
Second messenger generation and destruction TIBS 17 - OCTOBER 1992 

Signal transduction crosstalk in the 
endocrine system: pancreatic 13-cells 
and the glucose competence concept 

THE SENSITIVITY OF A CELL to ex- 
ternally applied transmitters is deter- 
mined not only by the functional 
expression of receptors, G proteins, en- 
zymes and protein kinases, but also by 
the level of metabolic activity that the 
cell exhibits. Conversely, the level of 
metabolic activity is regulated not 
simply by the availability of substrates, 
enzymes or cofactors, but also by the 
influence of second messenger-me- 
diated signalling systems that originate 
at the plasma membrane. An example 
of this type of bidirectional crosstalk 
is the hormonal regulation of glucose- 
induced insulin secretion from pancre- 
atic [~-cells of the islets of Langerhans. 
The [3-cells are highly specialized 
endocrine cells in which a coordinate 
response (insulin secretion) results 
from a complex interplay between inter- 
mediary metabolism and second mess- 
enger-mediated signal transduction 1,2. 

Pathways that mediate glucose-induced 
insulin secretion from ~-cells 

To appreciate fully the role that bi- 
directional crosstalk plays in the hor- 
monal regulation of glucose-induced in- 
sulin secretion, it is necessary to realize 
the intricate nature of the ~-cell glucose- 
signalling system. As summarized in Fig. 
1, stimulatory concentrations of D-glucose 
(_> 7.5 mM) trigger insulin secretion, a 
process that requires the uptake of 
glucose, its metabolic conversion by 
aerobic glycolysis, and the generation 
of signals (yet to be fully characterized) 
necessary for the mobilization and exo- 
cytosis of insulin-containing secretory 
vesicles. The initial uptake of glucose 
and its conversion to glucose 6-phos- 
phate constitute what is referred to as 
the glucose-sensing mechanism 3. Glu- 
cose uptake is mediated by a facilitative 
glucose transporter that probably cor- 
responds to the type-2 transporter 
isoform 4,5. Glucokinase 6,7, a hexokinase 
that is rate-limiting for [3-cell glucose- 
sensing, converts glucose to glucose 6- 
phosphate, which must then be pro- 
cessed by glycolysis (Emden-Myerhof 
pathway) and mitochondrial metab- 
olism (Krebs cycle) in order for the full 
insulin secretory response to be 
observed. Although the nature of the 
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Crosstalk between intracellular signalling systems is recognized as the 
principal means by which a cell orchestrates coordinate responses to 
stimulation by neurotransmitters, hormones or growth factors. The func- 
tional consequences of crosstalk are evident at multiple levels within a 
given signalling cascade, including the regulation of receptor-ligand inter- 
actions, guanine nucleotide-binding proteins, enzyme activities, ion chan- 
nel function and gene expression. Here we focus on the pancreatic [3-cells 
of the islets of Langerhans to illustrate the important role crosstalk plays 
in the regulation of glucose-induced insulin secretion. Recent studies in- 
dicating a synergistic interaction in p-cells between the glucose-regulated 
ATP-dependent signalling system and the hormonally regulated cAMP- 
dependent signalling system are emphasized. This interaction gives 
p-cells the ability to match the ambient concentration of glucose to an 
appropriate insulin secretory response, a process we refer to as the 
induction of glucose competence. The glucose competence concept may 
provide new insights into the etiology and treatment of non-insulin-depen- 
dent diabetes mellitus (Type II diabetes). 

signal that mediates the action of glu- 
cose remains controversial, evidence 
suggests that alterations in the intra- 
cellular phosphate potential (an in- 
creased ratio of ATP relative to ADP), 
cytosolic redox state [conversion of 
NAD(P) to NAD(P)H], increased pH, 
stimulation of malonyl coenzyme-A syn- 
thesis, or generation of phospholipid 
metabolites can induce insulin se- 
cretion, and in fact, all of these changes 
may normally be required s. 

