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Most scientists, I am sure, once middle-aged get a feel- 
ing of frustration which is unrelated to their own degree 
of success or failure in academic life, but rather due to 
the essence of research. Indeed, the fact that knowledge 
is a purely dialectic process, an endless spiral, makes 
the situation of the researcher quite an ambiguous one. 
Whereas each time his contributions raised knowledge 
to the next level of the spiral, and he may feel satisfac- 
tion and reward, he cannot fail to realize after some 
years of perspective that he will never reach his target, 
that the spiral is endless, that although he may be con- 
tributing to our "cultural heritagC'She is not very differ- 
ent from the squirrel in the whee l .~  Chinese friend, a 
person with his two feet solidly planted on the ground, 
asked me once what I do for a living. I answered that I 
am a doctor and a researcher, looking for the cause of 
diabetes. "Did you find it? .... N-no, not yet." "How long 
have you been looking for it?" Blushing, "Well, almost 
20years". "Good Lord! Why are you wasting your 
time? Do something useful!" I cannot help realizing 
that there is some foundation to the remarks of my 
friend; my only defence is that I am not capable of 
doing something else for a living. So this review, which 
is supposed to summarize my research since I was 
awarded the Minkowski Prize in 1974, may not seem 
very different from the review published in 1975 [1] 
which summarized the research of my first decade in 
diabetes. But, after all, the Chagall paintings of the 80s 
are not very different from those of the 20s . . .  

Low insulin responders 

I entered the field of diabetes with the observation that 
the initial insulin response to glucose is markedly im- 
paired not only in patients with diabetes of all severities, 

but also in a segment of the normal population [21. 
Twenty-two years later I remain firmly convinced that 
the basic defect in diabetes is indeed the secretory defi- 
ciency of//cells. This idea has been challenged over the 
past decade, especially since the concept of  insulin re- 
sistance made its appearance and it was demonstrated 
that most Type 2 (non-insulin-dependent) diabetic pat- 
ients show reduced biological response to insulin [3]. 
The belief that insulin resistance is the main pathogenic 
factor in Type 2 diabetes originated from the fact that 
these patients usually show substantial plasma insulin 
levels, both fasting and following meals or ingestion of 
glucose. To my mind, the confusion created by the ob- 
servations of supra-normal or normal insulin responses 
in Type 2 diabetes emanates from experimental designs 
unattentive to the basics of fl-cell physiology. Therefore 
I believe a short discussion of the methodology of the 
assessment of fl-cell function in vivo is warranted (for a 
full discussion, see [41). 

Partly out of tradition, partly because it is believed 
to be more physiological, most investigators use an oral 
glucose load to assess//-cell responsiveness. A response 
can be evaluated only if the strength of the stimulus em- 
ployed to elicit it is lmown. For insulin secretion the 
stimulus is obviously the blood glucose level. This obvi- 
ous fact is seldom remembered. In the specific example 
of oral administration of glucose, the situation is com- 
plicated by the strong amplification of the glucose effect 
on//-cells by gut "incretins" [5]. Therefore, to quantify 
the insulin response, one must know what to expect 
from a given elevation of the blood glucose in this high- 
ly amplified, multiplicative synergistic system of insulin 
secretion. Comparing the plasma insulin levels of  
Type 2 diabetic patients and control subjects during an 
oral glucose tolerance test or meals and stating that the 
levels in the patients are higher is meaningless, unless it 
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Fig.l. Dose-response relationship of glucose-induced insulin re- 
sponse in 29 control subjects (C) and 18Type2 diabetic patients 
(DM). Intravenous glucose tolerance tests were performed with 0.1, 
0.3 and 0.9 g/kg glucose, respectively, and blood glucose and plasma 
insulin levels integrated over 60 min. Horizontal bars denote the SEM 
of the glucose, the vertical bars that of the insulin values measured 

