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ABSTRACT A kinetic model for insulin secretion in pancreatic b-cells is adapted from a model for fast exocytosis in chromaffin
cells. The fusion of primed granules with the plasma membrane is assumed to occur only in the ‘‘microdomain’’ near voltage-
sensitive L-type Ca21-channels, where [Ca21] can reach micromolar levels. In contrast, resupply and priming of granules are
assumed to depend on the cytosolic [Ca21]. Adding a two-compartment model to handle the temporal distribution of Ca21

between the microdomain and the cytosol, we obtain a unified model that can generate both the fast granule fusion and the slow
insulin secretion found experimentally in response to a step of membrane potential. The model can simulate the potentiation
induced in islets by preincubation with glucose and the reduction in second-phase insulin secretion induced by blocking R-type
Ca21-channels (CaV2.3). The model indicates that increased second-phase insulin secretion induced by the amplifying signal is
controlled by the ‘‘resupply’’ step of the exocytosis cascade. In contrast, enhancement of priming is a good candidate for am-
plification of first-phase secretion by glucose, cyclic adenosine 39:59-cyclic monophosphate, and protein kinase C. Finally, insulin
secretion is enhanced when the amplifying signal oscillates in phase with the triggering Ca21-signal.

INTRODUCTION

When stimulated with a step increase of glucose, a single

pancreatic islet of Langerhans secretes insulin in a biphasic

pattern: a transient up-and-down burst of rate lasting for a few

minutes (the first phase) followed by a sustained slow rate

lasting for a few hours (the second phase). Since b-cells in a

stimulated islet are tightly coupled (1), the biphasic insulin

secretion kinetics is likely not due to cell heterogeneity in

membrane potential and calcium (2). Although there may still

be heterogeneity in insulin secretion rates, we assume here

that the biphasic kinetics is an intrinsic property of the b-cell.
That is, we expect that a single b-cell would secrete insulin

with the same biphasic kinetics as an islet, although current

insulin measuring assays are not sensitive enough to confirm

this experimentally. The biphasic secretion pattern is also

seen in vivo, and it has been suggested that diabetes is cor-

related with the loss of the first phase (3,4). Thus, under-

standing how a stimulated b-cell secretes insulin at the

molecular level is not only of academic interest but also

potentially useful for understanding the disease process and

guiding target selection for diabetes drug development.

Like neurons and many other endocrine cells, pancreatic

b-cells secrete by exocytosis—in this case of insulin-

containing granules, a process that is generally believed to

include a cascade of complex steps, such as granule docking,

priming, Ca21-triggered granule fusion, and insulin release

(5–9). Although many of the molecules (such as SNARE,

Rab, and Munc) of the exocytosis cascade (EC) have now

been identified (9–15), the detailed kinetic mechanism of the

EC is still not well understood. The step in the EC where the

kinetic mechanism has been best studied quantitatively is

the Ca21-triggered granule fusion step, the rate of which can

be measured using the capacitance measurement method

(16,17).

The progress from whole-islet to single vesicle measure-

ments, reviewed in Michael et al. (18), raises the question of

whether these experiments measure the same things. Indeed,

capacitance measurements have reported rates that are much

faster than those from classic biochemical assays from islets

(11). A possible resolution of this discrepancy is the finding

that capacitance measurements in situ (i.e., from intact islets)

are much slower than those from isolated b-cells (17). Even
restricting consideration to isolated cells, the rate of insulin

release, assayed by total internal reflection fluorescence ob-

servations of vesicle disappearance, is much slower than the

change in capacitance (8). Finally, capacitance measure-

ments show biphasic kinetics in measurements taken within

1 s or 1 min, which have been identified with the much slower

classic phase 1 and phase 2 in islets. By integrating processes

over a range of time and space scales, the model will shed

some light on all of the above issues.

By fitting with fusion rates measured at different con-

centrations of Ca21 (using the caged-Ca21 release assay), a

five-state kinetic model for granule fusion has been obtained

recently for chromaffin cells that contains ‘‘resupply’’,

‘‘priming’’, three Ca21 binding steps, and an irreversible

fusion reaction (19,20). In this work, we show that, based on

this five-state fusion model, a multistate kinetic model for the

EC can be developed and used to build a model for pancreatic

b-cells that generates both the fast fusion rate (,1 s) and the
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slow insulin secretion rate (minutes) simultaneously. In this

model, influx of Ca21 occurs through both the L-type and the

R-type channels, and the Ca21-triggered fusion of granules

with the plasma membrane is assumed to occur exclusively in

the ‘‘microdomain’’ of an L-type channel only. With the use

of a simple ‘‘two-compartment’’ model to handle the tem-

poral distribution of Ca21 between the microdomain and the

cytosol compartments, we obtain a theoretical cell model that

describes at the molecular level how insulin is released from

electrically stimulated b-cells. The model can be extended to

glucose-stimulated insulin secretion by adding a ‘‘triggering

pathway’’ formalism that describes the K(ATP) channel-

mediated generation of electrical activities and Ca21 dy-

namics after glucose metabolism.

The model developed in this work is useful for studying

insulin secretion in altered b-cells. Recently, it has been

found that the second phase in insulin secretion rates is re-

duced in islets whose R-type Ca21-channels are either re-

moved genetically (by gene knockout) or blocked by

inhibitors (21). As will be shown below, this finding can be

simulated qualitatively by our model. The model can also be

used to explain the ‘‘potentiation’’ in insulin secretion ob-

served in islets preincubated with glucose.

Finally, the model is useful in studying two problems re-

lated to the ‘‘amplifying signals’’ that have attracted con-

siderable attention recently. The rate of insulin secretion from

b-cells in an islet stimulated with a step depolarization is

increased in both the first and second phase when glucose

metabolism is present in the system (22–27). This leads to the

suggestion that glucose metabolism generates not only the

‘‘triggering’’ signal (Ca21-influx) but also some ‘‘amplify-

ing’’ signal or signals that increase the efficacy of Ca21-

triggered insulin secretion (28,29).

Despite considerable study, the identity of the amplifying

signal remains undetermined. We use the model to approach

this question in a different way: Which step or steps in the EC

could be modulated by the amplifying signal to increase the

rate of insulin secretion in the first and second phases, re-

spectively? In other words, the amplifying signal derived

from glucose metabolism can modulate the rate constant of

one or more steps of the EC to increase the exocytotic flux.

The model suggests that the step with the most appropriate

properties to be a target for the amplifying effect during

second-phase secretion is the ‘‘resupply’’ of granules from

the ‘‘reserve’’ pool. This has been proposed in other models

(30,31), but we show further that other steps do not work. We

show in contrast that the step with the most appropriate

properties to mediate amplification of first-phase secretion is

the priming of already docked vesicles.

A second issue raised by the model, which has not been

considered before, is the possible implications of oscillations

in both the membrane potential and the ‘‘amplifying’’ sig-

nals. It is experimentally observed that pancreatic b-cells
exhibit slow oscillations (periods in minutes) in both the

membrane potential and the intracellular [Ca21] when stim-

ulated with high glucose. It has been suggested that these

slow Ca21-oscillations are driven by slow glucose metabolic

oscillations (32–34). Since the amplifying signal is thought to

derive from glucose metabolism, it is possible that these

amplifying signals may also oscillate with the same fre-

quency as the bursting electrical activity. It is thus interesting

to know whether the mean insulin secretion rate will be af-

fected by the phase shift between the two oscillations. As will

be shown below, insulin secretion is enhanced when these

two signals are in phase and reduced when they are out of

phase, if the amplifying signal interacts with a step or steps

that are also Ca21-dependent.

Portions of this work have been presented previously in

poster form (35).

MODEL AND MATHEMATICAL METHOD

The purpose of this section is to develop the mathematical

formalism for a b-cell model that can be used to calculate

both the rate of granule fusion and the rate of insulin secretion

when the cell is stimulated with an arbitrary electrical po-

tential. First, we highlight some basic assumptions and

general properties of the model.

