from data in Table 2. 

ing the net increase in plasma insulin at 10 rain. The 
results are shown in Table 3. Overnight fasting ap- 
peared to reduce the secretory response to glucose 
stimulation by  some 50 % and by approximately 70--  
80 % in the case of stimulation with tolbutamide or 
glibenelamide. 

Total Pancreatic In su l in  Content 

Overnight fasting (16 h) failed to affect extractable 
pancreatic insulin in rats  previously fed with the 
pellet diet. Parallel extractions yielded a pancreatic 
insulin content of 1.17=t=0.05 U/pancreas in fasted 
rats versus 1.15t=0.05 U/pancreas in fed animals. 
Both values represent the mean of 16 extractions t= 
s . e . m .  

control secretion rate was established by perfusion 
with glucose 1 mg/ml over a control period of 10 rain, 
At this concentration of glucose insulin secretion pro- 
ceeded at  a low and constant level amounting to 0.2 
mU/5 rain or to 1.4 ~ 0.2 m U  when converted to total  
secretion over 30 rain (mean of 32 perfnsions). 

Elevation of the glucose concentration to either 
t.5, 2 or 3 mg/ml caused an immediate rise in insulin 
secretion over the initial 5 min. Insulin secretion over 
this brief initial period appeared not to be related to 
the degree of glucose stimulation. Dose-dependent 
effects of continuous glucose stimulation only became 
apparent  during the subsequent phases of the test  
period, which allowed the distinction of two different 
patterns of enhanced secretion. 

17" 
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At a glucose concentration of 1.5 mg/ml the insulin 

secretion rate remained elevated a t  a more or less 
constant level, which did not differ much from the level 
observed during the initial 5 rain. This pat tern  was 
designated as a type I pattern. A second pattern,  
designated as type I I ,  was observed with glucose con- 
centrations of 2 and 3 mg/ml. This pat tern is charac- 
terized by progressively increasing secretion rates 
over the entire test  period. The occurrence of the type 
I I  pat tern contributes substantially to the total  output  
of insulin at  high glucose concentrations. 
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Fig. 1. Insulin secretion patterns obtained with perfused 
pancreas from fed and 24-h-fasted rats during continuous 
stimulation with glucose (plain) or glucose and tolbut- 
amide (0.2 mg/ml) (shaded) over test periods of 30 min. 

Mean ~ s.e.m., number of experiments in brackets 

sponse to glucose stimulation both quantita$ively and 
qualitatively (Fig. 1, second row of diagrams). At glu- 
cose concentrations of 1.5, 2 and 3 mg/ml the stimula- 
tion of insulin secretion over the initial 5 rain was 
enhanced by the presence of tolbutamide. In  addition, 
previously ineffective glucose concentrations of 0.6 and 
1 mg/ml became st imulatory in the presence of tol- 
butamide, the initial increase in secretion rate being 
followed by a continuous and similar elevation of in- 
sulin secretion over the further test  period. Thus, 
tolbutamide induced a type I pat tern  of secretion at  
glucose concentrations which were not s t imulatory as 
such. With glucose 1.5 mg/ml, the presence of tolbut- 

IRI mU/30' 
60- 

l fed+ 
50. ; tolbutamide 

40- / 1 fasted+ 
/ ~ totbutamide 

30. 

/ / 1  fasted 

Z , 10 '~ ' ' 

0 ~ "  
016 1,b I;5 2'.0 310mg/t 

Glucose 
Fig. 2. Dose-response relation ~or continuous glucose 
stimulation of insulin secretion by perfused pancreas of 
fed and 24-h-fasted rats in the presence and absence of 
tolbutamide (0.2 mg/ml). Mean total insulin output over 
30 rain-4-s.e.m., number of experiments as in Fig. l, or, 
if not given there, n = 4. When the s.e.m, is not shown it 

is to small to be depieted. 

