
Section 2: Biphasic Insulin Release: Pools and Signal
Modulation
Modeling Phasic Insulin Release
Immediate and Time-Dependent Effects of Glucose
Rafael Nesher and Erol Cerasi

The cellular and molecular mechanisms of insulin secre-
tion are being intensively investigated, yet most re-
searchers are seemingly unaware of the complexity of
the dynamic regulation of the secretion. In this article,
we summarize studies of the physiology of insulin secre-
tion performed over several decades. The insulin re-
sponse of perifused islets of rats, perfused rat pancreas,
or that of a human, to a square-wave glucose stimulus is
biphasic, a transient first-phase response of 4- to 10-min
duration followed by a gradual rise in secretion rates
(second-phase response). Several hypotheses have been
proposed to account for the phasic nature of insulin
secretion; they are briefly discussed in this review. We
have favored the hypothesis that nutrient stimulators
such as glucose, in addition to a primary and almost
immediate secretory signal, with time induce both stim-
ulatory and inhibitory messages in the �-cell, and those
messages modulate the primary insulinogenic signal.
Indeed, studies in the rat pancreas and in humans have
demonstrated that short stimulations with glucose gen-
erate a state of refractoriness of the insulin secretion,
which we have termed time-dependent inhibition (TDI).
Nonnutrient secretagogues such as arginine induce
strong TDI independent of the duration of stimulation.
Once the agent is removed, TDI persists for a consider-
able period. In contrast, prolonged stimulations with
glucose (and other nutrients) lead to the amplification
of the insulin response to subsequent stimuli; this can
be demonstrated in the perfused rat pancreas, in peri-
fused islets from several rodents, and in humans. We
have termed this stimulatory signal time-dependent
potentiation (TDP). The generation of TDP requires
higher glucose concentrations and prolonged stimula-
tion; the effect is retained for some time after cessation
of the stimulus. Of major interest is the observation
that, while the acute insulin response to glucose is
severely reduced in glucose-intolerant animals and hu-
mans, TDP seems to be intact. The cellular mechanisms
of TDI and TDP are poorly understood, but data re-
viewed here suggest that they are distinct from those
that lead to the acute insulin response to stimuli. A

model is proposed whereby the magnitude and kinetics

of the insulin response to a given stimulus reflect the

balance between TDP and TDI. Researchers studying

the cellular and molecular mechanisms of insulin re-

lease are urged to take into consideration these com-
plex and opposing factors which regulate insulin
secretion. Diabetes 51 (Suppl. 1):S53–S59, 2002

T
he strong emphasis of the past several years on
the molecular mechanisms that govern cell func-
tion, albeit fully justified, has nevertheless de-
tracted attention away from the integrated

physiological regulatory processes that are responsible for
the macrocosm in which organs and whole organisms
function. The regulation of insulin secretion is a good
example. Major progress has been made regarding the
molecular mechanisms of secretory events, both in gen-
eral terms and as applied to the pancreatic �-cell. Yet the
study of the in vivo physiology of insulin release has
permitted unraveling an unsuspected degree of complex-
ity, not always apparent when investigating single �-cells
(not to mention subcellular components). Here we sum-
marize some of the information gained over several de-
cades of studying the physiology of insulin release, which
led to the formulation of interesting concepts on the
dynamic regulation of �-cell function.

Although many nutrients, hormones, and neural stimuli
modulate the secretion of insulin, glucose must be re-
garded as the main regulator of insulin synthesis and
release. The hallmarks of the �-cell response to an in-
crease in extracellular glucose concentration are (a) the
rapidity of insulin release, (b) the high degree of sensitivity
to the stimulus, (c) the large amplitude range of the
responses, and (d) the oscillatory nature of the secretion.
However, all these features are highly dependent on the
experimental system used. Thus, whereas as low a glucose
stimulus as 6.7 mmol/l is fully sufficient to elicit a rapid and
distinct insulin response in the perfused rat pancreas (Fig.
1), in isolated islets, higher concentrations and longer
exposure times are necessary. In humans, in the few
studies where blood could be sampled from the portal vein
(1–3), the time lag from the rise of the glucose concentra-
tion to the peak insulin response was as short as 60 to
120 s; even in a peripheral vein, the peak response is
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observed 3 to 5 min after initiating a glucose infusion (Fig.
2). Likewise, the range of response amplitudes is wider the
more physiological the study system. For example, it is
almost impossible to achieve maximal insulin responses
over 60 min by intravenous glucose infusions in humans
even with blood glucose concentrations in excess of 40
mmol/l, whereas saturation is reached with 15 to 20
mmol/l glucose in isolated islets, and the amplitude of the
response (fold increase over basal secretion) is markedly
lower (4). This reduction in the plasticity of �-cell respon-
siveness becomes even more striking when dispersed
�-cells or cell lines are studied.
Dose-response characteristics of glucose-induced in-

