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Introduction 

In the first report in this series, information was pro- 
vided on the regulation of nutrient metabolism in islet 
cells, the view being emphasized that an acceleration of 
oxidative fluxes may represent an early causal event in 

the process of nutrient-stimulated insulin release 8~ The 
present report deals with the coupling of metabolic 
events to more distal events in the secretory sequence. 
We wish to make it immediately clear that this funda- 
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mental question of islet cytophysiology remains, in our 
opinion, largely controversial. This does not mean, 
however, that there is a shortage of hypotheses. On the 
contrary, a number of distinct modalities are currently 
considered for the coupling of metabolic to distal events 
in the process of nutrient-stimulated insulin release. It is 
precisely the aim of the present report to define and 
discuss these various hypothetical modalities. 
One of the difficulties encountered in such a discussion 
consists in the selection, among a great number of distal 
events, of those which are likely to be most closely 
related, in their regulation, to the metabolic events. For 
instance, the view could be taken that a crucial step in 
the process of nutrient-induced insulin release consists 
in a decrease in K + conductance, leading to depolar- 
ization of the plasma membrane, subsequent gating of 
voltage-sensitive Ca 2+ channels, accumulation of cytoso- 
l ic C a  2+ and eventual activation of the effector system 
controlling the access of secretory granules to their site 
of exocytosis at the cell boundary 57. In such a case, the 
regulation of plasma membrane K + conductance should 
be looked upon as a major target for coupling factors 
generated by the catabolism of nutrients. However, if it 
were postulated that the remodelling of ionic fluxes 
known to coincide with the process of nutrient-stimu- 
lated insulin release would be secondary mainly to stim- 
ulation of phospholipid turnover, e.g. in the phosphati- 
dylinositol cycle, with coinciding generation of native 
ionophores, then such an enzyme as phospholipase C 
could be considered as the essential target for the cou- 
pling factors provided by the oxidation of nutrient 
secretagogues 12. In other words, any proposal in favor 
of a given coupling factor is critically dependent on the 
selection of the major target system supposed to medi- 
ate the informational transfer of the input metabolic 
signal to the output secretory response. 
At the first glance, several candidates could act as cou- 
pling factors between metabolic and more distal events 
in the secretory sequence. Indeed, an increase in nu- 
trient oxidation usually coincides with an increase in the 
generation rate of reducing equivalents (e.g. NADH 
and NADPH), high-energy phosphate intermediates 
(e.g. ATP) and protons (H+), each of which could con- 
ceivably act as a coupling factor. Alternatively, one or 
several metabolite(s) generated in suitable catabolic 
pathway(s) could play such a role. It is also conceivable 
that distinct coupling factors act separately to affect 
distinct distal events and/or in concert to modulate 
common distal reaction(s) 59. Moreover, the view should 
not be ruled out that the modality of coupling between 
metabolic and distal events is not strictly identical in 
response to all nutrient secretagogues. For instance, the 
transport of a given nutrient secretagogue into the pan- 
creatic B-cell may be coupled rather specifically with a 
given ionic movement, which in turn would somehow 
participate in the initiation or modulation of the secre- 
tory response 75. Likewise distinct nutrient secretagogues 
may affect in a different manner both the generation of 
reducing equivalents in the cytosolic and mitochondrial 
compartments and the transfer of such reducing equiva- 
lents from one to another of these compartments. These 
considerations obviously call for a prudent and 
nuanced analysis of the coupling process. Yet, in order 

to provide a clear presentation of this fundamental 
problem of B-cell physiology, a rather schematic or sim- 
plified approach will here be adopted. Thus, the discus- 
sion will be mainly restricted to a few punctual pro- 
posals concerning the modality of coupling of metabolic 
to distal events in the secretory sequence. Nevertheless, 
we believe that it is essential to keep the present intro- 
ductory remarks in mind and hence, to realize that the 
various theories examined in this review may all suffer, 
for the sake of a cartesian formulation, from undue 
simplification. 