The overall dose-response relation between glucose 
concentration and term insulin output  from the pan- 
ereas of fed control rats is shown in Fig. 2. This rela- 
tion is characterized by  a sigmoid curve (semi-log- 
arithmic plot) showing its steepest slope between glu- 
cose concentrations of 1 and 2 mg/ml. The curve also 
includes data from perfusion experiments with glu- 
cose 0.6 mg/ml (not shown in Fig. 1), which indicate 
that  in the fed state a glucose concentration of 1 mg/ml 
is the minimal effective in stimulating insulin release. 

Addition pf tolbutamide (0.2 mg/ml) to the per- 
fusion medium appeared to modify the secretory re- 

amide appeared to change the original type I pat tern  
of secretion into a type I I  pattern,  which in the absence 
of tolbutamide only oecurred at  glucose concentra- 
tions of 2 and 3 mg/ml. At the latter glucose concentra- 
tions tolbutamide also caused a marked inerease in the 
overall magnitude of the type I I  pat tern of response to 
glucose. 

The effect of tolbutamide on the total  secretory re- 
sponse of fed rat  pancreas to glucose stimulation is 
depicted in Fig. 2. By the presence of tolbutamide the 
dose-response curve for glucose was shifted upward 
and to the left due to a marked increase in the total  
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response wi th  glucose 3 mg /ml  and  the  appea rance  of 
glucose sens i t iv i ty  a t  concent ra t ions  of 0.6 and  1 rag/ 
ml. 

Add i t iona l  exper iments  were per formed  to in- 
ves t iga te  the  effects of t o l b u t a m i d e  in the  absence of 
glucose. W h e n  glucose was o m i t t e d  f rom the  perfusion 
med ium dur ing  the  rou t ine  30 min  of equi l ibra t ion  (see 
Mater ia ls  and  Methods) ,  subsequen t  perfusion wi th  
t o l b u t a m i d e  alone fai led to  affect insul in secret ion in 
3 out  of 5 exper iments .  I n  the  remain ing  2 experi-  
ments ,  insul in secret ion in the  presence of t o l b u t a m i d e  

the  lower two series of d iagrams  in Fig.  1. Fas t ing  d id  
no t  affect the  general  qua l i t a t ive  p a t t e r n s  of response 
to  these st imuli ,  in the  sense t h a t  t y p e  I and  t y p e  I I  
p a t t e r n s  of secret ion d id  occur a t  the  same concentra-  
t ions of glucose as p rev ious ly  observed in fed r a t  pan-  
creas. However ,  a t  glucose concent ra t ions  of 1.5 and  
2 mg/ml  the  overal l  magn i tude  of the  response was 
cons iderab ly  reduced  bo th  in the  absence and  presence 
of to lbu tamide .  This appea red  to  be due to  a significant 
quan t i t a t i ve  decrease in the  t y p e  I secret ion p a t t e r n  
and  a sluggish deve lopmen t  of t y p e  I I  pa t t e rn s  of re- 

Table 4. Effect of fasting on total insulin secretion from perfused rat pancreas at dif- 
ferent levels of glucose in the absence and presence of tolbutamide (0.2 mg/ml) 

Total insulin secretion mU/30 rain a 

fed fasted % 
of fed pancreas 

Glucose alone 
1 .5mg/ml  10.34-0.5 (4) 2.74-0.4 c (5) 26% 

Glucose 2.0 mg/ml 32.9~2.7 (7) 12.24-1.6 c (12) 37 ~ 
3.0 mg/ml 33.9:~3.5 (4) 23.9• (4) 70% 

Glucose ~- Tolbut- 
amide 

1.5 mg/ml 21.34-4.6 (4) 5.4~1.0 b (4) 25% 
Glucose 2.0 mg/ml 45.84-3.2 (5) 10.6• (4) 23O/o 

3 .0mg/ml  54.04-5.3 (4) 37.6=L4.8 (5) 70% 

a All results are given as mean • s.e.m., number of experiments in brackets.  
b p < 0.05 as compared to fed ra t  pancreas. 
c p < 0.01 as compared to fed ra t  pancreas. 