What is certain is that glucose- 
induced insulin secretion results from 
vesicular exocytosis, a process that is 
triggered by the entry of Ca 2~ across the 
plasma membrane 1,9. Since Ca 2÷ is known 
to enter through voltage-sensitive cal- 
cium channels, this requirement im- 
plies that glucose generates a signal 
capable of depolarizing the [3-cell mem- 
brane potential from an initial resting 
value of approximately -70 mV to a 
value (approximately -30 mV) at which 
the relevant Ca 2÷ channels begin to 
open. Electrophysiological studies of [~- 
cells provide the clearest support for 
the role of ATP as a mediator of the 
depolarizing action of glucose, and it is 
now recognized that this adenine nu- 

cleotide inhibits the activity of meta- 
bolically regulated potassium channels 
(the ATP-sensitive potassium channels) 
that play a dominant role in maintaining 
the 13-cell resting membrane potential 1°. 
ATP is therefore considered a proto- 
typic glucose-derived signalling mol- 
ecule that is capable of triggering 
insulin secretion in an indirect manner. 
These features of the [3-cell glucose-sig- 
nalling system are summarized in Fig. 2, 
which illustrates the ability of glucose 
to depolarize p-cells and to increase the 
concentration of intracellular free ion- 
ized calcium. 

A noteworthy feature of glucose- 
induced insulin secretion is that it 
occurs in a pulsatile and oscillatory 
manner. Furthermore, the kinetics of 
insulin secretion are biphasic such that 
the response to glucose exhibits a fast 
transient first phase followed by a 
slowly developing and sustained sec- 
ond phase n. The oscillatory manner in 
which glucose induces insulin secretion 
is thought to reflect slow fluctuations in 
the resting membrane potential where- 
by intermittent periods of sustained 
depolarization trigger Ca 2÷ influx. These 
oscillations, which result from under- 
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lying fluctuations in the activity of the 
glucose-signalling system, are generated 
in a synchronous manner amongst neigh- 
bouring [3-cells by virtue of the fact that 
these cells are electrically and meta- 
bolically coupled by gap junctions 12. In 
fact, the integrity of gap junctional com- 
munication appears to be a critical 
determinant for the induction of pul- 
satile insulin secretion by glucose. With 
respect to the kinetics of insulin se- 
cretion, the fast transient first phase 
may reflect the availability of a readily 
releasable pool of insulin-containing 
vesicles, whereas the slowly developing 
second phase may be a consequence of 
the mobilization of a reserve source of 
insulin ]3. 

Hormonal regulation of insulin secretion 
requires bidirectional crosstalk 

Glucose-induced insulin secretion 
from p-cells is a tightly regulated pro- 
cess that is subject to fast (occurring 
within seconds) stimulatory and inhibi- 
tory modulation by a remarkably large 
number of hormones and neurotrans- 
mitters TM. These include g]ucagon and 
the glucagon-related peptides, gastric 
inhibitory polypeptide, vasoactive in- 
testinal polypeptide, cho]ecystokinin, 
arginine vasopressin, acetylcho]ine, epi- 
nephrine, somatostatin, calcitonin gene- 
related peptide and galanin. This di- 
versity of ]igands reflects the fact that 
insulin secretion is controlled not 
simply by the ambient concentration of 
glucose, but also by hormonal, neural 
and intra-islet paracrine influences that 
modulate the responsiveness of [~-cells 
to glucose. Current concepts of [3-cell 
signal transduction envision that modu- 
lation results from the coordinate up- 
or down-regulation of those critical 
steps (glucose uptake and metabolism, 
generation of signalling molecules, de- 
polarization and Ca 2÷ influx, vesicular 
mobilization and exocytosis) that are 
necessary for the induction of insulin 
secretion by glucose. It is evident that 
the metabolic, ionic and secretory pro- 
cesses that constitute the glucose- 
signalling system exhibit significant 
plasticity at multiple levels within this 
cascade. 