is shown that the controls secrete less insulin under 
identical hyperglycaemic conditions. From early dose- 
response studies we calculated that elevation of the 
peak plasma glucose concentration by 1.5-2 mmol/1 
during an oral glucose tolerance test was sufficient to 
double the insulin response in normal subjects [6]. From 
the same study, it was obvious that the dose-response 
curve of glucose-induced insulin release during the oral 
glucose tolerance test was markedly depressed in mild 
Type 2 diabetes [6]. Thus in every state of hyperglycae- 
mia a seemingly normal insulin curve during an oral 
glucose tolerance test in reality reflects a severely defi- 
cient insulin response. To my mind there is no alterna- 
tive to dose-response studies for characterizing the 13- 
cell responsiveness to oral glucose. These studies are 
definitely time-consuming, difficult to perform and not 
without their own problems of interpretation; but rather 
that than the systematic misreading of the insulin data 
that has dominated diabetes research for the past two 
decades. A similar problem is the issue of glucose 
"specificity" of the deficient insulin response in Type 2 
diabetes. Indeed, it has been said that the insulin re- 
sponse to arginine or glucagon is normal in these pat- 
ients [7]. What is forgotten is that hyperglycaemia in- 
duces strong amplification of the//-cell stimulatory sig- 
nal of these agents. Thus, iia normal subjects clamped at 
a moderate hyperglycaemic level (9.3 mmol/1), the insu- 
lin response to arginine was augmented sixfold, and 
therefore mild diabetic patients with a similar degree of 
fasting hyperglycaemia had a "true" insulin response to 
arginine that was only 10-15% of normal [8]. ' 

If glucose is administered intravenously the prob- 
lem of synergistic interactions with gut hormones does 
not exist. It is therefore easier to study the quantitative 

effects of glucose on insulin release when the intrave- 
nous glucose tolerance test, or its variants, is used. Ad- 
mittedly, a peripheral vein is not the physiological port 
of entry for glucose, but how physiological is a 75- or 
100-g glucose drink on an empty stomach? 

It has been shown repeatedly that in Type 2 diabetes 
the insulin response to intravenous glucose is severely 
impaired [9]. Dose-response studies performed in the 
1970s suggested to us that this impairment reflected a 
decrease in//-cell sensitivity to glucose, since we had the 
impression that very high blood glucose concentrations 
could elicit substantial responses in diabetes [10]. This 
may be true for second phase insulin release. A more re- 
cent study, where the glucose dose-dependency of first 
phase insulin release was compared in weight-matched 
control subjects and in mild Type 2 diabetic patients, 
clearly demonstrated that the maximal capacity o f / /  
cells to respond to glucose was reduced by 80-90% in 
the patients (Fig. 1), without evidence of a fight-shift of 
the curve [11, R.Nesher et al., unpublished observa- 
tions]. 

Over 20 years of experience with hundreds of intra- 
venous glucose challenges I have seen few exceptions to 
the rule of deficient insulin response in subjects with 
fasting hyperglycaemia, be it of a minimal degree. It is 
often argued that the intravenous glucose tolerance test 
does not reflect everyday life glucose homeostasis, 
which is true; nevertheless it discloses with high sensi- 
tivity the functional impairment of the islet apparatus. 
There is, therefore, no question in my mind that//-cell 
function is substantially reduced in Type 2 diabetes. In- 
terestingly enough, the diabetic/3 cell seems to retain 
some of the modulatory functions of insulin release. As 
an example, the capacity of the insulin response to glu- 
cose was threefold higher in obese diabetics matched 
for the degree of hyperglycaemia with lean diabetic pat- 
ients. In normoglycaemic subjects with an identical de- 
gree of obesity, insulin release was also threefold higher 
than in lean controls [11]. Similarly, the potentiating ef- 
fect of priming with glucose seems to be normal in dia- 
betic subjects (see below). 

In the 1960s we made the observation that the de- 
creased insulin response to glucose, similar to that in 
glucose intolerant subjects, was also seen in some 
healthy individuals [2, 12]. We called such subjects "low 
insulin responders". The prevalence of "low insulin re- 
sponders" is difficult to establish since, when control 
groups were screened with a glucose infusion test, no 
evidence for bimodal distribution of the insulin re- 
sponse was found [13, 14]. Therefore no strict lower lim- 
it for insulin response could be established (the cut-off 
point given in some of our earlier studies must be taken 
with a pinch of salt !). Nevertheless, judged from the dis- 
tribution histograms of a computer parameter describ- 
ing the glucose sensitivity of the/ /cel l ,  there was com- 
plete overlap between the insulin responses of 90% of 
patients with mild Type 2 diabetes and 20% of weight- 
matched control subjects [14]. Thus, the prevalence of 
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Fig.2. Plasma insulin response to glucose infusion in a family. Glu- 
cose was given intravenously as 0.5 g/kg bolus followed by 20 mg- 
kg -1- min-1 for 60 min (horizontal bar). Note the similarity between 
the insulin responses of the mother and son (both "low responders"). 
Several tests were performed in the son, the first being marked by 
(O-------Q), the second 5 years later (0-----(3). One year later the son 
developed Type 1 diabetes 

"low insulin responders" might be as high as 20%. In 
one study [15], the plasma glycerol and non-esterified 
fatty acid responses to muscular exercise were found 
higher in "low insulin responders" than control subjects 
(although not to the extent seen in insulin-treated diabe- 
tes), suggesting that despite normal glucose tolerance 
there may be metabolic consequences to the reduction 
of insulin secretion. However, the cardinal question is 
whether a low insulin response predicts future develop- 
ment of Type 2 diabetes. 