Table 5. Effect of ]asting on the supplementary output of insulin from pe~:~used pan- 
creas as induced by tolbutamide (0.2 m2/ml ) at different glucose concentrations 

A insulin secretion mU/30 rain a 
Glucose concentra- 
t ion fed fasted ~o 

of fed pancreas 

1.0 mg/ml @ 11.2 _L 3.3 ~- 2.1 • 0.2 b 19% 
1.5mg/ml  ~ 1 1 . 0 4 - 4 . 6  ~- 2.74-1.0 c 25% 
2.0 mg/ml + 12.9 4- 4.2 -- 1.6 4- 2.0 c -- 13 % 
3.0 mg/ml 4- 20.1 :c 6.4 ~- 13.7 4- 6.7 68 % 

a Calculated by  subtract ion of secretion values observed at  the specified glucose 
concentrations in the absence of to lbutamide  (~-s.e.m.). 

b p < 0.05 as compared to fed ra t  pancreas. 
c p < 0.01 as compared to fed ra t  pancreas. 

va r i ed  be tween 0.06 and  0.4 mU/5  min.  The secre tory  
response to glucose s t imula t ion  was no t  impa i r ed  under  
these condi t ions.  F u r t h e r  exper iments  showed t h a t  
the  effectiveness of t o l b u t a m i d e  alone is s t rong ly  de- 
penden t  on the  expe r imen ta l  condi t ions.  W h e n  to lbu t -  
amide  was a d d e d  i m m e d i a t e l y  a t  the  s t a r t  of the  per- 
fusion (i.e. a t  the  beginning of the  equi l ib ra t ion  peri-  
od), a smal l  bu t  consis tent  increase in insul in release 
was observed  in the  absence of glucose. 

Perfusion of Pasted Rat Pancreas 

The effect of 24 h fas t ing on the  response of per- 
fused pancreas  to glucose and  t o l b u t a m i d e  is shown in 

sponse. The l a t t e r  phenomenon  is pa r t i cu la r ly  ev ident  
a t  a glucose concent ra t ion  of 2 mg/ml.  

As shown in Table  4, fas t ing reduced  the  t o t a l  in- 
sulin secre tory  response to glucose s t imula t ion  (1.5 and  
2 mg/ml)  b y  some 7 0 - - 8 0 %  both  in the  absence and  
presence of to lbu tamide .  I n  contras t ,  the  inh ib i to ry  
effect of fas t ing was cons iderab ly  less a t  a glucose con- 
cen t ra t ion  of 3 mg/ml .  These phenomena  appea r  not  
to be re la ted  to the  presence or absence of to lbu tamide .  
The inh ib i to ry  effect of fas t ing on the  response to 
t o l b u t a m i d e  l ikewise appea red  to depend  on the  glu- 
eose concent ra t ion  employed  (Table 5). A t  the  highest  
glucose concent ra t ion  (3 mg/ml)  inhib i t ion  of the  
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effect of tolbutamide was small in comparison to the 
inhibition observed at lower concentrations of glucose. 

The effect of fasting is further illustrated by the 
dose-response curves for glucose stimulation as shown 
in Fig. 2. Both in the absence and presence of tolbut- 
amide, fasting induced a marked shift to the right, 
indicating reduced sensitivity to glucose stimulation, 
which is particularly evident at glucose concentrations 
of 1.5 and 2 mg/ml. The curves suggest tha t  maximal 
stimulation of fasted rat pancreas can only be attained 
at glucose concentrations in excess of 3 mg/ml. The 
two curves for fasted rat  pancreas (with and without 
tolbutamide) furthermore demonstrate a modest in- 
crease in responsiveness to glucose by additional 
stimulation with tolbutamide, which contrasts with 
the  high sensitivity of fed rat  pancreas in this respect. 