A remarkable example of such modu- 
latory influences is to be found in re- 
ports indicating that glucagon 15 and 
glucagon-like peptide-1(7-37) (GLP-1) 16 
potentiate glucose-induced insulin se- 
cretion from [3-cells. Glucagon and GLP-1 
are structurally related peptides which 
are synthesized by tissue-specific alterna- 
tive post-translational processing of 
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Figure 1 
Hormonal regulation of glucose-induced insulin secretion from pancreatic ]3-cells. On the 
left are illustrated essential features of the glucose-regulated ATP-dependent signalling sys- 
tem. The initial uptake of glucose is facilitated by the type-2 glucose transporter, whereas the 
conversion of intracellular glucose to glucose 6-phosphate is catalysed by glucokinase. 
Stimulation of aerobic glycolysis generates multiple signals, one of which is an increased 
ratio of intracellular ATP relative to ADP. Binding of ATP to ATP-sensitive potassium chan- 
nels (K-ATP) induces closure of the channels through a (yet to be determined) mechanism 
that does not require hydrolysis of the nucleotide. Closure of ATP-sensitive potassium 
channels results in membrane depolarization which is necessary for the opening of 
voltage-sensitive Ca 2+ channels (Ca-VS). The opening of Ca 2÷ channels may also be 
favoured by glucose-derived signalling molecules of undetermined origin. Entry of Ca 2+ 
across the plasma membrane triggers vesicular insulin secretion by Ca2+-dependent exo- 
cytosis. Repolarization of the membrane results from the action of intracellular Ca 2+ to 
activate Ca2+-dependent potassium channels (K-Ca) and to inhibit voltage-sensitive Ca 2÷ 
channels. Each of these steps in the glucose-regulated ATP-dependent signalling system is 
viewed as a potential target for modulation by the hormonally regulated cAMP-dependent 
signalling system. In this example, GLP-1 binds to cell-surface receptors and activates G s, 
a heterotrimeric G protein that stimulates adenylate cyclase. Stimulation of adenylate 
cyclase by GLP-1 is proposed to require the activated form of calmodulin. Since calmodulin 
is activated by the glucose-induced rise in intracellular Ca 2+, the stimulation of adenylate 
cyclase by GLP-1 is glucose-dependent. The production of cAMP by adenylate cyclase 
results in the activation of protein kinase A (PKA) which catalyses the phosphorylation of 
multiple targets within the glucose-signalling cascade. These targets may include elements 
of the glucose-sensing mechanism, ion channels, gap junctions and components of the 
secretory apparatus that are responsible for mobilization and exocytosis of insulin- 
containing vesicles. 

proglucagon. Glucagon is a secretory 
product of the a-cells of the islets of 
Langerhans, whereas GLP-1 is an intes- 
tinally derived hormone secreted by 
specialized neuroendocrine L-cells of 
the gut. Glucagon and GLP-1 are in- 
sulinotropic by virtue of their ability to 
stimulate B-cell insulin secretion, 
insulin biosynthesis, and proinsulin 
gene expression ]7. These actions are 
believed to be mediated by distinct 
G protein-coupled cell-surface recep- 

tors 18,19, and are likely to be secondary 
to the known ability of these hormones 
to stimulate cAMP production 2°,21. 
Notably, all insulinotropic actions of 
glucagon and GLP-1 are glucose-depen- 
dent, and in fact both hormones fail to 
stimulate cAMP production in the ab- 
sence of glucose. This requirement for 
glucose may reflect the fact that the [3- 
cell adenylate cyclase is also a calmod- 
ulin-regulated enzyme, the activity of 
which is stimulated by the rise in intra- 
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Figure 2 
Glucose-induced insulin secretion from ~cells results from depolarization-induced increases in 
the concentration of intracellular Ca 2÷. The recordings illustrated were obtained from clusters 
of pancreatic J3-cells using either the perforated patch configuration of the patch-clamp 
technique 3° (a), or fluorescence ratio imaging with the membrane-permeant Ca 2+ indicator 
dye FURA-2 AM 9. As illustrated in a, recordings of the resting membrane potential revealed 
that 10 mM glucose shifted the membrane potential in the depolarizing direction and gen- 
erated action potentials (spike-like phenomena) that resulted from Ca 2+ influx through vol- 
tage-sensitive calcium channels. In a separate experiment the depolarizing action of glu- 
cose was accompanied by an increased concentration of intracellular Ca 2÷, as indicated by 
the increased fluorescence ratio (b). Note that in this example the rise in intracellular Ca 2+ 
was detected simultaneously in two adjacent cells (labelled 1 and 2), thereby indicating 
that the cells were electrically and metabolically coupled by gap junctions. 

cellular Ca 2~ that accompanies glucose- 
induced depolarization. The metab- 
olism of glucose is therefore a near 
absolute requirement for the functional 
integrity of the cAMP-dependent sig- 
nalling system that mediates the modu- 
latory actions of glucagon and GLP-1 on 
the glucose-signalling system. It is the 
requirement of the glucagon and GLP-1 
signalling systems for glucose on one 
hand, and the ability of glucagon and 
GLP-1 to potentiate glucose-induced in- 
sulin secretion on the other, that estab- 
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lishes the bidirectional nature of cross- 
talk in the [3-cell system. 