1. The model contains two dynamical systems: i), the set of

exocytotic reactions (the EC) between insulin-containing

granules and the cell membrane, including the crucial Ca21-

triggered fusion reaction, that lead to insulin secretion; and ii),

the set of voltage-sensitive Ca21-channels and Ca21-trans-

porters that handle the dynamics of Ca21 inside the cell when

the cell is applied with a depolarizing membrane potential.

2. Insulin-containing granules in the cell model are divided

into a large reserve pool and a smaller ‘‘exocytosable’’ pool

of ‘‘docked’’ granules, which can be further divided into

several pools with different fusion competencies. Granules

supplied from the reserve pool to the EC have to undergo

some ‘‘maturation’’ or ‘‘priming’’ steps before they can ex-

ecute the Ca21-triggered fusion reaction.

3. The model contains both L-type and R-type voltage-sensi-

tive Ca21-channels to mediate Ca21-influx when the cell is

depolarized and four types of Ca21-transporters to handle

the clearance of Ca21 from the cytosol.

4. Fusion of primed granules is assumed to take place

exclusively in the ‘‘microdomain’’ at the inner mouth of

an L-type channel (not the R-type), where the concentra-

tion of Ca21 is much higher than that in the cytosol when

the cell is stimulated. This assumption is based on the

finding that insulin-containing granules can form stable

complexes with L-type channels (36,37) and on the real-

ization that localized Ca21-influx plays an important role

in insulin secretion (38). The R-type channels, on the other

hand, contribute to exocytosis by adding to the global

calcium signal but are not colocalized with vesicles (21).

5. The resupply step is assumed to depend on both ATP and

bulk cytosolic Ca21. The ATP dependency derives from
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the finding that insulin secretion from single islets drops

to a low level after a long depolarization in the absence

of glucose (39). The Ca21 dependency is derived from

the finding that insulin secretion in the second phase de-

creases when the cytosolic [Ca21] is reduced by blocking

the R-type Ca21-channels.

6. Priming is also assumed to depend on bulk cytosolic

Ca21 and, in some simulations, on glucose metabolism.

7. The Ca21 dynamical system is not influenced by the EC.

8. Since fusion involves Ca21-ions in the microdomain of

the L-type channel whereas resupply and priming involve

Ca21 in the cytosol, the temporal distribution of Ca21

between the two compartments plays an important role

in insulin secretion. In this model, this distribution is

handled by a two-compartment kinetic model.

Microdomains and the two-compartment
formalism for [Ca21] dynamics

As shown schematically in Fig. 1 A, a ‘‘functional’’ micro-

domain is defined as a half-sphere surrounding the innermouth

of an L-type channel. The microdomain is referred to as

‘‘functional’’ because it is the placewhere a primedgranule can

form a stable complex with the plasma membrane and execute

the Ca21-triggered fusion step. The microdomain at an R-type

channel, in contrast, is not functional because granules do not

form stable complexes with the channel and therefore very few

fusion events will occur there. Although there is not a mem-

brane separating the microdomain and the cytosol, modeling

studies have shown that a sharp temporal [Ca21] gradient can

be maintained near the channel (40). We therefore use the

simple two-compartment model illustrated in Fig. 1 B to de-

scribe the temporal and spatial distribution of Ca21 in a stim-

ulated b-cell. When the cell is depolarized, Ca21-ions passing

through the L-type channels first go into themicrodomain (flux

JL in Fig. 1) and then diffuse to the cytosol, whereas those

passing through the R-type channels go directly to the cytosol

(flux JR in Fig. 1). Flux between the two phenomenological

compartments is assumed to be proportional to the concentra-

tion difference.

Let us consider a cell that is supplied with a time-dependent

potential VðtÞ at time 0. Let CiðtÞ and CmdðtÞ denote the

Ca21-concentrations in the cytosol and the microdomain

compartments, respectively, at time t. Then, they obey the

chemical kinetic equations:

dCmdðtÞ=dt ¼ fmdJLðtÞ � fmdB½CmdðtÞ � CiðtÞ�; (1)

dCiðtÞ=dt ¼ fiJRðtÞ1 fVfiB½CmdðtÞ � CiðtÞ� � fiLðCiðtÞÞ;
(2)

where JLðtÞ and JRðtÞ are, respectively, the molar Ca21-influx

through open L-type and open R-type Ca21-channels at time t;
fmd and fi are constants representing the ratio of the free to the

bound Ca21 in the microdomain and the cytosol compartments,

respectively;B is the transport rate constant of Ca21 between the

two compartments (a parameter that is fit); fV is the ratio of the

compartmental volumeof themicrodomain to that of the cytosol;

and LðCiÞ is the molar clearance rate of Ca21 out of the cytosol

compartment at CiðtÞ. In Eqs. 1 and 2, we neglect the change in
[Ca21] caused by the binding of Ca21 to granules. That is, the

dynamics ofCa21 is assumed tobe independent of thekinetics of

granule fusion and exocytosis. This assumption is reasonable,

because the number of granules ismuch smaller than the number

of Ca21-ions in the cell.

Values of JLðtÞ and JRðtÞ at any given membrane potential

VðtÞ can be calculated from the current through open Ca21-

channels:

JLðtÞ ¼ �aILðtÞ=vmd; (3a)

JRðtÞ ¼ �aIRðtÞ=vcell; (3b)

where vmd and vcell are the volume of the microdomain com-

partment and the cell, respectively, and a is a constant factor

that converts the current into the mole flux of Ca21-ions. Our

microdomain compartment is a phenomenological construct

FIGURE 1 Two-compartment model for intracellular calcium ion dynamics.

(A)Ca21-channels and the ‘‘microdomain’’ of ab-cellmodel.The influxofCa21

is handled by two types of voltage-gated Ca21-channels: the L-type and the

R-type.Amicrodomain is defined as the half-sphere surrounding the innermouth

of an L-type Ca21-channel with a diameter of;0.3 mm to provide a phenom-

enological compartmentwith elevatedCa21; the region of elevatedCa21 in a real

cell would in fact be much smaller, perhaps 10 nm. When the cell membrane is

depolarized, Ca21 passing through the L-type channel first goes into the

microdomain and then diffuses to the cytosol, whereas only the contribution of

Ca21 passing through the R-type channel to cytosolic Ca21-concentration is

accounted for. (B) The two-compartment kinetic model describing the dy-

namic distribution of Ca21 between the microdomain and the cytosol compart-

ments.Cmd andCi denote the concentration of Ca
21 in themicrodomain and the

cytosol compartment, respectively, B is the rate of exchange between the

microdomain and the cytosol, and LðCiÞ denotes the rate of Ca21 clearance

from the cell, which is handled by four kinds of Ca21-transporters (see text).
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that provides a region functionally specialized to have a

Ca21-concentration elevated by two orders of magnitude

over that of the cytosol. In an actual cell, the region of

elevated Ca21 would be more like the tall spike indicated by

three-dimensional diffusion simulations (40), and a vesicle

would have to be within a few tens of nanometer of a channel

to experience concentrations on the order of our Cmd.

The electrical properties of the L-type and R-type channels

are assumed to be identical. However, the number of R-type

channels is assumed to be only one-fourth that of the L-type,

resulting in the following expressions (41):

ILðtÞ ¼ gLmNðVðtÞÞ½VðtÞ � VCa�; (4a)

IRðtÞ ¼ 0:25gLmNðVðtÞÞ½VðtÞ � VCa�; (4b)

mNðVðtÞÞ ¼ ½11 e
ðVm�VðtÞÞ=sm ��1

; (5)

where gL is the conductance of the L-type Ca21-channel,

VCa is the equilibrium potential for the Ca21-ions across the

membrane, and Vm and sm are constants.

We use a previously developed model (42) to handle the

clearance of Ca21 from the cytosol compartment. In this

model, the rate of clearance is assumed to be handled by four

types of transporters: the sarcoendoplasmic reticulum AT-

Pase (SERCA), the plasma membrane ATPase (PMCA), the

Na-Ca exchanger (NCX), and the leak channel. Neglecting

the effects of pH and ATP, the clearance rate is then ex-

pressed as

LðCiÞ ¼ JSERCA 1 JPMCA 1 JNCX 1 Jleak; (6)

where

JSERCA ¼ J
max

SERCA=½11 ðKSERCA=CiÞ2�; (7a)

JPMCA ¼ Jmax

PMCA=½11KPMCA=Ci�; (7b)

JNCX ¼ J
0

NCX½Ci � 0:25�; (7c)

Jleak ¼ �0:94mM=s: (7d)

The values of the parameters, Jmax
SERCA etc. in Eqs. 7 are taken

from Chen et al. (42) and are used without change here.