In 1963 [2] we suggested that "low insulin respond- 
ers" might be "pre-diabetic" individuals. With a 20-year 
perspective, expecting a definite answer would be a le- 
gitimate request. Unfortunately our studies were not 
initiated as a prospective population study, and the fact 
that I left Stockholm does not facilitate the evaluations. 
The following statements are based on a first report that 
was published in 1974 [16], and a recent paper by Efen- 
dic et al. [17] but with my own interpretation of the glu- 
cose tolerance tests. Of a total of  174 subjects with a 
normal intravenous glucose tolerance test and a normal 
insulin response to glucose infusion, 12 developed im- 
paired glucose tolerance at some time during the fol- 
low-up period (7%); none had fasting hyperglycaemia. 
Out of 77 "low insulin responders" with normal intrave- 
nous glucose tolerance at the initial test, 17 developed 
impaired glucose tolerance (22%) and eight manifest 
diabetes (10%), two of the latter now being on insulin 
treatment. Thus, the total risk of abnormal glucose me- 
tabolism was 32% in "low responders" versus 7% in 
"high insulin responders", diabetes being observed in 
"low responders" only. If one adds to this information 
the data of Kosaka's group [18] which showed that in 

288 individuals with impaired glucose tolerance fol- 
lowed for 5-12 years, 29% of subjects who initially had 
a low insulin response progressed to diabetes versus 6% 
m subjects with normal to insulin response, it becomes 
evident that a s  a g r o u p  "low insulin responders" defi- 
nitely have an increased risk of developing diabetes. 
There is probably no answer to the question whether a 
low insulin response in a given subject really indicates 
that he will sooner or later develop diabetes. Obviously 
a 20% prevalence of low insulin response is much high- 
er than the average diabetes prevalence; the difference 
m these prevalences diminishes markedly however if 
one considers the high occurrence of Type 2 diabetes in 
the elderly. 

There is no need to stress the satisfaction with which 
I follow the recent revival of interest in first phase insu- 
lin response in subjects suspected to be "pre-diabetic" 
for Type 1 diabetes [19, 20]. If the demonstration of a 
gradual reduction in insulin response in subjects with 
islet antibodies years prior to the appearance of hyper- 
glycaemia is applicable to the ordinary patient with 
Type 1 diabetes, a low insulin response would become a 
marker of "pre-diabetes" not only for Type 2 but for all 
types of diabetes. No doubt we will witness many 
studies in this direction in coming years; and perhaps 
the anathema on the term "pre-diabetes" will be lifted 
now that it has entered the respectable field of diabetes 
immunology. Investigators interested in the correlation 
between immunological features related to Type I dia- 
betes and/3-cell function should, however, remember 
that a defective insulin response occurs in 20% of the 
control population (our "low insulin responders" were 
all islet-cell antibody-negative [G.F.Bottazzo and 
D. Doniach, unpublished observations]). 

It is possible that the/3 cell responds to any aggres- 
sion by diminished insulin response to glucose, and per- 
haps the low insulin response of Type 2 diabetes is not 
different from that of' pre-Type 1 diabetes, i.e. some as 
yet undefined factor inhibits the action of glucose. Our 
assumption, however, has been that in Type 2 diabetes, 
where the genetic component is dominant, the low insu- 
lin response is an inherited trait. This assumption was 
based on the following observations: (1) In monozygot- 
~c non-diabetic twins of diabetic patients, and in two 
families with Type 2 diabetes in several generations, the 
incidence of a low insulin response to glucose was very 
high [21, 22]. (2) In children aged 7-16 years the distri- 
bution of the insulin response to glucose was similar to 
that found in adults, about 20% of children showing a 
low insulin response [23]. (3) In a large population study 
involving 155families, where glucose infusions were 
performed, the insulin response was found to be geneti- 
cally regulated [24]. "llais is illustrated with one family, 
where the similarity between the (low) insulin responses 
of the mother and one child is striking (Fig. 2). (4) We 
have recently studied the dose-response relationship of 
glucose-induced insulin release in 10 non-diabetic adult 
offspring of two Type 2 diabetic parents. In most, the in- 
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Fig. 3. Plasma insulin response to glucose infusion in a "low respond- 
er". Test conditions as for Figure 2. The subject was followed for 
7 years. While the insulin responses were similar at the initial test (0) 
and 3 years later, (3) after 7 years (7) it was reduced and the glucose 
curve suggested impaired glucose tolerance. Some time later the pat- 
ient developed moderate fasting hyperglycaemia 