The glucose competence concept 
The funct ional  consequences of bi- 

d i rect ional  crosstalk in the [3-cell sys- 
tem are easiest to understand from the 
standpoint of the glucose competence 
concept. By definition, [3-cells will se- 
crete insulin in response to glucose 
only when they are glucose-competent. 
By contrast, diminished glucose-induced 
insulin secretion is typical of single 13- 

cells maintained in primary cell culture, 
and is characteristic of fetal [3-cells in 
which the glucose-signalling system is 
incompletely developed. It is also symp- 
tomatic of the metabolic disorder of 
glucose homeostasis known as Type II 
diabetes mellitus in which the [3-ceil 
glucose-signalling system becomes im- 
paired (see below). Under these less 
than optimal conditions D-cells can be 
viewed as relatively glucose-incom- 
petent. The induction of glucose com- 
petence is proposed to result from the 
conditioning influences of circulating 
insulinotropic hormones which render 
the [3-cell glucose-signalling system 
capable of responding to glucose. 
Glucose competence may therefore be 
envisioned as a metabolic state in 
which the glucose signalling system is 
fully 'primed and ready to go'. 

Evidence in support of the glucose 
competence concept was originally pro- 
vided by Pipeleers and co-workers in 
studies examining the modulation of 
glucose-induced insulin secretion by 
glucagon 22. It was reported that nearly 
pure preparations of 13-cells, derived 
from dispersed islets of Langerhans, 
secreted abnormally low amounts of 
insulin when exposed to glucose. 
Glucose-induced insulin secretion from 
these isolated [~-cells was potentiated 
by physiologically relevant concen- 
trations of glucagon, and in fact 
glucagon appeared to restore the glu- 
cose sensitivity of the isolated ceils. 
This interaction was synergistic in na- 
ture because a potentiation of insulin 
secretion was observed using concen- 
trations of glucose and glucagon that 
had little or no effect on their own. As 
might be expected for a process of bi- 
directional crosstalk, the action of 
glucagon was positively correlated with 
its effectiveness in stimulating [3-cell 
cAMP production. On the basis of these 
findings, Pipeleers proposed that glu- 
cagon in the pancreas does not simply 
potentiate insulin secretion, but also 
enables [3-cells to respond to glucose. 
Inasmuch as the circulating concentra- 
tions of glucagon are elevated between 
meals when blood glucose levels and 
insulin secretion are reduced, we now 
interpret these findings to indicate that 
in the intact pancreas, glucagon main- 
tains the [3-cell glucose-signalling sys- 
tem in a functionally competent state 
during periods of fasting. 

Important new insights into the na- 
ture of glucose competence were re- 
cently elucidated in studies examining 
the insulinotropic actions of GLP-1 on [3- 
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Figure 3 
The induction of glucose competence by GLP-1 is observed at the single cell level, is specific for a distinct subpopulation of ~cells, and is 
attributable to the inhibition of ATP-sensitive potassium channels. In (a) the actions of glucose and GLP-1 were tested on solitary ~cells iso- 
lated from dispersed islets of Langerhans and maintained in short-term primary cell culture 23, conditions under which the cells are known to 
exhibit diminished glucose-induced insulin secretion 22. Scatter plot analysis (where each triangle represents observations obtained from a 
single cell) revealed that the majority of the cells (those comprising Sets 1 and 3) also showed relatively little change in resting membrane 
potential when exposed to 10 mM glucose (x-axis). In contrast, a subpopulation of these cells (comprising Set 3) exhibited a large depolar- 
izing response when challenged with a combined application of 10 mM glucose and 10 nM GLP-1 (y-axis). This induction of glucose com- 
petence by GLP-1 was observed in 40% of all cells tested. (b) A graphical presentation of how the synergistic interaction of 10 mM glucose 
and 10 nM GLP-1 depolarizes ~cells by inhibiting ATP-sensitive potassium channels, as recorded in the perforated vesicle configuration 31. 
Channel activity is expressed as a function of 'openness' vs time where openness is defined as the product of N and Po (N is the number of 
channels in the patch and Po is the probability that an individual channel is open within a given time frame). In this cell neither glucose (a) 
nor GLP-1 (b) were effective inhibitors of channel activity when applied alone, whereas a nearly complete inhibition of channel activity was 
observed when both substances were applied together (c). Channel activity recovered after removal of glucose/GLP-1, and was then blocked 
by application of 10 nM glyburide (d), indicating that these channels do in fact correspond to the ATP-sensitive potassium channels. 