Discussion 

The effect of fasting on the insulin secretory re- 
sponse to glucose or sulfonylureas in  wk, o as presently 
observed are in agreement with the results of earlier 
studies in intact rats [12, 28, 30]. A 16 h period of 
fasting appeared to reduce the secretory response to 
glucose, tolbutamide or glibenelamide by some 50-- 
80 ~o, depending on the type of stimulus used. Similar 
findings were made on further analysis of this phe- 
nomenon with isolated perfused rat  pancreas. 

The effects of continuous perfusion with stimulating 
concentrations of glucose are essentially similar to 
those observed by Grodsky et al. in fasted rat  pan- 
creas [9, 16] and to the results of Lonbatibres et al. 
obtained with perfused pancreas from fed animMs [23, 
24, 25]. However, some aspects of the present secretion 
profiles should be emphasized. 

The total output  of insulin over 30 rain of con- 
tinuous stimulation with glucose is mainly caused by 
enhanced secretion rates during the secondary phase, 
which follows a brief initial peak response. In the 
present s tudy the initial peak response was obliterated 
by the collection of the effluent over 5 min intervals. 
However, its occurrence was established when 1 min 
collections were made over the initial 5 min of stimula- 
tion. 

Analysis of the secretion profiles revealed that, glu- 
cose may trigger two, hitherto unrecognized, basically 
different patterns of secondary- phase secretion. The 
type I pattern is characterized by a relatively constant 
level of enhanced secretion, which contrasts with the 
progressive increase in secretion rates of the type I I  
pattern. The latter pattern is triggered by glucose con- 
centrations in excess of 1.5 mg/mi. From studies by 
Curry et al. [9] it  would appear that  the development 
of the type I I  pattern may be selectively inhibited by 
pnromycin. Likewise, low calcium levels seem to be 
inhibitory in this respect. Presumably, the latter 
effect is less specific since low cMcium, in contrast to 
puromyein, also inhibits the initial peak response to 

glucose stimulation. Further work will be needed to 
elucidate the mechanism behind these two distinct 
patterns of secretion. 

The observed threshold values for glucose stimula- 
tion in fed and fasted pancreas (1 and 1.5 mg/ml re- 
spectively) are in accordance with results of previous 
incU:bation and perfusion studies by various authors 
[16, 23, 25, 29]. Fed pancreas not only responds at  
lower concentrations of glucose, but  also secretes more 
insulin at a given increase h~ glucose concentration be- 
tween 1 and 2 mg/ml. Both the initial and secondary 
phase of insulin secretion appear to participate in the 
high responsiveness of fed pancreas to glucose stimu- 
lation. I-Iowever, it is the shape and magnitude of the 
secondary phase which contributes most to the dif- 
ference in total insulin secretion between fed and 
fasted pancreas. 

Fasting did not affect the levels of glucose which 
trigger the typical type I and type II  patterns of 
secondary response, but  markedly depressed their 
overall magnitude. The resultant shift to the right of 
the dose-response curve, the elevation of the threshold 
for glucose and the decreased slope represent clear 
indications that  fasting markedly reduces the sensitiv- 
i ty of the pancreas to one of its main physiologic 
stimuli, lgecent studies with isolated islets suggest that  
the reduced sensitivity can be overcome with glucose 
concentrations in excess of 3 mg/mI. (~u et al., 
unpublished observations). 

Previous studies by Loubatigres et al. on perfused 
pancreas [23, 24, 25] and by Malaisse et al. on incubated 
pancreas [4, 26, 28] have already established that  
sulfonylureas cause a marked shift to the left of the 
entire dose-response curve for gtucose stimulation. I t  
is noteworthy, that  these studies were carried out with 
fed rat  pancreas. Other perfusion studies so far re- 
ported, were conducted under fasting conditions and 
mainly concerned the effects of tolbutamide irt the 
absence of glucose, or in the presence of a single high 
or multiple non-stimulating concentrations of glucose 
[1, 9, 111, 15, 211. 