Table 1 lists the values of the parameters of the two-

compartment model. The values in the table are obtained

mostly from the literature, except gL; sm; and B, which are

obtained by fitting the model to the following two experi-

mentally observed conditions: 1) at the resting potential (V¼
�70 mV), Cmd ¼ Ci ffi 50 nM; and 2) at V ¼ �20 mV (the

usual bursting plateau), Ci ffi 200 nM and Cmd. 20 mM. As

shown in Fig. 2, microdomain calcium changes more rapidly

than bulk cytosolic calcium, but on the timescale of minutes

the former is to a good approximation just a scaled version of

the latter. (The timescale difference would be exaggerated if

the ER compartment were included; see Bertram and Sher-

man (41)). Note also that the value of the exchange rate be-

tween the microdomain and the bulk cytosol, B, affects

mostly the value of Cmd; not Ci.

The exocytosis cascade and the kinetic model

The EC that describes the interaction between the insulin-

containing granules and the plasma membrane inside a b-cell
leading to insulin secretion is divided schematically into

seven steps, as shown in Fig. 3 A. We assume that a granule

has to dock to the membrane from a reserve pool, be primed,

and move to the microdomain at an L-type Ca21-channel

before it can bind with Ca21 and fuse with the cell membrane.

Recent evidence points to the existence of an additional pool

of granules, called the highly calcium-sensitive pool (HCSP)

FIGURE 2 Effect of B on [Ca21] distribution. The time course of [Ca21] in

the microdomain (Cmd) and cytosolic (Ci) compartments after a train of

alternating square pulses between�70 mV and�20 mVwith a period of 16 s,

8 on and 8 off for B ¼ 200 (solid curves) and 250 s�1 (dotted curves).

TABLE 1 Parameters of the two-compartment model of [Ca21]

Parameter Value Source

gL 250 pS Fitted

B 200 s�1 Fitted

Vm �20 mV (41)

VCa 25 mV (41)

sm 5 mV (41); modified to attain

Cmd range

vcell 1.15 pl Calculated from cell

radius (6.5 mm)

vmd 4.2 fl Fitted (microdomain

radius ¼ 0.15 mm, 600

domains per cell)

fV 0.00365 Calculated: vmd=vcell
fi 0.01 (42); 1/(calcium binding ratio)

fmd 0.01 Assumed same as fi
a 5.183 10�18mmol=ms=fA Calculated: 1/(2 Faraday)

Jmax
SERCA 41 mM/s (42)

KSERCA 0.27 mM (42)

Jmax
PMCA 21 mM/s (42)

KPMCA 0.5 mM (42)

J0NCX 18.67 mM/s (42)

JLeak �0.94 mM/s (42)
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with high affinity for Ca21 that can presumably fuse outside a

channel microdomain, but we leave this as an extension for

future versions of the model (43). After fusion, the pore be-

tween the granule and the extracellular space has to expand

before insulin can be released. Both the resupply and priming

steps are also assumed to involve Ca21.

The Ca dependency of the priming step comes from the

fusion kinetic studies on chromaffin cells by Voets and col-

leagues (19,20), whereas that for the resupply step comes

from the finding that reduction of cytosolic Ca21-concen-

tration reduces the second phase of the insulin secretion rate

(see below). The resupply and priming steps are further as-

sumed to be modulatable by the amplifying signal or signals

generated from glucose metabolism or other cellular reac-

tions. Thus, the rate of granule fusion and insulin secretion

in a b-cell is determined not only by the Ca21 surrounding

L-type Ca21-channels but also by the bulk cytosolic Ca21-

concentration and one or more amplifying signals from

glucose metabolism. At the resting state, Cmd is very small

and all the docked granules exist essentially only in the first

three pools (1, 5, and 6) in the cascade (see Table 3). The sum

of the granules in these three pools is related to the total

amount of insulin released in the first phase measured in a

single islet. In contrast, the sum of the granules in pools 1 and

5 alone determines the total amount of fusion in the first

phase measured in briefer single-cell capacitance experi-

ments.

The simplest kinetic scheme for this EC is given in Fig. 3 B,
where each step in the cascade is represented by a single

chemical reaction except the Ca21-triggering step, which is

described by three Ca21 binding reactions as proposed for

chromafin cells (19,20). Note that the ‘‘microdomain binding’’

step here corresponds to the ‘‘priming’’ step in the kinetic

model of Voets and the ‘‘priming’’ step here corresponds to

their ‘‘resupply’’ step. The kinetics of the cascade is regulated

by the concentration ofCa21 in the cytosol through the forward

rate constant of the resupply and the priming step, as indicated

in the equations in Fig. 3 C.
The three pretriggering steps are assumed to be reversible,

whereas the three posttriggering steps are assumed to be ir-

reversible. Refinements such as vesicles that bypass the

docking step and go directly to fusion (44–46), the afore-

mentioned HCSP (43), and kiss-and-run secretion (11) are

deferred to future iterations of the model. Note that some

reports indicate that the contribution of kiss-and-run is small

(47). Narrowing the focus results in a single feed-forward

pathway that is easier to analyze and clarifies how much can

be explained with the simplest model.

Due to the existence of these irreversible steps in the

kinetic scheme, the model is not an equilibrium system. That

is, the rates of fusion and insulin secretion of the system, de-

fined respectively as JF ¼ u1N4 and JIS ¼ u3NR with Ni rep-

resenting the number of granules in pool i, are always nonzero,
even at the resting steady state, as long as Cmd is not 0.

The time-dependent distribution of the pool population in

Fig. 3 B after the cell is depolarized can be described by the

differential equations:

dN1=dt ¼ �½3k1CmdðtÞ1 r�1�N1 1 k�1N2 1 r1N5

dN2=dt ¼ 3k1CmdðtÞN1 � ½2k1CmdðtÞ1 k�1�N2 1 2k�1N3

dN3=dt ¼ 2k1CmdN2 � ½k1CmdðtÞ1 2k�1�N3 1 3k�1N4

dN4=dt ¼ k1CmdðtÞN3 � ½3k�1 1 u1�N4

dN5=dt ¼ r�1N1 � ½r1 1 r�2�N5 1 r2N6

dN6=dt ¼ r3 1 r�2N5 � ½r�3 1 r2�N6

dNF=dt ¼ u1N4 � u2NF

dNR=dt ¼ u2NF � u3NR; (8)

where Ni represents the number of granules in pool i in Fig.

3 B, andCmd is the concentration of Ca
21 in the microdomain

compartment as described in Eq. 1. The resting values of the

pool population as well as the Ca21-concentration in the two

FIGURE 3 (A) Schematic drawing of the EC pro-

posed for pancreatic b-cells. The thick long line repre-

sents the plasma membrane of the cell, and the two

shaded blocks on the membrane represent an L-type

Ca21-channel where a microdomain is formed. The

state of the granule-membrane complex is schemati-

cally represented by the shape of the drawing between

the granule and the membrane: state 6 consists of vesicles

‘‘docked’’ but not yet primed for fusion; state 5 is the

primed vesicles outside the microdomain; state 1 is the

primed vesicles bound to the microdomain; state 4 is

the prefusion state; F represents the fused state; and R

represents the insulin releasable state. The Ca21-trigger-

ing step involves the Ca21 in the microdomain, whereas

both the resupply and the priming steps involve the Ca21

in the cytosol. (B) Kinetic scheme proposed for the EC

in (A). Cmd is the concentration of Ca21 in the micro-

domain. (C) Expressions showing the dependency of r2
and r3 on the concentration of Ca21 in the cytosol

compartment (Ci).