Metabolic intermediates 

A few years ago, when it was still a matter of debate 
whether glucose (and other nutrient secretagogues) 
needs to be metabolized in the islet cells in order to 
stimulate insulin release, the view had been taken into 
consideration that an early metabolite of glucose, e.g. 
glucose 6-phosphate, may play a crucial role as a signal 
for insulin release. A compartmentalization of glucose 
6-phosphate in islet cells was even proposed to account 
for differences in the response to extracellular glucose 
and that derived from endogenous glycogen, respec- 
tively 77. Alternatively, specific reactions in a given me- 
tabolic pathway were considered as possible candidates 
for the regulation of distal events controlling insulin 
release. This applies for instance to the conversion of 
glucose to sorbito124, the metabolism of glucose 6-phos- 
phate by the pentose phosphate pathway ~,68 or the reac- 
tion in the glycolytic pathway catalyzed by glycer- 
aldehyde-3-phosphate dehydrogenase 28. Now that it 
seems evident that distinct nutrient secretagogues, 
which are metabolized by vastly different pathways, 
owe their insulinotropic capacity to their ability to act 
as a fuel in islet cells, the idea that a critical metabolite 
acts as the major coupling factor is received with 
greater scepticism. 
Nevertheless, it is still conceivable that the availability 
or generation rate of certain metabolites participate in 
the coupling of metabolic to distal events. For instance, 
it was proposed that phospho-enol-pyruvate may play 
an important role in controlling either the mitochon- 
drial handling of Ca 2+85 or the activity of such enzymes 
as adenylate cyclase and protein kinase ~5,~7. Likewise, 
and as already alluded to, the generation of extramito- 
chondrial NADH and ATP in the glycolytic sequence 
from D-glyceraldehyde-3-phosphate to 3-phosphogly- 
cerate would be well suited to provide regulatory signals 
for events taking place at the plasma membrane 28,67. In 
this respect, it remains to be investigated whether the 
enzyme glyceraldehyde-3-phosphate dehydrogenase is 
as closely associated with the plasma membrane in the 
B-cell as in erythrocytes 5~. In the same perspective, the 
identification of the reaction catalyzed by the malic en- 
zyme as a major site for the extramitochondrial genera- 
tion of NADPH 53'82 may be of importance in consider- 
ing the possible effect of a change in cytosolic redox 
state upon target systems located at the plasma mem- 
brane. 
At this point, an important conceptual dilemma should 
be mentioned. Whenever a potential coupling factor 
(e.g. a metabolic intermediate or a cofactor generated 
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by the catabolism of nutrients) is taken into considera- 
tion, the question can be raised whether it is the concen- 
tration or the generation rate of this coupling factor 
which matters for the control of  distal functional 
events. When considering the mode of action of a regu- 
latory factor, we are often thinking in terms of the time 
course and magnitude of changes in its concentration, 
rather than in terms of changes in its rate of generation. 
Yet, minor changes in steady-state cellular content (or 
concentration), at the limit of detection because of ei- 
ther biological variability or assay imprecision, may 
coincide with major changes in generation rate. For in- 
stance, the ATP content of islet cells does not undergo 
obvious changes in the range of glucose concentration 
between 2.8 and 27.8 mM 59. Yet, it is obvious that the 
rate of ATP synthesis is considerably increased in the 
same range of hexose concentrations. It is therefore 
conceivable that an increased availability of a coupling 
factor coincides with an increase in its rate of utiliza- 
tion, without any major change in its steady-state cellu- 
lar content (or concentration). In such a case, it could 
be questioned whether and how the increase in genera- 
tion rate of  the coupling factor may influence its rate of  
utilization. 

Reducing equivalents 

There is little doubt that nutrient secretagogues affect 
the redox state in pancreatic islet cells. It was first 
shown by Panten and his colleagues that glucose and 
other nutrient secretagogues augment rapidly the 
NAD(P)H-fluorescence and decrease the FAD-fluores- 
cence of perifused islets isolated from ob-ob mice 7~,72. 
The latter decrease was interpreted as indicative of a 
rapid and sustained change in B-cell mitochondrial 
redox state. However, MacDonald observed that a 
larger fraction of islet flavin was cytosolic rather than 
mitochondria149. Further studies have documented that 
both the N A D H / N A D  + and NADPH/NADP + ratio 
increase in a rapid and sustained fashion in glucose- 
stimulated islets ~, ~3. ~9.59. This was extended to other nu- 
trient secretagogues and the impression was on occasion 
gained that the NADPH/NADP + rather than NADH/  
NAD + ratio correlated most closely with the secretory 
data 4~. Since the ration of reduced to oxidized pyridine 
nucleotides does not inform on the respective redox 
state of the cytosolic and mitochondrial compartments 
and does not specifically refer to the cell content in free 
nucleotides, the islet content in critical metabolites was 
then measured to assess specifically the cytosolic redox 
state for either the NAD or NADP system. These stud- 
ies have indicated that nutrient secretagogues such as 
D-glucose, L-leucine and 2-ketoisocaproate indeed aug- 
ment the cytosolic N A D P H / N A D W  and/or NADH/  
N A D  + r a t i o  8,26,63'66'82. According to Ammon et al. 2, glu- 
cose also causes a dose-related increase in the GSH/ 
GSSG ratio from a basal value of 1.0 to a maximal 
value of 3.3 at glucose 16.7 mM. Anjaneyulu et al. 7 also 
observed a modest effect of glucose to increase the islet 
GSH/GSSG ratio from a basal value of 6.7 to a value 
of 8.4 at high glucose concentration. The latter data are 
much higher than those reported by Ammon et al. 2 and, 
as such, much closer to the values found in other tis- 