cells. GLP-1 is one member of a class of 
circulating hormones known as incretin 
hormones that subserve humoral com- 
munication between the gastrointes- 
tinal tract and the pancreas (the entero- 
insular axis) tT. The secretion of GLP-1 
into the bloodstream from intestinal 
L-cells is triggered by the autonomic 
nervous system and by nutrient stimuli 
acting at the luminal surface of the gut 
following a meal. The timing of the se- 
cretion of GLP-1 is such that circulating 
levels of the hormone rise coincident 
with the postprandial increase in the 
concentration of blood glucose. By 
binding to specific [~-cell receptors and 
stimulating cAMP production, GLP-1 
synergizes with glucose to induce 
insulin secretion, thereby increasing 
the concentration of circulating insulin 
to a level above and beyond that at- 
tributable to glucose alone. 

Of special significance to the glucose 
competence concept is the existence of 
a reciprocal relationship between the 
concentrations of glucagon and GLP-1 
in the bloodstream. This is a conse- 
quence of the inhibition of glucagon 
secretion from the s-cells of the islets 
of Langerhans when blood concen- 

trations of glucose and insulin rise. 
Such a fall in circulating glucagon levels 
would ultimately lead to diminished 13- 
cell glucose competence if it were not 
for the compensatory ability of GLP-1 to 
maintain the glucose-signalling system 
in a fully functional state. The action of 
GLP-1 therefore contrasts with that of 
glucagon in that GLP-1 confers glucose 
competence to p-cells during the feed- 
ing state. 

Signalling pathways that mediate glucose 
competence 

An important clue as to how glucose 
competence is achieved is provided by 
recent electrophysiological studies of [~- 
cells using the patch-clamp recording 
technique 23. This approach allows an 
analysis of the interaction between glu- 
cose and the insulinotropic hormones 
at the single cell level, and provides a 
direct test of the validity of the glucose 
competence concept. Measurements of 
the resting membrane potential ob- 
tained from single [~-cells isolated from 
dispersed islets of Langerhans demon- 
strated that the majority of these cells 
exhibited little or no depolarizing re- 
sponse when initially exposed to a stimu- 

latory concentration (10mM) of glu- 
cose (Fig. 3). This was expected since, 
under these in vitro conditions, the 
[3-cells are no longer subject to the 
conditioning influences of circulating 
hormones that maintain the glucose- 
competent state. These initially glucose- 
insensitive p-cells were rendered fully 
responsive to glucose by simultaneous 
exposure to GLP-1, and only then was a 
substantial depolarizing response ob- 
served. It is therefore evident that this 
induction of glucose competence by 
GLP-1 resulted from its ability to modu- 
late the glucose-signalling system at a 
step proximal to the depolarization- 
induced entry of Ca 2÷, an event that trig- 
gers insulin secretion. 

The complexity of the [3-cell glucose- 
signalling system allows for a wide 
range of possibilities when considering 
at which step(s) in the signalling 
cascade GLP-1 exerts its modulatory 
action. Although GLP-1 might confer 
glucose competence by modulating the 
activity of the p-cell glucose transporter 
and/or giucokinase, it remains to be 
demonstrated that these two key com- 
ponents of the glucose-sensing mech- 
anism are susceptible to rapid hormonal 
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Figure 4 
A model in which the induction of glucose competence by GLP-1 is proposed to result from 
the synergistic interaction of ATP and cAMP to inhibit ATP-sensitive potassium channels. 
The binding of GLP-1 to its receptor leads to activation of a heterotrimeric G protein com- 
posed of ~-, [3- and 7-subunits. G protein activation stimulates the activity of the enzyme 
adenylate cyclase which catalyses the formation of intracellular cAMP. The rise in cAMP 
levels results in the activation of protein kinase A which catalyses the phosphorylation of 
regulatory sites (indicated by P04) on the channel. Conformational switches (indicated by 
the double-ended arrows) in response to phosphorylation increase the affinity of the chan- 
nel for ATP, thereby favouring channel closure. In this manner, GLP-1 favours the inhibition 
of the channel by ATP. Neither cAMP or ATP are viewed as sufficient, alone, to inhibit chan- 
nel function, and for this reason bidirectional crosstalk between the GLP-1 and glucose sig- 
nalling system is required for complete inhibition of channel activity. 