sulin response capacity was reduced, the distribution of 
the responses being significantly shifted to the left of  the 
distribution in control subjects (C. Norynberg et al., un- 
published observations). (5) It was shown that both in 
subjects with a normal insulin response and in "low re- 
sponders", the insulin response was astonishingly stable 
over a period of 1-8 years [16]. Taken together, these ob- 
servations would suggest that a low insulin response to 
glucose is indeed an inherited trait and that it occurs 
with a higher frequency in susceptible families. How- 
ever, the situation may be less clear than what appears 
from the above statements. Indeed, a renewed workup 
of the data from our population study (after computa- 
tion of the glucose infusion tests) showed that although 
insulin response is indeed under genetic control, herita- 
bility was high in the children while it was considerably 
reduced in the adults [25]. This may suggest that envi- 
ronmental factors gain an increasingly important influ- 
ence on insulin release with increasing age. Type 2 dia- 
betes being a disease that develops extremely slowly, 
there are too few longitudinal, serial observations of the 
insulin response during the evolution of the disease 
from pre-diabetes to clinical diabetes. Figures 2 and 3 
give examples of lack of reduction and of gradual re- 
duction in the insulin response prior to the appearance 
of clinical diabetes in two "low responders". I do not 
believe the present data permit us to answer the ques- 
tion whether insulin release is gradually (further) im- 
paired in Type 2 diabetes as it apparently does in Type 1 
diabetes. 

So many studies have demonstrated insulin resis- 
tance in Type 2 diabetes [24-26] that it may seem hereti- 
cal to question its role in the pathogenesis of the dis- 
ease. Still, can one avoid wondering why, if insulin re- 

sistance is the main cause of Type 2 diabetes, only a mi- 
nority of subjects with obesity and severe insulin resis- 
tance become diabetic? If, as results of treatment of 
Type 2 diabetes indicate [29], the insulin resistance is a 
secondary event, at what stage of diabetes does it ap- 
pear? Most studies have been performed on patients 
with advanced fasting hyperglycaemia (13-14 mmol/1). 
We investigated recently [11]; R.Nesher et al., unpub- 
lished observations] a group of lean and obese Type 2 
diabetic patients with mild hyperglycaemia (mean 
9 mmol/1) at their basal hyperglycaemic level, and used 
a non-steady-state protocol to establish dose-response 
curves for insulin-mediated acceleration of glucose dis- 
appearance. Bearing in mind that control subjects were 
normoglycaemic while the patients were hyperglycae- 
mic, we could not demonstrate any difference in insulin 
sensitivity between weight-matched controls and Type 2 
diabetic patients. Although not excluding sensitivity 
differences at physiological insulin levels [30], and ac- 
cepting the effect of hyperglycaemia per se on glucose 
disposal [31], we still believe that such results exclude a 
primary role for insulin resistance in the pathogenesis of  
Type 2 diabetes. We could, furthermore, demonstrate 
highly significant correlations between the fasting plas- 
ma glucose level and equations describing the dose-re- 
sponse curves for glucose-induced insulin release and 
for insulin-induced glucose disposal. Analysis of these 
equations showed that 27% of the variance of the fast- 
ing plasma glucose could be explained by the insulin se- 
cretion, while insulin sensitivity contributed only to 4% 
of the variance [R. Nesher et al., unpublished observa- 
tions]. This does not mean that insulin resistance plays 
no role in Type 2 diabetes. First, hyperglycaemia itself 
apparently influences post-receptor events and hence 
glucose clearance, thus augmenting the hyperglycaemia 
[29, 31]. Second, it is quite obvious that in any state of 
insulin deficiency (as in "low insulin responders"), ad- 
dition of insulin resistance cannot but induce a deficit 
in the bioeffect of insulin, leading to hyperglycaemia. 
This was shown experimentally in an animal model of 
Type 2 diabetes, the spiny mouse. Spiny mice (Acomys 
cahirinus) in the Jerusalem colony have a markedly re- 
duced first phase insulin response to glucose but sel- 
dom become hyperglycaemic. When obesity was in- 
duced in Aeomys by a hypercaloric diet, and severe in- 
sulin resistance established, the insulin response to glu- 
cose augmented only marginally, and as a consequence 
hyperglycaemia developed [32]. 