2230 Chen et al.

Biophysical Journal 95(5) 2226–2241



compartments can be obtained by solving the algebraic

equations obtained by setting the left-hand side of Eqs. 1,

2, and 8 to 0; those equations are linear because Vm is fixed at

rest. With these initial values, the time-course of the pool

population can be calculated from Eqs. 1, 2, and 8 when an

arbitrary time-dependent depolarization (such as a single

pulse or a train of pulses) is applied at time 0. The rate of

granule fusion and the rate of insulin secretion (in units of

granules) at time t can then be evaluated from these NiðtÞ as
JFðtÞ ¼ u1N4ðtÞ; (9a)

JISðtÞ ¼ u3NRðtÞ: (9b)

Similarly the accumulated total number of granules fused and

the total amount of insulin secreted (in units of granules) can

be evaluated as

MFðtÞ ¼
Z t

0

u1N4ðt9Þdt9 (10a)

MRðtÞ ¼
Z t

0

u3NRðt9Þdt9: (10b)

To express experimentally measured rates of fusion and rates

of insulin secretion in units of concentration per unit time,

each granule is assumed to have a capacitance of 3.5 fF and to

contain ;1.6 amol or 9 fg of insulin, as determined by

amperommetry (11). This agrees well with the estimate of 88

ng per whole mouse islet (48), assuming 1000 cells per islet

and 10,000 granules per cell. We then report the output of

islet simulations in units of pg/islet/min by scaling the single-

cell secretion rate JIS in granules/min/cell by 9 pg/granule 3
1000 cells/islet. We also assume that the cumulative insulin

released is sampled every 2 min as in many islet experiments;

so we plot finally the average insulin secretion rate (ISR)

as 9 pg=islet=min3 ðMRðtÞ �MRðt � 2Þ=2Þ (see Eqs. 9b and
10b).

Both the resupply and the priming steps are assumed to de-

pend onCi using the simple equilibrium binding formulae (19)

r2 ¼ r
0

2CiðtÞ=½CiðtÞ1Kp� (11a)

r3 ¼ r
0

3CiðtÞ=½CiðtÞ1Kp�; (11b)

whereKp is a constant andCi is the concentration ofCa
21 in the

bulk cytosol.Weuse the samevalue ofKp (¼ 2.3mM)obtained

in Voets (19) in our calculations. A new feature added to the

Voets model here is that the value of r03 is also modified by an

amplifying signal generated from glucose metabolism.

There are 11 rate constants in the EC, which were deter-

mined by fitting the cell model to experimental exocytosis

and secretion data, as discussed in the next section.

Determination of parameters of the kinetic model

The 11 rate constants shown in Fig. 3, B and C, were deter-
mined by fitting the cell model to the experimental data ob-

tained by capacitance measurements in single clonal INS-1

b-cells (8) and by immunoassay in mouse islets (39). Spe-

cifically, they are obtained by fitting the model to the fol-

lowing six sets of experiments: 1), the total number of

granules fused (MF in Eq. 10a) in a single b-cell as a function
of time after a step depolarization from Vm ¼ �70 mV to

Vm ¼ 0 is applied as shown in Fig. 4 A of Barg et al. (8); see

our Fig. 5 A; 2), the total number of granules reaching the

‘‘insulin releasable’’ state (MR in Eq. 10b) as a function of

time after the cell is stimulated by a single square-pulse de-

polarization of 500 ms duration as shown in Fig. 4 C of Barg

et al. (8); and 3), the four kinetic data sets of insulin secretion

measured by Henquin et al. (39) on single islets in the pres-

ence of a step or a train of five alternating square-pulses

between Vm ¼ �70 mV (the resting potential) and Vm ¼
�20 mV (the potential induced by 30 mM KCl in the pres-

ence of 250 mM diazoxide) in the presence and absence of

3 mM glucose, as shown in Fig. 4, B and D, respectively, of
Henquin et al. (39).

We impose two constraints that the model has to obey. At

the resting state (Vm ¼ �70 mV), granules are mainly in

pools 1, 5, and 6. The sum of these three pools at rest should

equal approximately the total number of granules releasable

with depolarization in the absence of glucose, that is, without

FIGURE 4 Fitting the model with the experimental data of Henquin et al.

(39). For the two panels on the left, the insulin secretion rate (ISR) is plotted as a

function of time after a train of five alternating square membrane potentials

between �70 mV and �20 mV with a period of 12 min is applied at time 0,

whereas a step depolarization is applied at time 0 for the right two panels. G0

means no glucose is present in the bathing solution, and G3 means the

concentrationof glucose is 3mMas in the experiments. In themodel calculations,

the value of r03 in Table 2 is set to 0 for the G0 case, whereas r
0
3 is multiplied by a

factor of 1.2 for the G3 case. The lines with filled circles are the experimental

curves of Henquin et al., with basal secretion removed, and those with open

squares are calculated with the model.
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resupply from the reserve pool. By integrating the curves in

Fig. 4 B of Henquin et al. (39), we obtain

N1ð0Þ1N5ð0Þ1N6ð0Þ � 250: (12)

On the other hand, the number of granules fused by depolariza-

tion of single cells saturates within a second and is assumed to be

equal to the sum of granules in pools 1 and 5 at rest. Thus, from

the data shown in Fig. 4 C of Barg et al. (8), it is estimated that

N1ð0Þ1N5ð0Þ � 30: (13)

In the model-fitting program, an upper and a lower limit is

assigned to each of these three pools so that the conditions in

Eqs. 12 and 13 are roughly followed.

The model fitting was carried out by finding the minimum

of the sum of the weighted root mean-square deviation

(RMSD) of the six data sets:

RMSD ¼ +wiðRMSDÞi; (14)

where wi and ðRMSDÞi denote the weight and the RMSD,

respectively, of the ith data set. Since kinetic measurements

of fusion and exocytosis of granules in single cells have a

higher time resolution than kinetic measurements of insulin

secretion from single islets, we weight them differently, using

w ¼ 1 for the four data sets of Henquin et al. (39) and w ¼ 2

for the two data sets of Barg et al. (8).

We use an exhaustive search approach to find the best

model: we 1), choose a range of values for each of the 11

parameters of the model; 2), simulate the kinetic measure-

ments of Barg and Henquin with the model using the for-

mulas developed in the previous section and evaluate the

RMSD in Eq. 14; 3), vary the value of each parameter se-

quentially until the 11-dimensional parameter space is ex-

hausted; and 4), pick the set of parameters for the model with

the smallest RMSD. The best set of parameters thus obtained

for the model is listed in 2. Figs. 4 and 5 show the fits of the

model to the data using the best parameter set obtained.

The kinetic parameters for the fusion step (r1; r�1; k1; k�1;
and u1) are very similar to those obtained by Voets for

chromaffin cells and are much larger (faster) than the re-

supply (r3) and the two insulin-release processes (u2 and u3).
With the parameters in Tables 1 and 2, the pool population at

rest (low glucose; Vm ¼ �70 mV) can be calculated. The

results in Table 3 show that the conditions in Eqs. 12 and 13

are roughly obeyed.

The fit to the islet experiments is shown in Fig. 4. The

difference between the 0 glucose and 3 mM glucose simu-

lations is due solely to the size of the resupply rate, r3. In the
next section we show that the existence of state 6 in Fig. 3 B
with a small r3 is necessary for the model to generate the

biphasic pattern in insulin secretion rate. In contrast, u2 and
u3 do not contribute to the generation of the biphasic pattern

but influence the overall timescale of the secretion rate.

The fit to the single-cell experiments is shown in Fig. 5.

Note that there is a biphasic pattern on the much faster

timescale (1 s) of Fig. 5 A. The ‘‘first phase’’ on this fast

timescale is due to release of pool 1, the vesicles bound to

calcium channel microdomains; and the slowly rising ‘‘sec-

ond phase’’ that begins after 0.1 s is due to refilling of pool

1 by priming and depends on rate constant r1. The slow ki-

netics shown in Fig. 5 B, on the other hand, are due to the

slow step represented by rate u3, which may reflect the slow

emptying of the granules after they fuse (11,47).