sulin release: pools or signal modulation? In broad
terms, two different explanations have been proposed for
the dose-response characteristics of insulin secretion. The
first suggests that the magnitude of the intracellular sig-
nals that induce insulin release depend on glucose dose,
each �-cell responding in a graded manner to increasing
glucose concentrations. Support for this comes from the

observations that the electrical activity and Ca2� fluxes of
a �-cell show glucose dose dependence, and that insulin
release from single �-cells measured by various techniques
(see article by Rorsman et al. in this issue) is similarly
modulated by varying glucose concentrations. The ionic
coupling that exists between �-cells, to the extent that an
islet may function as a single electrophysiological unit
driven by a “pacemaker” (5), strengthens this view.

The alternative view is that each �-cell functions in an
“all-or-none” mode and responds to a given glucose con-
centration by discharging all its releasable pool of insulin.
Because each �-cell has a different sensitivity (threshold)
for glucose, the higher the glucose concentration, the
greater the number of �-cells that are recruited to secrete,
hence the sigmoid shape of the glucose-insulin dose-
response curve. Pipeleers and colleagues (6,7) have been
the major proponents of this view; they have indeed
demonstrated that isolated dispersed �-cells secrete insu-
lin at varying threshold glucose concentrations. A variant
of this view is that the �-cell may contain several pools of
�-granules, discharged at varying glucose concentrations
(see below; also, article by Bratanova-Tochkova et al. in
this supplement).

To the best of our knowledge, no data exist on the in situ
responsiveness of �-cells within the intact pancreas. Thus,
it is not clear to what extent the in vitro demonstration of
functional heterogeneity reflects a physiological �-cell
reality, rather than an artifactual modification of �-cell
function, especially when cells are dispersed. Even if true
differences in glucose sensitivity may exist among �-cells,
it is likely that the cell with the highest sensitivity to
glucose entrains all the other �-cells to which it is electri-
cally coupled, as suggested in a recent study by Jonkers
and Henquin (8). Clearly, more sophisticated in situ meth-
odology is needed to distinguish between these options.
Biphasic insulin release. The most used method to
investigate the kinetic characteristics of glucose-induced
insulin secretion has been the so-called square-wave stim-
ulation, in which the pancreas is exposed to a rapid rise in
glucose concentration which is then kept constant for the
desired duration; its clinical counterpart is the hypergly-
cemic clamp with primed-continuous infusion of glucose.
Admittedly, square-wave stimulation is not physiological,
since such abrupt and marked increases in blood glucose
do not occur in nature. Indeed, when food or even
concentrated glucose solutions are ingested, blood glu-
cose and plasma insulin rise gradually, and no clear
phasicity of the insulin response can be detected. Never-
theless, the fact that the different phases of insulin secre-
tion may have different regulators, that there may be
metabolic impacts to phasic release, and that, in the early
stages of type 2 diabetes, first-phase insulin response is
preferentially damaged (see several articles in this supple-
ment), indicate that biphasic insulin secretion is a real
characteristic of �-cell function.

The insulin secretory response of type 2 diabetic pa-
tients with even modest hyperglycemia is characteristi-
cally decreased and delayed (Fig. 2). This is observed both
in overtly diabetic subjects and in persons with glucose
intolerance only; however, the higher the fasting blood
glucose, the flatter the insulin response to glucose, and, in
many patients, glucose initially even induces reduction in

FIG. 1. Biphasic insulin response to glucose in the isolated, perfused
rat pancreas. The pancreas was perfused with 3.3 mmol/l glucose
throughout, except during the 0- to 30-min period, when it was raised
to 6.9 mmol/l.