regulation. Perhaps a more likely target 
is the ATP-sensitive potassium channel 
which regulates the resting membrane 
potential of the [~-cell. In support of this 
hypothesis, we have observed a syner- 
gistic interaction between glucose and 
GLP-1 which inhibits the activity of 
the ATP-sensitive potassium channel. 
Patch-clamp recordings from single [3- 
cells isolated from dispersed islets of 
Langerhans show that the activity of 
the ATP-sensitive channel is relatively 
unaffected by concentrations of glucose 
that normally suppress channel activity 
in the intact islet (Fig. 3b). By contrast, 
the activity of these channels is nearly 
completely blocked by the combined 
application of glucose and GLP-1. 
Therefore, the induction of glucose 
competence by GLP-1 is observed not 
only at the level of membrane depolar- 
ization, but also at the level of the 
modulation of single ATP-sensitive pot- 
assium channels. 

Since ATP-sensitive potassium chan- 
nels are inhibited by a signalling mol- 
ecule (ATP) generated by glucose 
metabolism, it is reasonable to imagine 
that these channels might also be tar- 
geted for modulation by a second 
messenger, such as cAMP, generated in 
response to glucagon or GLP-1. Such a 
scenario provides a logical explanation 
for the requirement of crosstalk among 
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signalling systems for the induction of 
[3-cell glucose competence (Fig. 4). In 
this hypothetical scheme the activity of 
the ATP-sensitive potassium channel is 
inhibited by the synergistic interaction 
of intracellular ATP and cAMP. Neither 
the glucose (ATP) nor the GLP-1 
(cAMP) signalling systems are viewed 
as sufficient, alone, to cause closure of 
the channels. Thus, the inhibition of 
channel function requires bidirectional 
crosstalk. Glucose competence is 
thought to result from cAMP-depen- 
dent, protein kinase A (PKA)-mediated 
phosphorylation of the channel. This 
facilitates the inhibitory action of ATP 
on the channel, possibly by increasing 
the affinity of the channel for ATP. An 
intriguing possibility suggested by this 
model is that a molecular defect in the 
ATP-sensitive channel would prevent 
its phosphorylation by PKA, and that 
under these conditions the channel 
would no longer be inhibited by ATP. 
We envision that such a defect in turn 
would render [~-cells glucose-incom- 
petent, as may be the case in certain 
forms of diabetes mellitus (see below). 
This model is reminiscent of that which 
has been proposed to explain the defec- 
tive interaction between cAMP and ATP 
in the regulation of the cystic fibrosis 
transmembrane regulator (CFTR) chlor- 
ide channels 24. 

Is the glucose competence concept 
relevant to our understanding of diabetes 
mellitus? 

Type lI diabetes mellitus is a disorder 
of glucose homeostasis characterized 
by the development of insulin resist- 
ance in peripheral tissues such as fat 
and muscle where the uptake and 
metabolism of glucose is an insulin- 
stimulated process 25. Type II diabetes is 
also characterized by excessive hepatic 
glucose production, impaired secretion 
of insulin from pancreatic [3-cells, and 
chronic hyperglycaemia. Recent at- 
tempts at unraveling the etiology of this 
disorder have established that it is mul- 
tifactorial (polygenic) in origin; it is 
thought to arise as a consequence of 
any one of a potentially large number of 
molecular defects that disrupt glucose 
production, uptake or utilization 2s. Be- 
cause the [3-ce11 acts as a glucose sen- 
sor, it is understandable that Type II 
diabetes may arise, at least in part, 
from a defect in the [3-cell glucose-sig- 
nalling system. 