sues. It was also observed that several nutrient secre- 
tagogues augment the islet content in thiol groups. For 
instance, D-glucose (16.7 mM) increases the latter con- 
tent from a basal value of 119 + 7 to 170 :t: 9 pmol/txg 
protein 7. 
As already mentioned, the changes in redox state are 
rapid and sustained. In response to glucose adminis- 
tration, they may precede the stimulation of insulin 
release 52. Attempts were made to investigate whether the 
redox state in pancreatic islets may display either a pha- 
sic early response to glucose 59 or oscillations during pro- 
longed stimulation 65, as observed for other functional 
variables of islet function. However, no conclusive re- 
suits were obtained, so that it remains a matter of spec- 
ulation whether the rhythmic pattern of bioelectrical 
and secretory activity in islet cells is ruled by a meta- 
bolic or cationic pace-maker. Nevertheless, the changes 
in redox state evoked by nutrient secretagogues are suf- 
ficiently rapid and marked to postulate that reducing 
equivalents act as a coupling factor between metabolic 
and distal events in the secretory sequence. The latter 
view raises questions as to the site of generation of re- 
ducing equivalents, their modality of transfer between 
the cytosol and mitochondria and the nature of the tar- 
get systems responsive to a change in redox state. 
In response to stimulation by certain nutrient secre- 
tagogues, e.g. 2-ketoisocaproate, the generation of re- 
ducing equivalents is thought to be primarily increased 
mainly, if not exclusively, in mitochondria. Yet, with 
other nutrients, e.g. D-glucose, the cytosolic metabo- 
lism of the nutrient directly increases the generation 
rate of extramitochondrial NADH and NADPH. Cer- 
tain observations suggest that the cytosolic generation 
of NADPH may play a critical, if not exclusive, role in 
the coupling of metabolic to functional events. For in- 
stance, we recently observed that L-asparagine, which 
augments leucine-stimulated insulin release 66, is metabo- 
lized in the islet cells, in part at least, through the se- 
quence of reactions catalyzed by the cytosolic enzymes, 
malate dehydrogenase and the malic enzyme 79. This 
pathway for the conversion of oxalacetate (derived 
from exogenous L-asparagine) to pyruvate provides a 
modality for the coupled conversion of N A D H  to 
NAD + and NADP + to NADPH. As a matter of fact, 
the extramitochondrial conversion of malate to py- 
ruvate may well represent a major site for the cytosolic 
generation of NADPH in islet cells 53'82. 

MacDonald has drawn attention to the possible partici- 
pation of hydrogen shuttles, i.e. the glycerol phosphate 
shuttle 48 and the malate aspartate shuttle 5~ in the trans- 
fer of reducing equivalents into mitochondria of glu- 
cose-stimulated islets, as to maintain a low NADH/  
NAD + cytosolic ratio and, hence, a sustained rate of 
glycolysis. In addition to measuring the activity and 
subcellular location of enzymes involved in these shutt- 
les, MacDonald reported that aminooxyacetate, an in- 
hibitor of aminotransferase when used in the 5-10 mM 
range, decreases both (U-~"C)glucose oxidation and glu- 
cose-stimulated insulin release by the islets 5~ A some- 
what different picture was obtained in our laboratory. 
Thus we observed that aminooxyacetate severely af- 
fected the cationic and secretory response of the islets to 
various nutrient secretagogues, including D-glucose and 
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2-ketoisocaproate, without causing any obvious alter- 
ation in the oxidation of these nutrients 44,63. Since, ami- 
nooxyacetate also lowered the malate/pyruvate ratio in 
islets stimulated by either D-glucose or 2-ketoisoca- 
proate, we proposed that the integrity of extramito- 
chondrial transamination reactions may be required for 
the maintenance of a sufficient NADPH/NADP § ratio. 
Obviously, further studies are required to assess the ex- 
tent and mechanism of transfer of NAD(P)H between 
distinct subcellular locations, as well as the modality of 
hydrogen exchange between the NAD and NADP sys- 
tems. 
There are several modalities by which a change in redox 
state could affect distal events in the secretory sequence. 
Hellman and colleagues were the first to propose that a 
change in the thiol/disulfide balance of membrane-asso- 
ciated proteins may alter their participation in ionic 
movements, this proposal being based mainly on an 
extensive study dealing with the influence of sulphydryl 
reagents upon insulin release 3l. The idea was pursued by 
several investigators 2'4. For instance, Henquin 32 and 
Malaisse et al. 6~ emphasized the possible role of re- 
duced nicotinamide nucleotides in the regulation of K § 
permeability in islet cells. The change in thiol-disulfide 
balance of proteins may be mediated by the GSH/ 
GSSG system. Islet homogenates display, in addition to 
glutathione reductase activity, little glutathione peroxi- 
dase activity but high glutathione-cystein transhydroge- 
nase activity 7. T~iljedal also identified thioredoxin in 
pancreatic islets and proposed that it may participate in 
electron transport to the B-cell plasma membrane 86. A 
recent study dealing with a specific inhibitor of gluta- 
thione reductase, 1,3-bis(2-chloroethyl)-l-nitrosourea, 
supports the view that this enzyme participates in the 
regulation of distal events in the secretory sequence 22. 
An alternative possiblity would be that the mitochon- 
drial redox state controls the effiux of Ca z+ from the 
organelles, an increase in N A D H / N A D  + ratio being re- 
ported to lower Ca 2+ effiux in liver or heart mitochon- 
dria 46. It is also conceivable that the changes in the 
thiol-disulfide balance of proteins modulate their parti- 
cipation in distal regulatory events, other than ionic 
movements 5,14. Last, it should be kept in mind that the 
reduction of NAD + or NADP + coincides with the ap- 
pearance of a dihydropyridine ring in the nicotinamide 
moiety of these nucleotides, this change in structure be- 
ing possibly directly involved in a regulatory role of 
these cofactors. 
The present remarks certainly do not exhaust all rele- 
vant comments which could be offered on the possible 
role of reducing equivalents in the stimulus-secretion 
coupling of nutrient-induced insulin release, but at 
least, clearly indicate that this topic duly merits further 
attention. 