To summarize, I think that under normal conditions 
an islet is fully capable of coping with the load imposed 
upon it by the insulin resistance of, for example, obesity, 
by augmenting its insulin output severalfold. Therefore 
I do not believe that, except for extreme situations such 
as the existence of receptor antibodies, insulin resis- 
tance may by itself be a sufficient and primary factor for 
the pathogenesis of diabetes. Only when the responsive- 
ness of the islet apparatus is reduced, perhaps through 
genetic factors, can insulin resistance increase the gap 
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between the demand and the offer for insulin bioeffect, 
leading to hyperglycaemia. The lower the responsive- 
ness of the//-cell, the easier would insulin resistance tip 
off the balance. However, below a secretory limit diabe- 
tes would probably occur without the help of additional 
factors. 

The physiology of insulin secretion 

Having convinced myself (hopefully also some of the 
readers) that the primary problem in diabetes resides at 
the level of the/3 cell, I have less of a bad conscience in 
spending so much time and money on trying to under- 
stand how the release of insulin is regulated. Also in this 
field, I am afraid, I will not be able to state the opposite 
of every word I wrote in my Minkowski Lecture [1]. In 
fact, I realize that what my group has done during the 
past 10 years is to justify, with real data, the statements 
that I made so lightheartedly in 1975! 

I have always envied researchers who work with 
prolonged static incubations of islets, where the insulin 
release rate gives the impression of being uniform in 
time: they make life easy for themselves. It is common 
knowledge that during a constant stimulation, the rate 
of insulin release oscillates dramatically; I cannot help 
being fascinated by this phenomenon. The reason for 
the biphasicity of the insulin response is not clear. How- 
ever, studies in man and in vitro suggest to us that glu- 
cose acts on insulin release in three distinct ways: (1) It 
initiates the chain of events commonly referred to as the 
stimulus-secretion coupling responsible for the acute 
secretion, and which is a sine qua non condition for the 
occurrence of release at any time. This action of glucose 
is very rapidly initiated, and is as rapidly reversed once 
the hexose falls below a threshold level. (2) Shortly after 
initiation of secretion, glucose generates a state of re- 
fractoriness in the/3 cell, called time-dependent inhib- 
ition, that reduces the secretion rate despite ongoing 
stimulation. This inhibitory action persists after glucose 
is withdrawn. Although the t�89 of time-dependent inhib- 
ition is not known precisely, it is definitely of the order 
of several minutes and quite different from that of acute 
stimulus-secretion coupling [33-35]. (3) The third event, 
slower in onset, amplifies the insulin response with 
time, and thus is responsible for the late increase in the 
secretion rate [36-39]. We have named this phenome- 
non time-dependent potentiation; its t�89 is also quite 
long. Based on several lines of evidence, we have postu- 
lated that the biphasic nature of glucose-induced insu- 
lin release is due to the expression of both time-depen- 
dent inhibition and potentiation on the acute stimulus- 
secretion coupling with different time courses, the sum 
of these positive and negative inputs resulting in the 
characteristic oscillation of the secretion rate [40]. 

This emphasis on the biphasic nature of insulin re- 
lease is not incidental. In Type 2 diabetes, first-phase in- 
sulin response is selectively diminished or abolished, 

while second phase release is usually retained until 
quite advanced stages of the disease [2, 9, 41, 42]. A sim- 
ilar situation exists in Acomys cahirinus. At all stages of 
glucose intolerance, the spiny mouse exhibits decreased 
insulin response to glucose stimulation in vivo and in 
vitro [32, 43]. Both in pre-diabetic and diabetic man, and 
in the spiny mouse, although acute insulin response to 
glucose is markedly diminished, the time-dependent 
potentiating effect of the hexose is retained [44, 45]. In- 
deed, we showed recently with a perifusion system that 
by inducing time-dependent potentiation in islets of Ac- 
omys we could correct the kinetics of insulin secretion, 
re-establishing normal first-phase response [45]. From 
the above, it seems clear that the cellular mechanisms 
for acute stimulus-secretion coupling of glucose-in- 
duced insulin release, and those for time-dependent 
potentiation cannot be identical. Since the islets of 
Type 2 diabetic patients and those of spiny mice contain 
normal amounts of insulin [44, 45] and time-dependent 
potentiation may restore a normal release, it could be 
concluded that the basic defect of diabetes (i. e. the in- 
ability to secrete first phase insulin) must be of a func- 
tional nature and hence amenable to correction. 