FIG. 2. Plasma insulin response to glucose infusion in humans. Glucose
was given at the dose of 500 mg as an intravenous injection at time 0,
followed by the infusion of 20 mg/min during the next 60 min. Note that
the x-axis in the right panel (type 2 diabetic subjects with fasting
plasma glucose 7–10 mmol/l) is fourfold expanded compared to the left
panel (control subjects). E, results in lean subjects; F, results in
moderately obese subjects. Adapted from Cerasi (4).
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plasma insulin levels (for review, see (4)). First-phase
insulin release has a lower glucose threshold than late-
phase response (9). In type 2 diabetes, first-phase insulin
release shows decreased maximal capacity (Vmax),
whereas second-phase response has a rightward shift
(increased apparent Km) (10). Nevertheless, because sat-
uration of the insulin response to glucose is hardly ever
reached in humans, conclusions regarding the kinetic
nature of the secretory defect in diabetes (Km versus Vmax
changes) need caution. In islets isolated from Acomys

cahirinus, a rodent with glucose intolerance, glucose
dose-response studies demonstrated that, compared with
rat islets, the Vmax of the first-phase response was reduced,
whereas second-phase response showed increased Km
(11), findings supporting those in human type 2 diabetes.
Biphasic dynamics of glucose-induced insulin release:

pools or signal modulation? The existence of biphasic
insulin release in response to glucose was first reported by
Grodsky and colleagues in vitro and by our group in vivo
in the 1960s (12,13). Despite the intervening four decades,
the mechanisms underlying the biphasic response of the
�-cell remain poorly understood. In analogy with the
discussion above on the dose-response relationship of
glucose-induced insulin secretion, two main lines of expla-
nation for biphasic release have been put forth over the
years. The first, developed in a series of publications by
Grodsky’s laboratory (14–16), and modeled by us to
simulate insulin responses to glucose infusion in humans
(17), assumes that the �-cell contains two distinct pools of
insulin granules: a small, labile pool accessible for imme-
diate release and a larger pool that feeds slowly into the
labile pool (Fig. 3). According to this model, the transient
nature of first-phase insulin release is the consequence of
the exhaustion of the labile pool early during glucose
stimulation; with enough time, the compartment is refilled
by transfer of granules from the large stored insulin pool,
which then allows for second-phase insulin secretion. A
modern version of this model has been presented by
Daniel et al. (18; see also article by Bratanova-Tochkova et
al. in this supplement), who succeeded in defining some of
the molecular characteristics of readily releasable insulin
granules.

To explain the time-kinetics of first-phase insulin re-
lease, the labile pool must be small and finite, its exhaus-

tion corresponding to the nadir between the two phases of
insulin secretion (Fig. 1). A problem emerges when the
effect of varying concentrations of glucose and other
stimuli on first-phase release is examined: as shown in Fig.
4, at varying glucose levels and with the addition of
amplifiers (e.g., glucagon-like peptide–1 [GLP-1] or sulfo-
nylureas), the shape and the transient nature of the first
peak remain unchanged, while peak secretion rates in-
crease dramatically with escalating stimulus intensity.
Thus, the apparent size of the putative labile pool is not
constant, since it allows for a wide range of transient
insulin responses whose magnitude is determined, without
time lag, by the intensity of the stimulus. To accommodate
at least partly for such observations, it was suggested that
different insulin pools may be recruited for secretion at
different levels of stimulation (called threshold distribu-
tion hypothesis [14,15,19]); alternatively, insulin granules
of multiple storage pools may be feeding very rapidly into
the releasable pool under given stimulatory conditions
(G.W. Sharp, personal communication). While all these
suggestions may be reasonable, they require postulating
the existence of multiple insulin pools whose behavior can
hardly be predicted. To our mind, therefore, pool-related
models cease to serve their original purpose, i.e., to
provide a simple explanation for the biphasic nature of
insulin secretion. We have therefore abandoned the pool
model (17,20) in favor of the idea that the changes in
insulin secretion rate reflect kinetic modulations of the
insulinotropic signal generated by glucose and other secre-
tagogues (so-called signal-modulation hypothesis) (21,22).
Time-dependent effects on insulin secretion: �-cell

memories. Grodsky and collaborators were the first to
describe in the perfused rat pancreas (12,16), followed by
our studies in humans (23–26), that if the pancreas is
challenged repeatedly, the insulin response to subsequent
stimulations is markedly modified. When a nutrient stim-
ulator of the �-cell such as glucose is used, the type and
magnitude of the modulation of subsequent insulin re-

FIG. 3. Two-compartment model of insulin secretion. See text for
explanation. Adapted from Grodsky (15). FIG. 4. First-phase insulin release in the perfused rat pancreas during

different experiments with increasing strength of stimulation. G7, 7
mmol/l glucose; G17, 17 mmol/l glucose; G7�GLP1, perfusion with 7
mmol/l glucose and 1 nmol/l GLP-1; G7�Glic3�GLP1, perfusion with
7 mmol/l glucose, 3 �mol/l sulfonylurea (gliclazide), and 1 nmol/l
GLP-1; G7�Glic10�GLP10, perfusion with 7 mmol/l glucose, 10 �mol/l
gliclazide, and 10 nmol/l GLP-1. Note the greater than 10-fold change in
the amplitude of first-phase response despite similar kinetic charac-
teristics. Composite figure from several unpublished experiments.