Protons 

An increase in the rate of nutrient catabolism is thought 
to coincide with an increase in the generation rate of 
protons. It is conceivable, therefore, that protons act as 
a coupling factor in the insulin secretory sequence 58. For 
instance, it was  proposed that nutrient secretagogues, 
by increasing H + production, may cause inhibition of 
both K + and Ca 2+ efflux from the islet cells 58. It was 

even documented that, in an artificial membrane model, 
native ionophores extracted from the islets can mediate 
both K + transport, along an imposed K + chemical gra- 
dient, and Na+-Ca ~§ countertransport 6. In this model, 
acidification of the chamber simulating the intracellular 
(cytosolic) milieu indeed resulted in inhibition of Ca 2+ 
uphill translocation. The postulated role of H § as a cou- 
pling factor should be considered in the light of several 
findings which are listed below. 
Glucose causes a dose-related fall in pH of the incuba- 
tion medium when the islets are placed in a solution 
with poor buffering capacity, the pattern of the dose-re- 
sponse curve appearing hyperbolic 59. Although this ob- 
servation indicates that glucose increases the net output 
of H + from the islets, it does not inform on the modality 
of H § extrusion. For instance, it is conceivable that the 
fall in extracellular pH is attributable, in part at least, 
to the extrusion of organic acids, e.g. pyruvic acid and 
lactic acid, which could cross the plasma membrane in 
the undissociated form. Glucose indeed provokes a 
rapid and sustained stimulation of lactic acid and pyru- 
vic acid output from the islets 56. 
Distinct nutrients may affect in a vastly different 
manner the net generation rate of H § For instance, 
when high concentrations of amino acids are used to 
stimulate insulin release, the production of NH4 + by ei- 
ther deamidation or oxidative deamination might com- 
pensate, in part  at least, for the production of acidic 
metabolites and, hence, modify the response of the islets 
to suitable cationic manipulations 8~. Incidentally, there 
are also indications that the cationic response of the 
islet cells to distinct nutrients is not always qualitatively 
identicaP 9. 
Relatively little information is available on the effect of 
nutrient secretagogues upon intracellular pH. The two 
methods of measurement so far used, i.e. the uptake of 
~4C-labelled 5, 5-dimethyloxazolidine-2, 4-dione by the 
islets and the change in fluorescence of islets prelabelled 
with fluorescein diacetate, do not inform on the hetero- 
geneity of pH between different intracellular compart- 
ments. Somewhat unexpectedly, D-glucose causes a 
rapid, sustained a dose-related increase in the intracelhi- 
lar pH of islet cells 2~ This finding led to the spec- 
ulation that the glucose-induced postulated increase in 
H + generation is compensated for by stimulation of 
such processes as CO3H-/C1- exchange or Na+/H + coun- 
tertransport 2~ In support of this interpretation, it 
should be noted that glucose stimulates both the out- 
flow of 36C1- from prelabelled islets 78 and the inflow of 
~4CO3H- into the islet cells 2~ Moreover, in one study, 
glucose was found to cause an early fall in intracellular 
pH when the islets were incubated in the absence of 
extracellular HCO 3- or in the presence of amiloride, 
which is thought to selectively inhibit Na§ + ex- 
change 2~. However, according to Lindstr6m and Sehlin, 
glucose still causes a late increase in islet cell pH in the 
absence of bicarbonate 47. 