Applications of the model

First-phase secretion

A total of;100 granules are released during the first phase in

the simulations of Fig. 4, in good agreement with estimates

FIGURE 5 Fitting themodel with the experimental data of Fig. 4C (8). (A)

The total capacitance of a single cell after the cell is depolarized from�70mV

to�20mV at time 0 is shown as a function of time. The experimental data are

shown as filled squares and the calculated data as the solid line. Capacitance is

calculated with Eq. 10a, with each fused granule assumed to increase the

membrane capacitance by 3.5 fF. (B) The total number of granules reaching

the releasable state R (Fig. 3 B) is obtained using Eq. 10b as a function of time

after the cell is depolarized at time 0 with a step to�20 mV of 0.5-s duration

followed by return to rest (�70 mV). The data are normalized with that

measured at the 7-s time point after the onset of the depolarization.

TABLE 2 Kinetic parameters of the EC model at the resting

state determined by fitting to data

Parameter Value Parameter Value

k1 20 mM�1s�1 k�1 100 s�1

r1 0.6 s�1 r�1 1.0 s�1

r02 0.006 s�1 r�2 0.001 s�1

r03 1.205 s�1 r�3 0.0001 s�1

u1 2000 s�1 u2 3.0 s�1

u3 0.02 s�1 Kp 2.3 mM

See the section Determination of parameters of the kinetic model.
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by Bratanova-Tochkova et al. (49) for secretion per b-cell in
mouse islets. A little less than half are contributed by the

resting content of pools 1 and 5, with the balance newly

primed vesicles from pool 6. In another set of experiments

(27), a smaller value of 58 granules was obtained for the first-

phase release. This value can be better approximated by re-

ducing the priming rate r02 by half. This would in fact improve

the fit to the first peak in the train of depolarizing stimuli used

in Fig. 4 but at the expense of a poorer fit to the subsequent

peaks.

In the model, the termination of the first phase is due to

depletion of the primed pool of vesicles, similar to previous

models (30,31). However, the calcium signal is also notably

biphasic (Fig. 4; 27). If we step membrane potential down

partially in our model after 2 or 4 min to produce a reduction

in Ci and Cmd, we find a further reduction in secretion (a

lower nadir) at the end of the first phase. Thus, it is likely that

the reduction of calcium seen experimentally contributes to

the end of the first phase. However, the model suggests that

depletion of readily releasable vesicles is the more prominent

effect.

Second-phase secretion

The islet data used to fit the model in Fig. 4 were taken from

mouse islets that exhibited a flat or declining second phase of

insulin secretion. Rat islets, in contrast, typically exhibit a

rising second phase that can even exceed the peak of the first

phase (29). Mouse islets can also show a rising second phase

of secretion under certain conditions. Two ways of eliciting

this behavior have been reported. One is to preexpose the

islets to a substimulatory concentration of glucose, say 8.5

mM, before stepping to a high concentration of glucose, such

as 16.7 mM (Figs. 2 and 3; 27). The other is to stimulate

secretion by depolarization with KCl and diazoxide in the

presence of high glucose (Fig. 5 E; 50). The model is not yet

capable of simulating all of these protocols, but Fig. 6 shows

that it can produce a rising second phase if the maximal re-

supply rate r03 is increased two- or threefold. The rising sec-

ond phase is due to an increase in the docked pool (pool 6) as

shown in the middle panel of Fig. 7, which corresponds to the

dot-dashed curve in Fig. 6. Specifically, the size of the

docked pool becomes the rate-limiting factor during second

phase, with all the faster downstream processes in quasie-

quilibrium with it. This shows that an increase in the rate of

resupply of vesicles from the internal reserve pool to the

plasma pool(s) is sufficient to produce the rising second

phase. This effect was first proposed more than 35 years ago

by Grodsky and termed ‘‘provision’’ (31) and has been re-

affirmed in an updated model (30).

A flat second phase does not, however, imply that ampli-

fication is absent. The dotted curve in Fig. 6 shows the result

when the resupply rate and the priming rate r02 are each in-

creased twofold. Both first- and second-phase secretion are

FIGURE 7 Simulation of potentiation. Stimulatory glucose is applied at

time 0, maintained for 60 min, removed for 10 min, and then restored.

Stimulation is modeled as an increase in Vm to �20 mV combined with a

threefold increase in r03 . The response to the second step of glucose is

potentiated due to a buildup in the docked pool that persists during the low-

glucose gap and consequent refilling of the primed pool as exocytosis of

vesicles ceases.

FIGURE 6 Simulated effects of amplification on first- and second-phase

secretion. Insulin secretion rate (ISR) is shown for the model run with the

standard parameters and initial conditions in Tables 1–3 but with Vm stepped

to�20 mV (solid line) at time 0 to represent glucose-induced depolarization.

A rising second phase is observed if r03 is increased by a factor of 2 (dashed

line) or 3 (dot-dashed line) to represent the hypothetical amplifying effect of

glucose on the rate of resupply of vesicles from the reserve pool to the

docked pool. If glucose is assumed to amplify priming and resupply equally

by a factor of 2 (dotted line), both first- and second-phase secretion are

increased, but second-phase secretion is flat, not rising.

TABLE 3 Granule populations in different states in Fig. 3 B

at the resting state

State Number of granules State Number of granules

1 14.71 2 0.612

3 0.008 4 0

5 24.54 6 218.02

F 0.003 R 0.51
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enhanced but the second phase is flat, which compares well

with Fig. 3, A and C, in Henquin et al. (27) for the case when
the islets are preexposed to 3 mM glucose then stepped to

11.1 and 16.7 mM glucose, respectively. In general, a rising

second phase is produced in the model when resupply is

amplified by a greater factor than priming. When the two are

amplified by the same factor, however, the size of the docked

pool does not rise, and hence neither does the secretion rate,

because the docked vesicles proceed to the primed state as

fast as they arrive.

Note that in the model the primed pool is depressed

throughout the second phase as incoming vesicles are rapidly

drawn into the calcium-binding steps and exocytosed (Fig.

7). Thus, during the second phase, the late fast steps are in

quasiequilibrium with the docked pool and the latter directly

controls the rate of secretion. This contrasts with the situation

during first phase, in which secretion is controlled by the

primed pool, as discussed in the next paragraph.

Effects of preincubation with glucose: the potentiation effect

It has long been known that preexposure of islets to a stim-

ulatory concentration of glucose can increase the first phase

in the insulin secretion rate in perfused rat pancreas (29,31,

51,52) and in man (53–55). In the experiments, high glucose

was applied for tens of minutes, and then glucose was re-

duced to basal levels for minutes to tens of minutes before

high glucose was finally restored. This resulted in a second

‘‘first phase’’ of secretion that was larger than when the islet

had not recently seen high glucose.

We simulate this with the model (Fig. 7) by assuming that

the amplifying signal from glucose metabolism increases the

value of r03 ; resulting in an increased resupply rate and growth
of the docked compartment (pool 6). During the low-glucose

gap, the docked pool remains largely filled and refills the

primed compartment (pool 5) because release is minimal and

reverse flux from the docked pool is very small. Thus, when

the islet is subsequently restimulated, a higher secretion rate

in the new first phase is obtained.

The model of Bertuzzi et al. (30) is similar to ours in this

respect, and the docked pool similarly exhibits the above

ratchet-like behavior. Note that in our model it is the rise in

the primed pool during the gap, not the continued rise in the

docked pool, which is immediately responsible for the po-

tentiated first phase. Similar behavior is observed in Fig. 4, in

both the data and the model; even when glucose is only 3

mM, each pulse of KCl results in a small peak of release that

rises above the steady level attained with a maintained

stimulus. Note also that resupply need not continue during

the gap, and it does not in our model, but it may do so if the

response of the resupply rate to changes in glucose is slow, as

it is in the Grodsky model (31). This would have to be bal-

anced against the relatively rapid decline in cytosolic cal-

cium, which we have assumed also supports the resupply rate

(Eq. 11b), in contrast to Grodsky and Bertuzzi et al. This

leads to the prediction that longer gaps would result in greater

potentiation until the gap became long enough (tens of

minutes) for the docked pool to decay substantially.