R. NESHER AND E. CERASI

DIABETES, VOL. 51, SUPPLEMENT 1, FEBRUARY 2002 S55

D
ow

nloaded from
 http://diabetes.diabetesjournals.org/diabetes/article-pdf/51/suppl_1/S53/372737/db02t2000s53.pdf by guest on 25 April 2024



sponses depend on the concentration of glucose and the
duration of the stimulation applied: high concentrations
and long durations generate amplification of the subse-
quent insulin responses, while lower concentrations and
shorter pulses of stimulation tend to induce a refractory
state. Nonnutrient stimuli such as arginine induce exclu-
sively the refractory state, whatever the concentration and
duration of the stimulus. We coined the terms time-
dependent potentiation (TDP) and time-dependent inhibi-
tion (TDI) to describe these events.
Time-dependent inhibition. The interphasic nadir in the
rate of glucose-induced insulin release is a unique feature
with a reproducible time sequence in square-wave stimu-
lations (27–29). This refractory phase is not observed
during an oral glucose load, where islets are subjected to
a gradually rising ramp-type stimulus. Nonmetabolizable
secretagogues (such as arginine, glucagon, and tolbut-
amide) administered at a substimulatory glucose level
elicit only monophasic insulin responses (28), late-phase
response becoming evident only if the glucose concentra-
tion is increased (30,31). We suggested that the monopha-
sic dynamics of the insulin response to nonnutrient stimuli
are due to the immediate activation of intracellular signals
involved in early insulin response, together with genera-
tion of TDI signals (9,22). Indeed, with such agents, TDI
can be evidenced regardless of the stimulation length (28).
If nutrient stimuli are used, to avoid interference by other

synergistic and time-dependent potentiating signals (see
below), TDI is best estimated using short pulses of stimuli
(9,32). Thus, 10-min pulses were used with 8.3 mmol/l
glucose as the primary stimulus, but shorter pulses (5 min
or less) were required to demonstrate the expression of
the TDI signal at 16.7 mmol/l glucose (28). At lower doses
of glucose, TDI could be induced in the isolated rat
pancreas at concentrations barely sufficient to elicit an
insulin response (Fig. 5). It is of interest that the TDI
generated by arginine persisted over prolonged periods
(more than 80 min) after withdrawal of the agent (33).
Thus, the intracellular mediator(s) responsible for the
expression of the TDI signal are not readily eliminated in
the �-cell. Unfortunately, the nature of the �-cell mecha-
nisms that generate TDI is not clear; we only know that
inhibition of insulin secretion during the TDI-generating
glucose pulse did not prevent its induction (32), while
elevated glucose concentrations blocked its expression
(33). Table 1 summarizes some of the features of TDI.
Time-dependent potentiation. Glucose generates a
state of potentiation (TDP) in the �-cell, which expresses
itself by the amplification of the insulin response to
subsequent stimulations (9). This action of glucose can be
demonstrated by applying sequential glucose stimulations,

FIG. 5. Coexistence of TDP and TDI in the perfused rat pancreas. Inset:
control experiment showing the magnitude of the insulin responses to
two consecutive 5-min 6.9-mmol/l-glucose pulses, demonstrating clear
TDI. When repeated following a 40-min 16.7-mmol/l glucose priming
period, while the 6.9-mmol/l glucose pulses still demonstrated TDI, the
amplitude of the insulin responses to these pulses were symmetrically
amplified approximately fourfold by the TDP generated during the
priming period. Adapted from Nesher and Cerasi (9). FIG. 6. Glucose dose dependence of TDP. The rat pancreas was

stimulated sequentially by two glucose pulses of 40 min. TDP was
observed only at 8.3 and 16.7 mmol/l glucose. Adapted from Nesher and
Cerasi (9).