Several attempts were made to affect the intracellular 
pH of islet cells, independently of any manupulation in 
their nutritional environment, in order to assess the 
possible influence of change in cellular pH upon the 
functional behavior of the pancreatic B-cell. The inter- 
pretation of the results obtained in such experiments is 



Experientia 40 (1984), Birkh~iuser Verlag, CH-4010 Basel/Switzerland 

not always easy, and this for at least four reasons. First, 
a secondary effect of the change in cellular pH upon 
metabolic variables should not be ruled out. Such a 
metabolic alteration should be considered in the frame- 
work of an important conceptual aspect of B-cell phy- 
siology, namely the feedback regulatory role of ionic 
events upon metabolic events 65. Second, the tools used 
to modify intracellular pH may affect islet function in- 
dependently of the postulated change in pH. To cite 
only one example, in one study 87, glycodiazin was used 
at a 5.0 mM concentration as a weak permeant acid in 
order to lower intracellular pH. Yet, this drug is a po- 
tent hypoglycemic sulfonamide and stimulates insulin 
release when used at a concentration as low as 6.0 ].tM 62. 
Third, in most studies, especially in the extensive work 
carried out by Pace and colleagues 7~ on this theme, 
the postulated change in cellular pH was not documen- 
ted. Last, the results of these studies are themselves 
somewhat equivocal. Most experimental data suggest 
that a lowering of intracellular pH may facilitate nu- 
trient-induced electrical activity and insulin release. 
However, there are exceptions to this rule. For instance, 
it was recently proposed that, at low glucose concentra- 
tion (1.0 mM), NH4C1 (5.0 raM) stimulates modestly 
insulin release 47. Likewise, the influence of changes in 
extracellular pH upon nutrient-stimulated insulin 
release are tightly dependent, for a given nutrient, on 
the concentration of the nutrient, so that the same 
change in extracellular pH may either augment or de- 
crease insulin release evoked by two distinct concentra- 
tions of the same nutrient 4~ As a matter of fact, the 
latter observation had been interpreted as an indirect 
evidence that nutrients indeed solicit the buffering ca- 
pacity of the islets cells. 

With these reservations in mind, several stu- 
dies 23'33'69'70'84'87, suggest that lowering of the cytosolic 
pH may favor B-cell secretory function. Thus, imida- 
zole (10 mM) and NH4C1 (20 raM), which are supposed 
to act as permeable weak bases and to increase cellular 
pH, inhibit glucose-induced electrical activity and insu- 
lin release. The same phenomenon occurs in response to 
administration of the N a : H  ionophore monensin 
(15 laM). Inversely, 4-4'-diisothiocyano-2,2'-stilbene 
disulfonic acid which is supposed to act as an inhibitor 
of H C O  3 /C1- exchange and, hence, to lower cellular 
pH causes, in the 10-200 laM range, a dose-related in- 
crease in glucose-induced electrical activity. A compara- 
ble response is seen with amiloride (50-100 gM), which 
by inhibiting Na+/H + exchange may also cause a de- 
crease in cellular pH. Taken as a whole, these oberva- 
tions support the view that the K + permeability in islet 
cells is proton sensitive, a fall in intracellular pH caus- 
ing a fall in K + conductance and vice versa 23'58. None of 
these observations, however, establishes that glucose or 
other nutrient secretagogues affect K + permeability 
through changes in cytosolic pH. Obviously, further 
work is required to assess the effect of nutrients upon 
pH in the cytosolic and other cellular compartments. 