The potentiation seen in Fig. 7 follows a second phase in

which secretion rises slowly due to accumulation of docked

vesicles. This is not coincidental. If a flat second phase is

produced in the model by equal amplification of priming and

resupply, as in the dotted curve of Fig. 6, there is no poten-

tiation and in fact no new first phase at all when glucose is

readded (not shown). This is because the rates of both

priming and resupply are reduced during the gap when glu-

cose is removed; so the accumulation of primed vesicles is

limited. If the glucose gap is prolonged sufficiently, a new

first phase can occur when glucose is added back; but for any

gap length it is smaller than for the case in which priming is

not a target of amplification. Conversely, any perturbation

that unmasks a rising second phase is predicted to unmask

potentiation as well. The two phenomena are different

manifestations of the same underlying process, namely the

balance between priming and resupply. A tight positive

correlation between the slope of the second-phase insulin

release rate and the ratio of peak postgap first phase to peak

unpotentiated first phase has been noted previously in ex-

periments from perfused rat pancreas (Fig. 2 of Nesher and

Cerasi (52)).

Ramped versus stepped glucose

Classic experiments have also shown that ramping the glu-

cose concentration, rather then suddenly stepping it up, ab-

lates the first phase of secretion (31,56). This is of interest

because islets likely see ramped glucose concentration

postprandially due to delays in digestion and gastric empty-

ing. Fig. 8 shows a simulation of this effect carried out by

ramping membrane potential, V, and the resupply rate, r03.
Consequently, the slow decline of the primed pool (pool 5)

and the slow rise of the docked pool (pool 6) overlap. The

loss of first phase is mainly due to the delayed depletion of the

primed pool, which is in turn due to the ramping of the mi-

crodomain Ca21-concentration during the ramp. If the re-

supply rate is ramped but V is stepped, there is still a phase 1;

the ramp of resupply results only in a delay in the second

phase. In the reverse case, V ramped and resupply stepped,

there is no first phase, as in Fig. 8. These predictions could be

tested by ramping V with KCl and diazoxide while holding

glucose fixed and vice versa.

Effects of the R-type Ca21-channel

It has been reported that the second phase of insulin secretion

rate is decreased, but not eliminated, when the R-type Ca21-

channels (CaV2.3) in b-cells are removed or blocked by

channel inhibitors (21). As shown by the dashed line in Fig.

9, this result can be simulated with our model by setting

Ca21-flux through the R-type channels (JR in Fig. 1 and Eq.
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2) to 0. This effect is lost if the resupply step does not depend

on cytosolic [Ca21]. The model also allows us to compare

this effect to that of knocking out the L-type channel (setting

JL in Fig. 1 and Eqs. 1 and 2), that is, of reducing micro-

domain Ca21 and cytosolic Ca21 versus reducing cytosolic

Ca21 alone (57). The dotted line shows that elimination of the

L-type channel leaves a relative deficit in phase 1 secretion

compared to phase 2, even if the R-type channel is upregu-

lated, as found in Schulla et al. (57).

Sites of action of the amplifying signal

We have shown above (Fig. 7) that increasing the resupply

rate r03 is sufficient to account for the rise in secretion during

the second phase. Now we use the model to explore whether

other sites may also contribute. Specifically, we ask which

step or steps in the EC can generate the experimental result

shown in Fig. 4 of Straub and Sharp (13). In that experiment,

islets were depolarized with KCl and diazoxide in 2.8 mM

glucose to elicit first-phase secretion, followed by addition of

16.7 mM glucose 10 min later, when first phase was essen-

tially complete. We simulated that protocol by applying a

step depolarization (from �70 mV to �20 mV) to the model

at time 0, increasing in turn the forward rate constant of each

step in the cascade 10 min later and calculating the rate of

insulin secretion as a function of time for the next hour.

The simulated results for each step in the cascade, except

the Ca21-triggering step, are shown in Fig. 10. Significant

and sustained changes in insulin secretion occur after the rate

constant is increased only for the resupply (r3) and priming

(r2) steps. Whereas the increase in the resupply rate generates

the rising second-phase characteristic of rat insulin secretion,

the increase in the priming rate generates a transient increase

in the secretion rate, more reminiscent of first-phase secre-

tion. We conclude that the generation of the second-phase

aspect of the amplifying signal (no matter what it is) is

controlled by the resupply of granules from the reserve pool

to the exocytosable pool. The first-phase aspect of the am-

plifying signal, on the other hand, is suggested to target the

priming step.

Phasic enhancement between triggering and
amplifying signals

Both metabolism and Ca21 oscillate in the b-cell, so it is of

interest to consider the phase relationship between these two

signals. Specifically, we investigate the case in which the

membrane potential of the cell is oscillating with periodic

square pulses of period tp and the amplifying signal is os-

cillating as a sine function of the same frequency, so that the

rate constant of the step that interacts with the amplifying

signal has to be multiplied by the factor

11Asinð2pðt1 tsÞ=tpÞ; (15)

where A is the strength of the amplifying signal and ts is the
time shift between the two oscillations. The two oscillations

are completely in-phase when ts ¼ 0 and completely out-of-

FIGURE 8 Ablation of first phase by ramped glucose. When glucose is

ramped up, represented by a linear increase in Vm from�70 to �20 mV and

in the factor multiplying r03 from 1 to 3, the first phase is nearly completely

abolished. Compare the ramped increase (solid line) to the stepped increase

(dashed line), which is equivalent to the dot-dashed line in Fig. 6. All other

parameters and initial conditions are as in Tables 1–3.

FIGURE 9 Simulation of R-channel knockouts. Depolarization stimu-

lated insulin secretion rate (solid curve) is first calculated for the standard

cell model; the amplifying effect of increased glucose is modeled by

increasing the value of r03 by a factor of 3 at time 0. The knockout is

simulated by setting gR in Eq. 4b to 0 (dashed curve). Removal of the R-type

channels decreases the second-phase insulin secretion rate. If the L-type

channels are removed by setting gL in Eq. 4a to 0 and R-type channels are

upregulated by increasing gR fourfold, the second phase is relatively more

restored than the first phase (dotted curve).
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phase when ts ¼ tp=2. We are interested in two questions: 1)

Does the rate of insulin secretion in b-cells depend on the

angular phase shift u ¼ 2p ðts=tpÞ between the oscillating

membrane potential and the oscillating rate constant of the

step that interacts with the amplifying signal? 2) Does each

step in the EC generate the same effect or not?

To answer these two questions, the rate of insulin secretion

of the model was calculated as a function of ts by multiplying

each of the rate constants, one rate constant at a time, by the

oscillating factor in Eq. 15. for a range of ts values. The

calculated results for tp ¼ 60 s are shown in Fig. 11, where

the averaged insulin secretion rate is plotted as a function of

the angular phase shift. Among the six forward rate constants

of the EC, only the resupply (r3) and the priming steps (r2)
generate phasic effects, with the former having the larger

effect. Exactly the same curves are obtained when the value

of tp is increased from 60 s to 300 s (not shown). Thus, the

phasic effect seems not to depend on the frequency of the

oscillation.

Single-cell versus islet kinetics

Up to this point the simulations have been based on param-

eters fitted to single-cell (INS-1) capacitance kinetics and

biochemically assayed islet insulin release. However, ca-

pacitance measurements carried out in situ in islets indicate

fusion rates that are much slower than in single cells (17).

It turns out that this seemingly large discrepancy can easily

be accommodated in the model. The fusion rate on the fast

timescale of single-cell experiments (1 s) can be reduced

from the 780 fF/s obtained with the standard parameters in

Table 3 to 50 fF/s by reducing the rate of microdomain

binding, r1, from 0.6 s�1 to 0.02 s�1 (Fig. 12 A). The 15-fold
reduction in fusion rate is due to a 15-fold reduction in the

initial size of pool 1 to 1 vesicle; pools 6 and 5 increase be-

cause flux to pool 1 is reduced but the increase is greater than

twofold, to 312 and 49 vesicles, respectively. In general, the

resting size of pool 1 is the main determinant of the peak

fusion rate in the first second of stimulation.

