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ABSTRACT ATP-sensitive Kþ (K(ATP)) channels were first reported in the b-cells of pancreatic islets in 1984, and it was soon
established that they are the primary means by which the blood glucose level is transduced to cellular electrical activity and
consequently insulin secretion. However, the role that the K(ATP) channels play in driving the bursting electrical activity of islet
b-cells, which drives pulsatile insulin secretion, remains unclear. One difficulty is that bursting is abolished when several different
ion channel types are blocked pharmacologically or genetically, making it challenging to distinguish causation from correlation.
Here, we demonstrate a means for determining whether activity-dependent oscillations in K(ATP) conductance play the primary
role in driving electrical bursting in b-cells. We use mathematical models to predict that if K(ATP) is the driver, then contrary to
intuition, the mean, peak, and nadir levels of ATP/ADP should be invariant to changes in glucose within the concentration range
that supports bursting. We test this in islets using Perceval-HR to image oscillations in ATP/ADP. We find that mean, peak, and
nadir levels are indeed approximately invariant, supporting the hypothesis that oscillations in K(ATP) conductance are the main
drivers of the slow bursting oscillations typically seen at stimulatory glucose levels in mouse islets. In conclusion, we provide, for
the first time to our knowledge, causal evidence for the role of K(ATP) channels not only as the primary target for glucose regu-
lation but also for their role in driving bursting electrical activity and pulsatile insulin secretion.
SIGNIFICANCE Pancreatic b-cells regulate blood glucose by secreting insulin in accordance with the glucose
concentration. This metabolic sensing depends critically on ATP-dependent potassium channels, which link b-cell fuel
metabolism to the membrane potential. A key feature of this mechanism is the slow, 5-min oscillations observed in elec-
trical activity, calcium, and metabolism. Mathematical models variously propose that oscillations in ATP/ADP either cause
these oscillations or are just a consequence, as calcium influences both the production and consumption of ATP. We
propose a novel way to test which is the case and confirm experimentally that ATP/ADP is the driver of b-cell oscillations.
Other proposed oscillation mechanisms in contrast may mediate the faster oscillations that are also seen in b-cells.
INTRODUCTION

Pancreatic b-cells are clustered together with other endo-
crine cells in the pancreatic islets of Langerhans and are
the sole insulin-secreting cells of the body. When blood
glucose is low, b-cells are mostly inactive, but as glucose
is increased, so too is the cells’ activity level (1). As a result,
Submitted August 24, 2021, and accepted for publication March 11, 2022.

*Correspondence: rbertram@fsu.edu

Isabella Marinelli and Benjamin M. Thompson contributed equally

Editor: Mark Alber.

https://doi.org/10.1016/j.bpj.2022.03.015

� 2022 Biophysical Society.
the rate of release of insulin from b-cells increases in
response to increases in the blood glucose level. This is
accomplished in two ways. In the first, primary pathway,
b-cell electrical activity is increased at higher glucose
levels, resulting in higher mean intracellular Ca2þ levels
and, subsequently, increased insulin secretion. A glucose
amplification pathway builds on this primary or ‘‘trig-
gering’’ pathway and acts downstream of Ca2þ entry (2).
The increased electrical activity associated with increases
in glucose is due to an increase in the ratio of ATP to
ADP that is the direct result of glucose uptake and meta-
bolism (1). ATP-sensitive Kþ (K(ATP)) channels in the
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plasma membrane are closed by ATP and opened by ADP,
so the increase in ATP/ADP that results from glucose meta-
bolism decreases the hyperpolarizing K(ATP) current
(IK(ATP)) thereby depolarizing the cell (3–5).

In mouse islets, b-cells exhibit a robust bursting pattern
over most of the stimulatory range of glucose, characterized
by an active phase of electrical impulse generation followed
by a silent period during which the cell membrane is hyper-
polarized. Sustained electrical oscillations in turn result in
oscillations in intracellular Ca2þ concentration: Ca2þ con-
centration is high during the burst active phase when Ca2þ

channels are open andwhile the cell is spiking and low during
silent phases when they are closed and spiking is suppressed
(6). Since insulin exocytosis is driven by elevations in intra-
cellular Ca2þ concentration, the oscillations in Ca2þ concen-
tration produce concomitant pulses of insulin secretion (7). A
range of bursting patterns have been reported, including slow
bursting with periods of around 5 min, consistent with pe-
riods reported for pulsatile insulin release, as well as fast
bursting with periods of around 30 s or less.

What drives the slow bursting activity of b-cells? One hy-
pothesis is that it results from oscillations in the open/closed
state of K(ATP) channels (8–11). In the simplest form of this
hypothesis, reduced K(ATP) conductance causes cells to
depolarize and begins the active spiking phase of a burst.
The spikes bring in Ca2þ, which activates Ca2þ pumps
(12). The pumps consume ATP (11), which allows some
K(ATP) channels to reopen, terminating the spiking. Intra-
cellular Ca2þ also increases dehydrogenase activity,
increasing the production rate of ATP (13). The oscillations
in ATP/ADP that have been observed in MIN6 b-cells (14)
and in b-cells in intact islets are indeed consistent with this
model (14,15). (For a discussion of how oscillations in indi-
vidual b-cells are coordinated by gap junctions see (16–20).)

However, even if bursting is driven by other mechanisms,
changes in intracellular Ca2þ would affect ATP hydrolysis
and dehydrogenase activity so still produce oscillations in
ATP/ADP. It is therefore hard to differentiate between cause
and effect. Other mechanisms for electrical bursting have
also been proposed, including cyclic activation of Ca2þ-
activated Kþ (K(Ca)) channels (21), current due to the activ-
ity of electrogenic ion pumps in the plasma membrane
(22,23), or a combination of various channels, pumps, and
transporters (24). See (25) for a review of models for
bursting in b-cells. The difficulty of identifying the key
mechanism underlying bursting is that all of these and other
factors are known to oscillate in b-cells and may therefore
be correlated with bursting activity.