A T P  

Several enzymatic reactions, of which the velocity is in- 
creased in stimulated B-cells, use ATP as a substrate. It 
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is generally thought that the secretory activity of the 
B-cell represents an energy-dependent process. It is con- 
ceivable that ATP availability represents not solely a 
permissive but even a regulatory factor in nutrient-in- 
duced insulin release. One proposal postulates that nu- 
trients, by increasing the ATP generation rate, facilitate 
the active pumping of cytosolic Ca 2+ into either intracel- 
lular organelles or the extracellular milieu, as mediated 
by suitable ATPases 1~ This would lead to a fall in cyto- 
solic Ca 2+ activity, with subsequent closing of Ca2+-re - 
sponsive K + channels. The latter modification in K + 
conductance would coincide with a decrease in the out- 
flow of K + from the islet cells and depolarization of the 
plasma membrane. The change in membrane potential 
could then provoke the gating of voltage-sensitive Ca 2+ 
channels, allowing for a facilitated influx of Ca 2+ into 
the islet ceils and, through an increase in cytosolic Ca 2+ 
activity, trigger the exocytosis of secretory granules. 
Within the restricted scope of the present report, we 
intend to limit the discussion of such a proposal to the 
initial events, namely the link between an increase in 
ATP generation rate and the increase in active Ca 2+ 
pumping. More distal steps in the proposed sequence, 
e.g. changes in K + conductance, membrane polarization 
and Ca 2+ inflow are considered in later reports in this 
series. The above proposal is compatible with several 
experimental findings, as follows. 
First, it is well established that nutrient secretagogues 
augment the rate of ATP generation as judged from ei- 
ther the 02 uptake 27'38, the heat production 25 or the mea- 
surement of metabolic fluxes in islet cells 8~ However, it 
should be underlined, as already noted, that the ATP 
content (or ATP/ADP ratio and adenylate charge) is 
little affected by glucose in the range of concentrations 
associated with stimulation of insulin release 59. The 
ATP content of pancreatic islets is decreased when they 
are incubated in the absence of exogenous nutrient 9'61. 
But low concentrations of glucose, which do not stimu- 
late insulin release under normal conditions, are suffi- 
cient to maintain an ATP level similar to that seen at 
higher concentrations of the sugar. This is also true for 
other nutrient secretagogues 9,39. 

Second, Dawson TM recently indicated that, in the pres- 
ence of D-glucose, a transient increase, for 1 min, in the 
extracellular K + concentration (from 5 to 50 mM), 
which results in depolarization of the islet cell plasma 
membrane, is followed by a rapid repolarization lasting 
for about 1-2 min, the duration of this silent phase be- 
ing positively related to the extracellular Ca 2+ concen- 
tration and negatively related to the glucose concentra- 
tion. These findings were interpreted as an indication 
that the silent phase represents a recovery phenomenon 
and that its duration depends on both the amount of 
Ca ~+ entering into the B-cell during the transient depo- 
larization and the capacity of the Ca2+-buffering sys- 
tems of the B-cell. Since increasing glucose concentra- 
tions caused a dose-related shortening of the recovery 
time, the proposal was made that glucose increases the 
Ca~+-buffering capacity, e.g. by enhancing the rate of 
cytosolic Ca 2+ removal by intracellular organelles. 
Third, it has been known for more than 10 years that 
glucose decreases the fractional outflow rate of 45Ca 
from prelabelled islets, such a decrease representing a 
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rapid and sustained phenomenon 55. It is best seen when 
the prelabelled islets are perifused in the absence of ex- 
tracellular Ca 2+, whilst it is soon masked by a secondary 
rise in 45Ca effiux when the islets are perifused in the 
presence of extracellular Ca 2+36. The interpretation of 
the glucose-induced decrease in "SCa outflow is still a 
matter of debate. According to some authors, it repre- 
sents mainly inhibition of a process of Na+-Ca 2+ coun- 
tertransport, which mediates the extrusion of Ca  2+ from 
the islet cells against the prevailing electrochemical gra- 
dient 37,83. For other authors, however, the decrease in 
45Ca outflow reflects an accelerated uptake of cytosolic 
Ca 2+ by intracellular organelles 3~ The latter view would 
be consistent with the role ascribed to ATP in the 
above-mentioned proposal. Incidentally, the dose-ac- 
tion relationship for the inhibitory effect of D-glucose 
upon 45Ca fractional outflow rate displays a hyperbolic 
pattern with an apparent half-maximal response at a 
glucose concentration well below that required to cause 
half-maximal stimulation of Ca inflow into the islet 
cells 59. The existence of large differences in the dose-ac- 
tion relationship and apparent 'affinity' for glucose of 
distinct Ca 2+ (and other ionic) movements could be at- 
tributable to a multifactorial process of coupling be- 
tween metabolic and ionic events, distinct coupling fac- 
tors acting on distinct target systems 59. 
Fourth, Hellman and his colleagues recently observed 
that, in tumoral islet cells, glucose indeed lowers the 
cytosolic Ca/+ activity 76. Glucose is a very weak insulin 
secretagogue in these tumoral cells and, hence, their 
cationic response to the hexose may not be representa- 
tive of the behavior of normal islet cells. Nevertheless, 
the observation made by the Swedish authors demon- 
strate that glucose is potentially able to lower cytosolic 
Ca 2+ in insulin-producing cells. 
Last, it seems evident that islet cells are indeed 
equipped with CaZ+-responsive K + channels. This is sup- 
ported by an array of observations dealing, for in- 
stance, with the bioelectrical, cationic and secretory re- 
sponse to pharmacological agents such as quinine H,34,35. 
The proposal that ATP acts as the major coupling fac- 
tor, by facilitating active Ca 2+ pumping nevertheless 
raises certain reservations. First, it ascribes to a de- 
crease in cytosolic Ca 2+ activity a key role in coupling 
the metabolism of nutrient secretagogues to their inhibi- 
tory effect upon K + conductance. Yet, it is currently 
assumed that nutrient secretagogues augment cytosolic 
Ca 2+ activity. Against the latter objection, it could be 
argued that the fall in cytosolic Ca 2+ activity would rep- 
resent a transient, short-lived phenomenon. However, 
no initial decrease in cytosolic Ca 2+ activity was ob- 
served in either tumoral cells exposed to suitable nu- 
trient secretagogues, e.g. D-glyceraldehyde, or in 
normal islet cells stimulated with D-glucose 54, 88. 
Second, if ATP were indeed to regulate Ca 2+ aqtive 
pumping, one may question how the activity of the rele- 
vant ATPase(s) may be affected by the availability of 
ATP in the absence of any detectable change in ATP 
steady-state concentration (see above). It should be 
nevertheless kept in mind that the concentration of 
ATP in the immediate vicinity of postulated target 
ATPases, located in either the plasma membrane or the 
endoplasmic reticulum, still remains to be measured. At 