These changes in the microdomain binding rate and initial

pool sizes have less effect on the 1-min timescale (Fig. 12 B)
and minimal effect on the 1-h timescale of the islet experi-

ments (Fig. 12 C) because those kinetics are determined

mainly by the rate of priming and resupply, respectively. This

FIGURE 10 Amplifying the signal sensitivity test of the EC steps. The

thick solid line in each of the six figures is the usual biphasic insulin secre-

tion rate calculated for the model at rest by applying a step depolarization

from�70 to �20 mV at time 0. The thin solid line with filled circles in each

figure is obtained after the rate constant indicated in the figure is increased 10

min after the onset of the depolarization. A threefold increase of r03 can

generate the second-phase pattern observed in the experiment of Fig. 4 (13),

and a threefold increase of r02 can generate a large transient reminiscent of

first-phase secretion. None of the other parameters can produce a significant,

long-lasting increase in secretion despite a 10-fold increase.

FIGURE 11 Effect of the phase shift between bursting membrane poten-

tial and oscillating rate constant. The period of the bursting potential and the

period of the oscillating rate constant are assumed to be identical. For each

oscillating rate constant (r1; r
0
2 ; r

0
3 ; u1; u2; u3), the ‘‘averaged’’ insulin secre-

tion rate is calculated for the model at steady state as a function of the

angular shift, u ¼ 2 ts=tp where ts and tp are, respectively, the time shift and

the period of the two oscillations, for the case tp ¼ 60 s. Oscillations have a

significant impact only when applied to the priming (r02) and resupply (r03)

steps. The averaged ISR at steady state is obtained by discarding the first

20,000 min of simulations and averaging over the last five periods. Identical

curves are also obtained for tp ranging from 60 to 600 s; i.e., the phasic effect

is found to be insensitive to the frequency of the oscillation.
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result is a fundamental feature of the model, not a numerical

peculiarity; one can scale r1 over a wide range and achieve

essentially any fast scale fusion rate without much effect on

the slow dynamics. In contrast, scaling the priming rate, r2,
can also give any desired fast fusion rate but at the same time

affects the first- and second-phase islet kinetics. Another way

to reduce peak fusion rate in the first second is to reduce the

affinity of fusion for calcium by increasing the back rate k�1

or reducing the forward rate k1. The effect is modest, how-

ever, because these maneuvers increase the resting size of

pool 1 and the more prominent effect is a slower rise to peak.

In summary, the model suggests that the difference between

islets and single cells is more likely in the rate of forming the

vesicle-channel complex than the properties of the complex

or the rate of priming.

DISCUSSION

We have developed in this work a pancreatic b-cell model

that can be used to calculate quantitatively the rate of insulin

secretion as well as the rate of granule fusion when the cell is

stimulated with an arbitrary depolarizing membrane poten-

tial. The model cell is composed of two dynamical systems:

1) a multistep EC that describes the reactions between insu-

lin-containing granules and the cell membrane, including the

crucial Ca21-triggered granule fusion, required for insulin

release; and 2) a simple two-compartment model to handle

the temporal and spatial distribution of Ca21 inside the cell

after membrane depolarization. This is the first insulin se-

cretion model that takes into account the range of b-cell
granule time and space scales from subsecond/microdomain

to 1-h/whole cell; previous quantitative models for insulin

secretion on the long timescale have treated the EC as a black

box (30,31,58,59). The inclusion of channel and granule

biophysics allows the model to explain the results of fast

(seconds) exocytosis experiments in single cells in addition

to the longer timescale (tens of minutes) experiments in islets,

testing steps, ramps, and potentiation, that have been the

focus of previous models.

The model thus allows us to begin to integrate the results of

these two classes of experiments into a unified framework.

The explicit treatment of calcium also allows the model to

address the effect of loss of the R-type Ca21-channel. There

are still, however, some important phenomena that the model

does not account for, such as the response to staircase in-

creases in glucose, which was a keymotivation for Grodsky’s

threshold distribution hypothesis (31). A biophysical under-

standing of the latter remains an open question for future

investigation.

We have chosen the membrane potential as the stimulation

parameter in formulating our model because it is the simplest

and cleanest parameter to handle theoretically and also

sidesteps issues of how to model glucose metabolism and its

transduction to a Ca21-signal. Also, many insulin exocytosis

experiments have in fact used the membrane potential as

the stimulus. The explicit treatment of ion channels in our

model should facilitate combining the exocytosis model with

models for glucose metabolism and Ca21-oscillations (34).

The effects of Ca21 and other ion channels and internal Ca21

stores on both the bursting patterns and the insulin secretion

rates could then be studied.

A limitation of the model is that we have used a deter-

ministic approach to solve the two-compartment problem.

That is, in our formalism all of the;600 microdomains in the

b-cell are treated as identical and equivalent with the same

[Ca21] and the same number of granules at any given time.

Due to the stochastic nature of the opening and closing of

Ca21-channels, the temporal Ca21-concentration is expected

to vary among microdomains. We have also not taken into

account the discreteness of vesicles, resulting in fractional

vesicles in the simulations (see, for example, Table 3). How

the stochastic fluctuations in [Ca21] and vesicle number affect

the insulin secretion rate is an interesting problem for future

study. A final limitation is that we have used square pulses of

membrane potential instead of bursts of action potentials to

drive the model. The parameters that govern the islet dy-

namics on the minutes timescale likely are too slow in their

own kinetics to respond to the rapid fluctuations of V and only

feel the average potential. Effects, such as slow inactivation of

Ca21-channels and the relative contributions of biphasic

Ca21-concentration and vesicle dynamics to islet first phase,

merit further investigation. Combining the exocytosis model

presented here with a model for electrical activity and Ca21-

oscillations is another natural extension to pursue.

The model takes into account explicitly the central role of

the L-type Ca21-channels in insulin secretion (36–38). Mi-

crodomains were incorporated into the model of Bertuzzi

et al. (30) but without channel kinetics or Ca21 dynamics.We

have assumed that the Ca21-triggered granule fusion step

occurs only in the microdomain of an L-type channel, not in

that of an R-type channel. That is, not all microdomains in a

b-cell are correlated with insulin secretion. On the other

FIGURE 12 Accounting for reduced fusion in situ. Solid

curves are run with the same parameters and initial condi-

tions as the dot-dashed curve of Fig. 6, dashed with r1
reduced to 0.02 and initial values recalculated accordingly.

This 30-fold reduction in r1 reduces the peak fusion rate

15-fold (A). The net capacitance increase has almost caught

up by the end of the first minute (B), and response of insulin

secretion rate to a 1-h step of glucose is minimally affected.
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hand, blocking the R-type channels is found to decrease the

second phase in insulin secretion. In this work, we have

shown that a reduction in bulk cytosolic [Ca21] caused by

eliminating the R-type channel is sufficient to account for the

reduction in the second phase provided that the resupply of

docked vesicles to the docked pool is Ca21 dependent (Fig.

9). Moreover, when the L-type channel is eliminated, com-

pensation by the R-type channel preferentially restores the

second phase (Fig. 9 and 57). Thus, although there is overlap

in the contributions of the L-type and R-type channels to

secretion, the L-type is more associated with phase 1 and the

R-type more with phase 2. This is even more apparent in the

fast timescale (,1 s) single-cell experiments, where loss of

the R-type channel has almost no effect but loss of the L-type

channel cannot be compensated by upregulation of the

R-type (21,57). This reflects a fundamental asymmetry in

Ca21 diffusion: Ca21 can spread out from the microdomains

to the cytosol, but cytosolic Ca21 cannot be focally con-

centrated into microdomains.

A major focus of this work was to study the mechanisms

underlying the amplifying signal or signals derived from

glucose metabolism by investigating the kinetics of first- and

second-phase secretion. Although our results do not directly

address the identity of the signal, we have shown that an

increase in the resupply rate is both necessary and sufficient

for an increased second phase of insulin secretion (Fig. 10).