TABLE 1
Insulin release: characteristics of initiation, TDI, and TDP functions

Feature Initiation of release TDI TDP

Glucose threshold Low Low High
Onset time Very short Short Long
Duration (t1/2) Short Very long (�80 min) Long (20–80 min)
Induced by nutrient secretagogues Yes Yes Yes
Induced by nonnutrient secretagogues Yes Yes No
Experimental system Isolated islets, perfused pancreas,

humans
Perfused pancreas,

humans
Isolated islets, perfused pancreas,

humans
In IGT Low Not tested Present
In type 2 diabetes Very low/absent Not tested Present in early diabetes
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where the second insulin response becomes usually two-
to fourfold greater than the first one. The signal for TDP is
generated by prolonged stimulation with a nutrient secre-
tagogue and is dependent on both exposure time and
stimulus dose (9,25,28) (Figs. 5 and 6). TDP displays a
finite half-life, the magnitude of the effect declining as the
rest period between stimuli extends. In humans, glucose-
induced TDP had an apparent t1/2 in the order of 60–80
min (25), while in isolated islets of Acomys cahirinus, the
t1/2 was �20 min (34). Of particular interest is the finding
that TDP remained intact in subjects with impaired glu-
cose tolerance (IGT) in whom the acute insulin response
to glucose was markedly reduced; in fact, TDP was even
more efficient in IGT subjects than in control subjects (24).
Also, in the IGT model Acomys cahirinus, 30-min priming
of isolated islets by 16.7 mmol/l glucose led to ninefold
potentiation of the early insulin response to a subsequent
glucose stimulus and threefold potentiation of the late
response; thus, a prominent first-phase release became
evident, thereby normalizing the insulin release dynamics
(34). These observations suggest that early-phase insulin
release is considerably more sensitive to modulations than
the second phase of secretion. A more important conclu-
sion is that the time-dependent regulatory system remains
intact in the early stages of type 2 diabetes. Table 1
summarizes some of the features of TDP.

The molecular mechanisms of TDP remain unknown.
We found that insulin secretion during the TDP-generating
priming period was not a requisite for TDP effect on
subsequent stimuli, since omission of Ca2� ions from the
glucose priming period, or addition of epinephrine, soma-
tostatin, or diazoxide, all conditions that markedly inhib-
ited the insulin response to the priming pulse, had no
effect on the TDP-amplified insulin response of the second
stimulation period (23,35,36). As further support for this
line of thought, redistribution of insulin granules to loca-
tions adjacent to the �-cell plasma membrane could not be
observed during TDP generation (37). Thus, the glucose
stimulus-secretion signals that control the acute effect of
the hexose on insulin secretion and those that mediate its
time-dependent actions must clearly be distinct. The pres-
ence of normal TDP in IGT is in keeping with this
suggestion. (For discussion on the role of protein kinase C,
see Nesher et al. in this supplement; several other articles
in this supplement also address this and related issues).
Biphasic insulin release: balance between inhibitory

and potentiating effects of glucose. We postulated
above that biphasic insulin response to nutrient stimuli
such as glucose is the result of an interplay between the
different priming effects of insulin secretagogues (TDI and
TDP). However, since TDI and TDP were defined on the
basis of discrete repetitive stimulations interrupted by rest
periods, this assumption requires the demonstration that
TDI and TDP can coexist and exert their actions simulta-
neously in the �-cell. Regarding TDI, it was observed that
during concomitant stimulation with arginine and glucose,
the insulin secretion rate is markedly inhibited despite
ongoing glucose stimulation when arginine is removed
from the mixture, indicating that arginine-induced TDI
was present all along but masked by the strong synergistic
interaction between glucose and arginine (9). Similar
observations were made in experiments with glucose

alone: when a square-wave stimulus with 16.7 mmol/l
glucose was interrupted and transiently replaced by 8.3
mmol/l glucose, again strong inhibition of insulin secretion
was observed, the secretion rate falling far below that
normally induced by 8.3 mmol/l glucose (R.N. and E.C.,
unpublished observations). A reverse experimental design
was used to demonstrate the presence of TDP while TDI
exerts its action (28): a pair of 5-min 6.9-mmol/l glucose
pulses displayed the distinctive inhibition of the second
insulin response by TDI; when these were preceded by a
40-min 16.7-mmol/l glucose stimulation and a 20-min 3.3-
mmol/l glucose rest period, insulin secretion to 6.7 mmol/l
glucose was amplified three- to fourfold by TDP action;
however, the second pulse was still strongly inhibited by
the TDI generated through the first 5-min pulse (Fig. 5).
Thus, TDP and TDI signals can exist simultaneously in the
�-cell. On the basis of the above evidence, we arrived at
the conclusion that the insulin secretion rate at a given
time is the composite effect of the dynamic interactions
generated by the immediate and time-dependent signals
elicited by a secretagogue, the nature, timing, and concen-
tration of the secretagogue determining the final shape and
magnitude of the insulin response. We ascribed a more
important physiological role to TDP since—according to
the above assumptions—it would largely control the long-
er-lasting late phase of insulin secretion. If this is correct,
there should exist a good correlation between the magni-
tude of second-phase response to a given insulin stimula-
tor and the ability of the same stimulator to generate TDP.
This was indeed the case: in pancreases stimulated with a
range of glucose concentrations, the magnitude of TDP
(measured by repetitive pulses) was closely correlated (r2