this point, it should also be mentioned that, when the 
extracellular concentration of glucose is suddenly in- 
creased from 1.7 to 16.7 mM, there is a transient fall in 
the islet cell ATP content 59. Such a phenomenon is also 
observed in other cell types and could be due, in part at 
least, to a transient imbalance between the ATP-con- 
suming phosphorylation of both glucose and fructose 
6-phosphate and the rate of ATP generation in further 
glycolytic and mitochondrial reactions. Nevertheless, 
the transient fall in ATP could also point to a stimu- 
lation by glucose of other ATP-consuming processes 
and, hence, suggest that glucose regulates the latter pro- 
cesses by a mechanism different from the actual rate of 
ATP synthesis. 
Third, attempts to favor the sequestration of Ca 2+ in 
intracellular organelles, e.g. by exposing the islets to a 
high concentration of inorganic phosphate have failed 
so far to result in changes in either 86Rb fractional out- 
flow rate or insulin release comparable to those evoked 
by nutrient secretagogues 29,45. 
Last, when the concentration of glucose is raised from 
an intermediate to a higher value (e.g, from 8.3 to 16.7 
mM), no inhibition of the Ca2+-responsive modality of 
K + extrusion is observed. On the contrary, the increase 
in glucose concentration provokes an increase in "6Rb 
fractional outflow rate from prelabelled islets ~6. The 
latter increase is abolished by quinine or when the islets 
are perifused in the absence of extracellular Ca  2+, sug- 
gesting that the increase in 86 Rb outflow reflects the 
gating (and not closing) of the Ca2+-responsive K § 
channels ~6'43. In other words, it is not evident that, 
within the range of glucose concentrations from about 
8.3 mM (or less) to higher values, the enhancing action 
of the sugar upon insulin release involves inhibition of 
the Ca2+-responsive modality of K + extrusion. 
With these reservations in mind, the proposed theory 
for the role of ATP availability in stimulus-secretion 
coupling justifies, in our opinion, further investigations. 
It has certainly the merit to be compatible with the fuel 
concept for insulin release. Since the majority of ATP is 
generated in mitochondria, the present hypothesis is 
also compatible with the view that mitochondria play a 
key role in the coupling of metabolic to distal events in 
the secretory sequence. 