An increase in the priming rate is a good candidate for me-

diating the component of amplification that enhances the first

phase because it is the only step that can produce a rise in

secretion with appropriate kinetics—fast enough to begin

within the first phase and persistent enough to be maintained

throughout the first phase. The amplifying signal(s) could

also enhance the other fast steps (see further discussion be-

low), but this is neither necessary nor sufficient. These in-

sights may assist in focusing future efforts to identify the

molecular nature of the amplifying signal.

The model fit indicates that a rate of resupply of;3 s�1 per

b-cell is needed to reproduce the slow rise over tens of

minutes of second-phase secretion in islets. If one assumes

that the reserve pool consists of 10,000 vesicles, this is

equivalent to a first-order time constant of about an hour.

However, if the pool immediately supplying the docked pool

consists of the 1000–2000 ‘‘almost docked’’ vesicles (vesi-

cles within 0.2 mm of the membrane but not docked), as

suggested by Rorsman and Renstrom (11), or ‘‘morpholog-

ically docked’’ but not ‘‘readily releasable’’, as suggested

by Bratanova-Tochkova et al. (49), then the effective time

constant is 5–10 min, in reasonable agreement with mea-

surements of ‘‘newcomer’’ vesicles by Ohara-Imaizumi and

Nagamatsu (44) and Ohara-Imaizumi et al. (45). We have

modeled newcomers as vesicles that join the docked pool and

proceed through the usual stages of priming, microdomain

attachment, and fusion. It is also possible that they represent a

distinct pathway for secretion of highly calcium-sensitive

vesicles (43).

The model suggests that a key difference between rats,

which exhibit a rising second phase, and mice, which gen-

erally exhibit a flat second phase in response to a simple step

in glucose, lies in the balance of the effects of amplification

on the resupply and priming rates. However, mice apparently

do have glucose-dependent resupply because secretion is

maintained in 3 mM glucose but decays in 0 glucose (Fig. 4).

The difference may be that priming is also enhanced equal-

fold; in such a case the model predicts that first- and second-

phase secretion would both be increased, but secretion during

second phase would remain flat (compare solid and dotted
lines in Fig. 6).

The balance between amplification of priming and re-

supply appears to be plastic. There have been two recent

reports that mice display a rising second phase in vivo

(27,60). In Henquin et al. (27) it was found moreover that

isolated mouse islets in vitro could show a rising second

phase if the step to stimulatory glucose (16.7 mM or higher)

was preceded by a 40-min exposure to substimulatory glu-

cose (optimally ;8.5 mM). The rising second phase was

accompanied by a reduced first phase. A rising second-phase

secretion is also seen in mice exposed to high glucose in the

presence of the K(ATP) channel opener diazoxide and nor-

mal external KCl and then depolarized by raising KCl (e.g.,

Fig. 6 in Gembal et al. (22) and Fig. 5 E in Szollosi et al. (50)).

In the latter protocol, first-phase secretion was not reduced,

but second-phase secretion was superamplified. The common

element in the two protocols is an enhancement of second-

phase secretion relative to first-phase secretion. The model

suggests that this could result from an enhancement of re-

supply relative to priming, or even a loss of priming, but the

mechanisms that could mediate this are not apparent.

The control of the resupply rate thus appears to be more

complex than what we have modeled, as it depends on the

history of exposure to glucose, not just the instantaneous

level. It cannot, however, be as simple as resupply getting a

head start during the prestimulatory period; for then the

control islets that were not prestimulated would catch up,

which they show no signs of doing after 2 h of stimulation.

We have also considered the effects of oscillations on

exocytosis. The response to the calcium and voltage pulses in

Fig. 4 shows that one functional consequence is higher peak

secretion (though with lower average secretion). The detailed

breakdown of the potentiation experiment (Fig. 7) shows that

this is because the primed pool rebuilds during the rest pe-

riod. Thus, tonic depletion of the primed pool is avoided.

Note that the model indicates that this can occur even if

priming and resupply are both amplified by glucose metab-

olism, provided the off period is sufficiently long (see section

on potentiation in Results).

In addition to calcium, metabolism oscillates (34), so we

have also investigated the phase relationships between the

two and found that the mean insulin secretion rate increases

if the two signals are in phase and decreases if they are out

of phase. The phasic enhancement is effective only if the
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amplifying signal interacts with a step that is [Ca21]i de-

pendent. This is not surprising but has not previously been

considered and may prove useful for discriminating between

candidate mechanisms for metabolic and calcium oscillations

on the basis of the phase relationships between the two os-

cillatory subsystems.

Based on a careful counting of vesicles in several com-

partments in rat b-cells, Straub and Sharp (13) proposed yet

another model for biphasic insulin secretion, in which the

rate-limiting step is transfer from a readily releasable pool

(RRP) to an immediately releasable pool, which would cor-

respond most closely to our rate constant r1, for binding

vesicles to the Ca21-channel microdomain. That pool,

however, is described as having 50–100 vesicles, which

would correspond better to our primed pool. We found, in

contrast to either hypothesis, that the only rate constant with

the right properties to mediate a rising second-phase secretion

is r3, for resupply from the reserve pool to the docked pool.

The argument of Straub and Sharp was based largely on the

observation that the number of vesicles in the docked pool at

rest is approximately equal to the number released in the first

and second phases combined, which they interpreted to mean

that no vesicle resupply is required. Our model simulations,

however, show that without enhanced resupply due to glucose

metabolism, the rate of secretion decreases nearly to 0 after the

first phase (Fig. 4, upper panels). This is because the flux of

vesicles from the docked pool to the primed pool is the pro-

duct of the docked pool size and the priming rate, r2. Thus, a
rising rate of secretion in second phase implies that either the

rate of priming grows in time or, more likely, that the docked

pool grows due to an increased rate of resupply, r3.
The site of action of the amplifying factor was assigned to

the transfer from the ‘‘docked pool’’ to the RRP (Fig. 6 in

Rorsman and Renstrom (11)). This corresponds to our

priming step, rate r2, and is associated with an ATP-depen-

dent kinetic component similar to, but somewhat more rapid

than, that in Fig. 12 B. (Note that we have subdivided their

RRP into primed vesicles (pool 5) and microdomain-bound

vesicles (pool 1) to account for the rapid exocytotic burst seen

in brief depolarizations in single-cell experiments.) As sug-

gested above, this may well be the site that accounts for

amplification during classical islet phase 1 (first 10 min), but

the model suggests that this is a kinetically distinct step from

the one that mediates islet phase 2 (10–60 min). It may be

affected by the same amplification factor or a different one;

the model is silent on this.

The hierarchy of timescales is illustrated in Fig. 12, which

shows behavior during the first second, the first minute, and

the first hour. On each timescale there are biphasic kinetics,

but they each correspond to a different rate-limiting step, first

microdomain binding (rate r1), then priming (rate r2), and
finally resupply to the docked pool from the reserve (rate r3).
These have each been proposed, as mentioned above, as the

rate-limiting step in secretion; but the model shows that the

rate-limiting step evolves over time as the b-cell sequentially

dumps pools that are more distal from the calcium channels,

larger and slower. This is why, for example, we were able to

scale down the fast fusion rate by more than an order of

magnitude (Fig. 12 A) with little effect on the slow biphasic

kinetics (Fig. 12 C). After the first few minutes the rate of

release is entirely controlled by the size of the docked pool,

with the more proximal pools following in equilibrium. This

also means that, although the model is based on a fit to many

parameters, only a few have an impact on the slow kinetics,

so that our conclusion that resupply is rate limiting for sec-

ond-phase secretion in islets is well constrained.

Of course, the faster steps proximal to the release site must

also be elevated above basal rates or vesicles would accu-

mulate at the plasma membrane rather than be exocytosed.

Under the physiological stimulus of glucose, the triggering

Ca21-signal and the amplifying signal or signals are all

activated in parallel. The latter are slower but blend in seam-

lessly with the fast release steps that require only Ca21-ele-

vation when the b-cells see slowly rising glucose, as they

would when delivery is oral. It is only the artificial stimulus of

a glucose step that has unmasked the existence of separate

components. The view that emerges of the exocytotic cascade

from these considerations is similar to a just-in-time factory

assembly line, in which all the rates are increased in a coor-

dinated fashion to increase throughput smoothly on demand.
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