The release of insulin, like other exocytotic events, is 
calcium-dependent. 'Haere is consensus that glucose 
elicits its acute effect on insulin release by elevating the 
cytosol concentration of calcium ions [47]. Hellman et 
al. [48-50] have recently demonstrated convincingly by 
direct measurements of the cytosol calcium activity with 
quin 2 that glucose increases the influx of calcium 
through the plasma membrane into the cytosol and also 
from the cytosol to mitochondria, secretory granules 
and other storage compartments. This unitary action of 
glucose (stimulation of calcium movements from the 
outer face of membranes inwards) results in a dual ef- 
fect on cytosol calcium: initially a reduction due to se- 
questration of the ion, followed by increase due to the 
more important influx from the extracellular space and 
the gradual saturation of the storage compartment. I 
find this hypothesis most attractive since the oscillations 
of free cytosol calcium may fit the phasicity of insulin 
release. 

Another factor known to have a major impact on in- 
sulin secretion is cyclic AMP. In 1973 we and Grodsky's 
group discovered that glucose stimulates the accumula- 
tion of cyclic AMP in the islet [51, 52]. Extensive studies 
by my group demonstrated that this occurs prior to the 
initiation of insulin release, that its glucose dose-depen- 
dency is identical to that for insulin secretion, that stim- 
ulation or inhibition of hormone secretion is usually ac- 
companied by similar changes in islet cyclic AMP, and 
that there exists a very tight correlation between the lev- 
el of cyclic AMP and the insulin secretion rate [53-58]. 
These findings urged us to propose that cyclic AMP, to- 
gether with cytosolic calcium, functions as the main 
controller of secretion. Of interest for understanding the 
basic defect in diabetes, in islets from hyperglycaemic 
Acomys, glucose failed to elevate the cyclic AMP con- 
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centration as it failed to stimulate first-phase insulin se- 
cretion [59, 60]. 

There seems to be a definite link between the above 
two factors since on the one hand the glucose effect on 
cyclic AMP generation is calcium-dependent [61] and it 
has been shown that islet adenylate cyclase is stimulat- 
ed by calcium-calmodulin [62], and, on the other, cyclic 
AMP has been thought to stimulate the mobilization of 
calcium from intracellular stores [63]. These interrela- 
tions may, however, be more complex than believed un- 
til now, as indicated by the work of Hellman et al. 
[48-50] and the description by Henquin and Meissner 
[64] of an action of endogenous cyclic AMP on plasma 
membrane calcium channels in islets. Today the con- 
sensus of opinion appears to be that calcium is the pri- 
mary trigger of insulin release, while cyclic AMP merely 
acts as an amplifier of the secretory signal. I find it 
bothersome, however, that adequate insulin release is 
never obtained under conditions where glucose-in- 
duced cyclic AMP generation is diminished. As an ex- 
ample, the adenylate cyclase inhibitor RMI 12330 (10 
~tmol/1), suppresses in parallel the effect of glucose on 
cyclic AMP generation and on insulin release in isolat- 
ed rat islets [Y. Krausz and E. Cerasi, unpublished ob- 
servations]. I am convinced that in the near future we 
will witness renewed interest in islet cyclic AMP metab- 
olism, and possibly a modified view on the importance 
of this nucleotide for insulin release will emerge. 

Are calcium ions and/or  cyclic AMP responsible for 
the time-dependent effects of glucose on insulin secre- 
tion? No biochemical data are available on time-depen- 
dent inhibition. It is an attractive thought that the cal- 
cium-lowering effect of glucose described by Hellman 
et al. could be responsible for the reduced insulin re- 
sponse during time-dependent inhibition; this hypothe- 
sis has not yet been tested. We demonstrated that inhib- 
ition of glucose metabolism with mannoheptulose 
blocked time-dependent potentiation, whereas suppres- 
sors of insulin release, such as adrenaline, somatostatin 
or diazoxide had no effect [34, 38, 39, 65]. We concluded 
therefore that metabolism of glucose was necessary for 
time-dependent potentiation. In contrast, removal of 
the calcium ion, and thus reduction of glucose-induced 
calcium uptake in the islet did not seem to modify time- 
dependent potentiation [38], although conflicting data 
has been presented [66]. As to the effectuation of the 
amplificatory message of time-dependent potentiation 
on insulin release, neither glucose utilization nor glu- 
cose-induced cyclic AMP stimulation were augmented 
[38]. We assumed therefore that a distal step in the stim- 
ulus-secretion coupling must be involved in the amplifi- 
cation of the insulin response. I believe that the same is 
true for second-phase insulin release during prolonged 
stimulation, since cyclic AMP levels at this phase are 
not augmented [40]. Whether this discussion on the 
mechanism of time-dependent potentiation is valid for 
the correction of the diabetic insulin response from is- 

lets of Acomys is not known, since none of the men- 
tioned studies were applied to islets from spiny mice. 