Role of mitochondria 

Certain potent nutrient secretagogues, e.g. 2-ketoisoca- 
proic acid, are metabolized exclusively in mitochondria. 
Although concomitant changes in extramitochondrial 
metabolic sequences should not be dogmatically ruled 
out, the view comes obviously to mind that mitochon- 
dria may be the major source of coupling factors con- 
necting the metabolism of nutrients to further func- 
tional events. Relatively few experiments were so far 
carried out on isolated mitochondria prepared from 
pancreatic endocrine cells. The information so far avail- 
able indicates, as expected, that mitochondria may par- 
ticipate in the regulation of cytosolic Ca 2+ concentra- 
tion TM. The ion Na + stimulates Ca z+ effiux from the 
mitochondria with an apparent half-maximal effective 
concentration of Na + close to 4 mM. Interestingly, the 
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extramitochondrial steady-state Ca 2+ concentration is 
also increased when the pH of the medium is decreased 
from 7.0 to 6.9. 
Panten et al. 73 recently speculated that enhanced hydro- 
gen supply to the respiratory chain governs B-cell func- 
tion by driving both Ca z+ influx and effiux in the mito- 
chondria. However, these authors were careful not to 
decide whether the predominant effect, in stimulus- 
secretion coupling, consists in the stimulation of mito- 
c h o n d r i a l  C a  2+ efflux (with a subsequent rise in cytoso- 
lic Ca 2+ concentration) or influx (with a resulting fall in 
cytosolic Ca 2+ activity indirectly causing plasma mem- 
brane depolarization). 
At this point, it should be mentioned that, for a given 
increase in 02 uptake above basal value, the rate of in- 
sulin release appears higher when glucose, as distinct 
form L-leucine or 2-ketoisocaproate, is used as the 
secretagogue 38. A greater proportion of the reducing 
equivalents formed in the metabolism of glucose, how- 
ever, pass via pyridine rather than flavin nucleotides 
than in the case of  2-ketoisocaproate, thus giving a 
higher P/O ratio when glucose is the substrate. Further- 
more, glucose, by stimulating glycolysis in islet tissue, 
allows for the extramitochondrial generation of ATP. 
When these qualitative and quantitative differences are 
considered, it appears that the rate of ATP generation is 
virtually identical at equivalent insulinotropic concen- 
tration of D-glucose and 2-ketoisocaproate, respec- 
tively 3s. Thus, it could be argued that the rate of ATP 
generation would indeed appear as the crucial variable 
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regulating the secretory activity, whatever the site (cyto- 
solic vs mitochondrial) of such a generation. 

Conclusions 

In the process of nutrient-stimulated insulin release, the 
mechanism for the coupling of metabolic to distal 
events in the secretory sequence remains a matter of 
debate. Although specific metabolic intermediates may 
participate in such a coupling procedure, current hy- 
potheses emphasize the apparent role of an increase in 
the generation rate of high-energy phosphate inter- 
mediates, protons and reducing equivalents. These cou- 
pling factors could affect such variables as plasma 
membrane K + conductance or the activity of enzyme 
involved in the regulation of other distal events in the 
secretory sequence. It seems evident that, at least in re- 
sponse to certain nutrient secretagogues, mitochondria 
may act as the source of such coupling factors. A rea- 
sonable, even if apparently too easy or somewhat 
irresponsible, concluding proposal could be that several 
coupling factors generated by the catabolism of nu- 
trients act in concert to regulate a number of discrete 
cytophysiological events in the pancreatic B-cell. Each 
of such events may either represent a necessary step or 
play a modulating role in the informational transfer of 
the input metabolic signal to the output secretory re- 
sponse. The participation of feedback loops, e.g. regula- 
tion of metabolic events by ionic variables, in this infor- 
mational transfer and its possibly rhythmic time course 
should not be overlooked. 
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Introduction 

It has been known for more than fifteen years that ions 
play a crucial role in the stimulus-secretion coupling in 
pancreatic B-cells. Their importance was first demon- 
strated by the influence of extracellular cations on insu- 
lin release 35'91, by the stimulatory effect of glucose on 
42K+ uptake by islet cells sT, and by the appearance of 
electrical activity in B-cells stimulated with insulin 
secretagogues 23. Since then, numerous investigations 
have addressed various aspects of the complex role of 
ions in the B-cell function. Many of them have already 
been reviewed in articles dealing with ionic fluxes in is- 
lets and with the importance of ions for insulin 
release37,42,64,71.72, 74.109, 111, or with the regulation of the 
membrane potential in B-cells 2, 76, 77, 82, 86, 87 

This report is an attempt to summarize and to integrate 
our current knowledge of the mechanisms controlling 
ionic fluxes in islet cells and membrane potential in B- 
cells. Emphasis will be put on certain aspects of the 
question that were studied recently, that were not  dis- 
cussed previously or that remain controversial. The sig- 
nificance of these phenomena for insulin release will 
also be considered. The review, however, will be almost 

totally restricted to the events occurring during glucose 
stimulation and will not deal with Ca 2+ fluxes, that are 
discussed in another  chapter of this series. 

1. Membrane potential of  B-cells or of  non-B-cells? 

Despite their limitations and possible artifacts, high 
resistance microelectrodes are the most sensitive and 
reliable means to measure the membrane potential of 
islet cells. Most, if not all laboratories currently use a 
technique of long-lasting impalements in single cells of 
partially microdissected islets sg. The electrical activity 
induced by glucose in certain islet cells is so typical that 
it is now used to identify insulin-secreting B-cells. To 
what extent, however, are we sure to record the mem- 
brane potential of B-cells? The confidence of electro- 
physiologists rests on three types of considerations: sta- 
tistical, anatomical  and functional. First, the probabil-  
ity to impale B-cells is the highest simply because they 
constitute 70-80% of the mouse islet. Second, PP-cells 
are very rare in the splenic part of the pancreas that is 
used for the experiments and the recordings are usually 