� 0.8) with the rising slope of second-phase insulin release
(9). Also, the fact that second-phase insulin response to
glucose is often retained long after the disappearance of
first-phase insulin release in early type 2 diabetic patients,
in whom TDP seems intact, further supports this hypoth-
esis.
Modeling the insulin response to glucose in humans.

Is the above model applicable to insulin secretion in
humans? Both TDI and TDP were demonstrated in hu-
mans, the former using glucose as well as nonnutrient
secretagogues. Therefore, based on the ideas developed
above, a mathematical model was constructed whose
primary aim was to obtain information on the quantitative
aspects of TDI, TDP, and the sensitivity of the �-cell to the
acute glucose signal, from simulations of glucose infusion
tests in individual subjects. Figure 7A presents a diagram
of the model (it is outside the scope of this review to
describe the mathematics involved, nor will the part of the
closed-loop model which deals with the effect of endoge-
nous insulin on glucose metabolism be dealt with; the
reader is referred to the original publications [21,22]). This
analysis was applied to a large number of glucose infusion
tests in several clinical investigations in an attempt to
describe in detail the individual insulin secretory charac-
teristics (38–41). The validity of the model as well as its
basic concept were tested in subgroups of subjects se-
lected according to their simulation parameters during a
standard glucose infusion test. For example, when sub-
jects, in whom a high versus a low TDP parameter was
obtained by simulation, were subjected to two consecutive
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glucose challenges, the insulin response to the second
stimulus was indeed amplified in subjects with high TDP
values, whereas it failed to be in those with low TDP (21).
The ability of the model to mimic TDI was less successful;
nevertheless, the simulated TDI levels do represent a
characteristic of the individual’s insulin responsiveness, as
indicated by the differences in the shape of the insulin
response to glucose (21). It is obvious that, as additional
biochemical and physiological information on the kinetics
of insulin secretion in humans becomes available, such
models can be refined and their ability to simulate the
insulin response of normal as well as type 2 diabetic

subjects can be improved and applied to a variety of
physiological and pharmacological secretagogues. From
such analyses, it should be possible to infer key physio-
logical parameters of �-cell function.

CONCLUSIONS

Substantial evidence indicates that insulin secretagogues,
and mainly glucose, initiate a chain of events in the �-cell
that act in parallel to control the rate of insulin release.
Each of these events seems to have its own time course
and glucose (and other secretagogue) dose dependence;
their summation in the �-cell produces the observed
insulin response. This is schematized in the model of Fig.
7B. Thus, during a square-wave stimulation with glucose,
the hexose elicits a very rapid read-out signal (depolariza-
tion of the �-cell and Ca2� inflow?), which is responsible
for the ascending limb and peak of first-phase insulin
response; this effect would persist throughout the stimu-
lation as a sine qua non condition for insulin release.
Shortly after this initial effect of glucose, TDI is switched
on, forcing the insulin secretion rate to drop toward the
interphase nadir. TDI also would be generated as long as
the secretagogue is present; however, in the case of
nutrient secretagogues, the TDP message building up in
the �-cell would amplify the output, the insulin secretion
rate rising toward the second-phase response (for a dis-
cussion of which �-cellular mechanisms could be candi-
dates for TDP, see several articles in this supplement). The
model also predicts that, at any given time, the acute
responsiveness of the �-cell to a stimulation would be
modulated by its past stimulations, i.e., by �-cell memo-
ries, the balance between TDI and TDP determining the
magnitude of the insulin response.

Clearly, identifying the molecular events that control the
�-cell signals that produce the unique dynamics of insulin
release summarized in this review remains a major chal-
lenge. We do urge, nevertheless, that these complex inter-
actions be kept in mind when studying specific
biochemical/molecular events in the �-cell.
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