Several studies suggest that calcium-sensitive pro- 
teins play an important role in the islet, since it was 
demonstrated that insulin secretion is sensitive to phe- 
nothiazines, and that the islet contains calmodulin [62, 
67-69]. It is, thus, accepted that the calcium effects both 
on insulin release and cyclic AMP generation are medi- 
ated by calmodulin. However, recent findings cast some 
doubt that calmodulin is the only or the main mediator 
of  the calcium effect. We studied the effects of two 
phenothiazine derivatives, trifluoroperazine which has 
high affinity for calmodulin, and promethazine with an 
affinity for calmodulin about 1A00 that of  trifluoropera- 
zine [70]. During a 60-min incubation with 16.7 mmol/1 
glucose, both drugs inhibited the insulin secretion. Sur- 
prisingly, however, the sensitivity of the islet was greater 
for promethazine than for trifluoroperazine (IDs0 5 and 
15 lxmol/1, respectively [71; Y. Krausz and E. Cerasi, un- 
published observations]. These findings can be ex- 
plained if one assumes that another calcium-sensitive 
protein, synexin, is active in the islet. Synexin is a 
47 000 dalton protein, isolated from the adrenal medulla 
and shown to induce aggregation of chromaffin gran- 
ules and their binding to the cytosol membrane in the 
presence of calcium [70, 72, 73]. These studies have sug- 
gested that this protein may indeed be a key agent con- 
trolling the final steps of exocytosis. The demonstration 
that phosphatidyl inositol may act as the binding site for 
synexin [74], taken together with the importance of this 
lipid in the secretion event [75-78], certainly strengthens 
this assumption. Synexin is equally sensitive to inhib- 
ition by trifluoroperazine and promethazine at low mi- 
cromolar concentrations, which distinguishes it from 
calmodulin, whose affinity for promethazine is in the 
range of 300-500 ~tmol/1 [70]. 

We asked ourselves whether calcium-sensitive pro- 
teins are implicated in the phasic secretory pattern of 
the t-beta cell by having differential effects on first - 
versus second-phase secretion. The high sensitivity of 
insulin secretion to inhibition by promethazine was 
demonstrated in prolonged static incubations (60 min) 
of islets [71]. When amounts of trifluoroperazine and 
promethazine equipotent in inhibiting second-phase re- 
lease (15 and 5 ~tmol/1 respectively) were used for first 
phase secretion studies (islets incubated at 16.7 mmol/1 
glucose for 5 min) results were vastly different. Whilst 
trifluoroperazine induced a 100% inhibition of the ef- 
fect of glucose on insulin release and on cyclic AMP 
generation, promethazine had no effect on either pa- 
rameter [Y. Krausz and E. Cerasi, unpublished observa- 
tions]. Although other interpretations are possible, we 
propose that the initial insulin response to glucose, 
which reflects mainly the acute stimulus-secretion cou- 
pling, is regulated by cyclic AMP and is highly sensitive 
to trifluoroperazine, thus suggesting that the action is 
mediated by calmodulin. Supersynexin, a protein relat- 
ed to synexin [79], also could be a candidate, since it is 
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more sensitive to trifluoroperazine than to prometha- 
zinc, and its high sensitivity to nanomolar concentra- 
tions of calcium may fit the time-courses of intracellular 
calcium during glucose stimulation. As to second-phase 
insulin response, the marked sensitivity to prometha- 
zinc makes synexin the candidate of choice, the more so 
since with time glucose may raise the cytosol calcium 
concentration sufficiently to activate this protein [79]. It 
is clear from this discussion that in order to obtain a 
clear picture of the mechanisms that control insulin re- 
lease in a timed manner, studies will have to be conduct- 
ed on the presence of various calcium-sensitive proteins 
in islets from normal animals and diabetic models, on 
their biological activation or inhibition at various 
phases of secretion, taking into account the actual free 
calcium levels at these times and the possible interac- 
tions with cyclic AMP. 