One characteristic feature of Type I1 
diabetes is that the circulating concen- 
trations of insulin are insufficient to 
compensate for peripheral insulin 
resistance. Furthermore, the secretion 
of insulin from the pancreas is less than 
expected, given that the concentration 
of blood glucose is chronically elevated. 
It is evident, therefore, that in Type II 
diabetes the [~-cells fail to match am- 
bient concentrations of glucose to an 
appropriate insulin secretory response. 
Insufficient secretion of insulin does not 
result from decreased numbers of [3- 
cells, as is the case for Type I diabetes 
(insulin-dependent diabetes mellitus), 
nor is there a decreased capacity of the 
[3-cells to synthesize and package in- 
sulin in vesicular stores. In addition, the 
processes that mediate exocytosis of 
insulin are not disrupted since large 
amounts of insulin are secreted in 
response to secretagogues other than 
glucose. Instead, it now appears that 
stimulus-secretion coupling is disrupted 
at earlier steps in the glucose-signalling 
cascade. For example, a molecular 
defect that renders the [3-cell glucose 
transporter and/or glucokinase dys- 
functional may contribute to the onset 
or progression of Type II diabetes. 
Alternatively, Type II diabetes may 
result from a functional uncoupling of 
the signal transduction pathways that 
mediate glucose competence. Since the 
circulating concentrations of glucagon 
and GLP-1 are elevated in Type II dia- 
betes, such an uncoupling might easily 
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result from desensitization and down- 
regulation of the [~-cell glucagon/GLP-1 
receptors that serve to maintain the 
glucose-competent state z7. The resto- 
ration of glucose competence would then 
require pharmacological concentrations 
of the hormones, as recently demon- 
strated in clinical studies examining the 
actions of GLP-1 in Type II diabetic 
patients 28,29. 

Concluding remarks 
The glucose competence concept 

provides a simplified, but useful model 
of a complex process, namely the role 
of crosstalk in the regulation of insulin 
secretion. From this perspective it is 
possible to appreciate fully that there is 
a synergistic, bidirectional and mutually 
interdependent interaction between the 
[3-cell signalling pathways that subserve 
intermediary metabolism and second 
messenger-mediated signal transduc- 
tion. The failure of these two systems to 
interact properly is hypothesized to be 
an important determinant for the onset 
and/or progression of a common meta- 
bolic disorder, Type II diabetes. These 
observations reinforce our view that 
cellular signal transduction is achieved 
through the coordinate and fully inte- 
grated interaction of what at first might 

seem to be relatively unrelated sig- 
nalling systems. 
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Crosstalk among multiple 
signal-activated phospholipases 

HOW MANY PHOSPHOLIPASES are 
required for transduction of extracellu- 
lar signals across the cellular plasma 
membrane? The answer seems to be: 
many more than were anticipated only 
ten years ago. The activated hydrolysis 
of phosphatidylinositol-4,5-bisphosphate 
[PtdIns(4,5)P2] by a phosphoinositide- 
specific phospholipase C (ptdIns-PLC) 
emerged as a new signal transduction 
pathway for 'Ca2+-mobilizing ' agonists in 
the early 1980s. lntracellular targets for 
the two messengers produced by 
PtdIns-PLC - inositol-l,4,5-trisphosphate 
[lns(1,4,5)P3] and diacylglycerol (DAG) - 
were identified as Ca2*-storage organ- 
elles and protein kinase C (PKC), re- 
spectively (see reviews by Nishiznka 
and Taylor and Marshall, this issue). In 
the following decade it became ap- 
parent that many additional products of 
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Transduction of extracellular signals across the plasma membrane often 
involves activation of several phospholipases that generate multiple, 
sometimes interconvertible, lipid-derived messengers. Coordination and 
integration of these signal-activated phospholipases may require crosstalk 
between both the messengers and target protein constituents of these 
pathways. 

phospholipid breakdown are biologi- 
cally highly active. Furthermore, a num- 
ber of phospholipases were found to be 
activated in a signal-dependent manner 
and thus may be defined as signal- 
activated phospholipases (SAPs). Among 
the phospholipids that are substrates 
for SAPs are not only minor membrane 
constituents such as PtdIns(4,5)P2 but 

also major structural building blocks of 
the bilayer such as phosphatidylcholine 
(PC), phosphatidylethanolamine (PE) 
and sphingomyelin (SM) (Fig. 1). Thus, 
PtdIns-PLC turned out to be merely the 
tip of an iceberg and has been used as a 
model for an increasing number of 
SAPs, including phospholipases of the 
types A2, C and D (PLA2, PLC and PLD), 
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