In  the present perfusion experiments with fed (and 
fasted) pancreas, the tolbutamide-induced additional 
output of insulin was highest at glucose 3 mg/ml. This 
observation is at  variance with the progressive reduc- 
tion of the supplementary output  of insulin at glucose 
levels in excess of 2 mg/mI as reported by Loubatigres 
[24]. However, this author determined the supplemen- 
tary output of insulin by administering tolbutamide 
after 45 rain of stimulation, with glucose alone. As 
stated by Loubati~res [24] prestimulation with these 
high levels of glucose already induces a maximal re- 
sponse of the B-cells. In  the present study, the effect 
of tolbutamide was measured by simultaneous ap- 
plication of both stimuli to the previously unstimulated 
preparation. Moreover, our 30 rain period of continuous 
stimulation was hardly sufficient for reaching final 
(sub)-maximal secretion rates at any of the higher 
levels of glucose. 
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Although tolbutamide may trigger some insulin 
release in the absence of glucose, the quantitative 
significance of this independent action seems negli- 
gible. Both in the fed and fasted state its predominant 
action consists of enhancing all characteristic aspects 
of glucose-induced insulin secretion. Thus, the poten- 
tiating effect on total insulin secretion as manifested 
by the shift to the left of the dose-response curve for 
glucose stimulation, is actually caused by a variety of 
different phenomena. These phenomena are partic- 
ularly evident in the fed state. 

At low glucose concentrations (below 1.5 mg/ml) 
the shift is mainly due to a decrease of the glucose 
threshold effective in triggering type I patterns of 
secondary phase secretion and to the increased magni- 
tude of the type I pattern. At glucose levels of 1.5 rag/ 
ml and higher the shift is caused by a decrease of the 
glucose threshold effective in triggering the type I I  
pattern and to an increased magnitude of the type I I  
response. The latter effect is due to acceleration of the 
glucose-induced progressive increase of the secretion 
rate. These findings lend further support to the idea 
that  the action of tolbutamide involves some unidenti- 
fied influence on the glucose dependent release mech- 
anism at a level beyond the hypothetical glueorecep- 
tors. I t  cannot be decided from our experiments 
whether or not tolbutamide can also increase the final 
maximal secretion rate attainable by prolonged max- 
imal stimulation with glucose alone. The work of 
Loubati~res [24] however suggests that  this may not 
be the case. 

In  fasted rat pancreas the effects of tolbutamide 
were consistently less and even negligible at a glucose 
concentration of 2 mg/ml. The percent inhibition of the 
tolbutamide-induced supplementary secretion at dif- 
ferent glucose levels showed a pattern which was re- 
markably similar to the pattern of inhibition seen with 
glucose alone (Tables 4 and 5). This suggests that  the 
inhibitory effect of fasting on the response to tolbut- 
amide is also caused by primary inhibition of the glu- 
cose dependent release mechanism. 

The mechanism by which fasting affects the release 
mechanism remains to be clarified. Various possibilities 
such as sensitivity of glucoreceptor sites, changes in 
islet metabolism and reduction of cyclic AMP should 
be considered. In  fact, fasting has recently been shown 
to cause a selective depletion of the islet cyclic AMP 
content [31]. In  accordance with previous observations 
[12, 30] 24--48 h of fasting did not exert any measur- 
able effect on the total extractable insulin content. 
This implies that  whenever biosynthesis or storage 
would be involved, one has to assume a reduction of a 
small hypothetical compartment from which insulin is 
being preferentially released on acute stimulation. The 
existence of such a compartment has been proposed [6, 
9, 22]. 

Finally, the reduced sensitivity of fasted rat pan- 
creas may not necessarily reflect true inhibition of islet 
function. This phenomenon could also imply a passive 

return to a low intrinsic basal level of sensitivity due to 
lack of stimulatory signals related to the intake of 
carbohydrate with meals. Suggestive evidence in sup- 
port of this possibility has been obtained by Grey et al. 
[12]. Such a delayed acting "memory system" for islet 
sensitivity may constitute an important additional 
mechanism in the physiologic control of insulin secre- 
tion. 
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