New interests 

I have a deep liking for people who, at a respectable 
age, decide to leave diabetes research for, say, nephrolo- 
gy, or even better, car sales! I seem to have made a 
Catholic marriage with diabetes (remember, I live in the 
Holy Land), so this is how I will continue to justify my 
salary. Apart from studies that are continuations and 
extensions of the topics described above, three new 
areas give me the additional excitement needed at age 
50, and are briefly described below. 

Islet cultures 

We have recently succeeded in establishing a method 
for monolayer cultures of adult rat islet cells. These cul- 
tures are maintained on dishes coated with the extracel- 
lular matrix which apparently favours not only the at- 
tachment of islets and the migration of cells out of the 
islet to form a monolayer, but also the maintenance of 
functional integrity, since our cultures retain a normal 
sensitivity to glucose [N. Kaiser et al., unpublished ob- 
servations]. The problem of fibroblast overgrowth has 
been solved by the use of an anti-fibroblast monoclonal 
antibody, cytotoxic in the presence of complement. Our 
present studies are concentrated on islet cell growth in 
response to cell damage induced by mechanical means 
as well as by islet cell antibodies from Type 1 diabetic 
subjects. In addition, I hope the system will reveal itself 
highly suitable to studies on cell surface receptors (e. g. 
the somatostatin receptor [71]) and to manipulation of 
the cell membrane composition. 

Regulation of glucose transport in skeletal muscle 

Muscle mass is certainly the prime target of insulin. 
Therefore when discussing insulin resistance, character- 
ization of glucose uptake in muscle cells must be more 
relevant than studying monocytes or even adipocytes, 

convenient as they may be. We established a rat skeletal 
myoblast line (LS) to this end. Under appropriate con- 
ditions these cells undergo maturation and fuse into 
muscle fibres. We asked ourselves whether the post-re- 
ceptor defect described in hyperglycaemic conditions 
could be due to "downregulation" of glucose transport 
by glucose itself. Indeed, cultures maintained at low 
glucose concentrations show a much higher rate of 
2-deoxyglucose transport than those kept at high glu- 
cose. While the Km of the transport is identical in both 
conditions, the Vmax of the reaction is reduced by 50% 
at high glucose [S. Sasson and E. Cerasi, unpublished 
observations]. In this cell line, the set-point of  the regu- 
lation is approximately 3 mmol/1 glucose. Whether this 
reflects the situation in vivo or is related to the specific 
characteristics of this muscle cell line is under investiga- 
tion. If valid for the situation in vivo, this model may ex- 
plain why hyperglycaemia, as a secondary event, in- 
duces insulin resistance at the post-receptor level. 

Induction of glucose-sensitive insulin secretion 
in fibroblasts 

This is one of the most exciting projects that I have been 
involved with, and, barring misfortunes, will occupy my 
laboratory for considerable time. Rat islet genomic 
DNA was extracted and transferred, together with a 
thymidine kinase containing plasmid, into thymidine 
kinase deficient murine fibroblasts (L tk-  cell line). By 
chosing appropriate conditions for DNA extraction 
and cell selection, we succeeded in obtaining fibroblasts 
that synthesize and secrete mature insulin to the medi- 
um in response to glucose [B. Klein et al., unpublished 
observations]. Thus, not only the insulin gene, but also 
all the genes that control the conversion of proinsulin to 
insulin, regulate the exocytotic event, and link the glu- 
cose stimulus to the secretion event, can be transferred 
to a heterologous non-fl mammalian cell. This work is in 
its infancy. Its potential is, however, tremendous, both 
from the viewpoint of basic science (recognition of the 
various genes that control the multiple steps of the stim- 
ulus-secretion coupling, of exocytosis, of cell surface re- 
ceptors for various physiological modulators of insulin 
release; identification of genes that control the t-cell 
specific cell surface antigens, etc.), and perhaps from 
the viewpoint of  a diabetologist (can one take fibro- 
blasts from a diabetic, transfect them with, for example, 
pork islet DNA excluding the genes that induce the 
64 K surface antigen [80], and transplant back the glu- 
cose-sensitive, insulin-producing autologous fibroblasts 
to the patient, thus prever~ting both graft rejection and 
attack of the transplant by the humoral and cellular au- 
toimmunity of Type 1 diabetes .9). I reserve the continua- 
tion of this topic for tlhe 30th Anniversary Special Issue 
of Diabetologia! 
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