In principle, one could block one of these potential media-
tors, such as the K(ATP) channels, to determine if this inter-
feres with the bursting rhythm. However, this may yield a
misleading result due to the complexity of the system. For
example, although blocking K(ATP) channels is known to
reliably terminate the bursting pattern, blocking these chan-
nels removes most of the hyperpolarizing current of the cell,
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putting the cell into a highly active state. Therefore, the
bursting might stop not because K(ATP) channel activity is
no longer oscillatory, but because the depolarization that re-
sults from channel blockade overwhelms the effects on mem-
brane potential of the true oscillatory mechanism.

We reasoned that what is needed is an approach that does
not require artificialmanipulationof anyof the potential rhyth-
mogenic factors. In this report, we demonstrate using mathe-
matical modeling that monitoring changes in cytosolic ATP/
ADP in response to changing glucose can determine whether
K(ATP) channel activity drives bursting in b-cells. Specif-
ically, we demonstrate that if oscillations in K(ATP) conduc-
tance are responsible for starting and stopping bursts of
electrical activity, then increases in glucose should have little
or no effect on the mean, peaks, or nadirs of ATP/ADP oscil-
lations, provided that the cell is bursting. On the other hand, if
another mechanism drives bursting, such as K(Ca) channel
current, then we predict that the mean, peaks, and nadirs of
ATP/ADP will increase with glucose rather than staying
constant.

To experimentally test this hypothesis, we monitored the
b-cell ATP/ADP ratio using the fluorescent biosensor
Perceval-HR (26) over a range of glucose concentrations
where bursting oscillations are observed. We also used the
biosensor to examine the impact of interventions that sepa-
rately increase ATP consumption or production, since ATP/
ADP reflects both processes. Overall, we show that, contrary
to intuition, mean, peak, and nadir ATP/ADP levels are nearly
constant over the range of glucose where islet b-cells exhibit
bursting.With the aid ofmathematical modeling, we interpret
this as direct evidence that slowbursting electrical oscillations
inmouse isletb-cells are driven by activity-dependent oscilla-
tions in the open/closed state of K(ATP) channels.

MATERIALS AND METHODS

Mathematical model

The invariance of ATP/ADP peak, nadir, and mean values with changes in

the stimulatory glucose concentration is, as we demonstrate later, a property

of a system in which the bursting electrical activity requires oscillations in

K(ATP) current that are driven by electrical activity-dependent changes in

ATP/ADP, i.e., changes in the current that are due to the intracellular Ca2þ

level, which is high when the cell is in a burst active phase and low when in

a silent phase. To demonstrate this, we use two mathematical models: a sim-

ple mathematical model called the phantom bursting model (PBM) (27),

which contains a variable for the nucleotide ratio and a K(ATP) current,

among other currents, and a more complex one called the integrated oscil-

lator model (IOM) that is described in detail in (28) and in the Supporting

material. This model has similar electrical and Ca2þ components, but more

realistic K(ATP) current and a more detailed description of the ATP dy-

namics that allows for intrinsic glycolytic oscillations.

Here we give a brief description of the elements of the PBM, which is

employed in the geometric demonstration for the mechanism underlying

the ATP/ADP invariance phenomenon. Fig. 1 provides a visualization of

the PBM. The b-cell membrane potential is described by

dV

dt
¼ �

�
ICa þ IK þ IKðCaÞ þ IKðATPÞ

�

C
; (1)



FIGURE 1 Illustration of the phantom bursting model (PBM). The model

contains modules for electrical activity and Ca2þ dynamics, and a variable

for the nucleotide ratio ATP/ADP. I: currents, J: fluxes. K(ATP): ATP-sen-

sitive Kþ channels. K: delayed rectifier Kþ channels. K(Ca): Ca2þ-acti-
vated Kþ channels. PMCA: plasma membrane Ca2þ ATPase. Ca:

V-dependent Ca2þ current. SERCA: sarcoplasmic endoplasmic reticulum

Ca2þ pumps. The red and green lines represent negative and positive feed-

back, respectively. To see this figure in color, go online.

K(ATP) channels drive b-cell bursting
where ICa is an inward Ca2þ current, IK is a delayed rectifying outward Kþ

current, IKðCaÞ is a Ca
2þ-activated Kþ current, IKðATPÞ is an ATP-sensitive K

þ

current, andC is the membrane capacitance. Activation of the Ca2þ current is

assumed to be instantaneous with changes in voltage V. The activation var-

iable for the delayed rectifier, n, is described by the first-order rate equation

dn

dt
¼ nNðVÞ � n

tn
: (2)

The steady-state activation functions for the Ca2þ and delayed rectifier

Kþ channels, respectively, are

mNðVÞ ¼ 1

1þ eðvm�VÞ=sm ; (3)

1

nNðVÞ ¼

1þ eðvn�VÞ=sn : (4)

The K(Ca) channels are gated by the free cytosolic Ca2þ, with concentra-
tion c. This concentration is increased by Ca2þ entering the cell through

Ca2þ channels, and by Ca2þ entering the cytosol from the endoplasmic re-

ticulum (ER). The concentration is decreased by Ca2þ extrusion from the

cell by plasma membrane Ca2þ ATPase pumps (PMCA) and transported

into the ER by sarcoplasmic endoplasmic reticulum Ca2þ pumps. Thus,

the cytosolic Ca2þ changes in time according to

dc

dt
¼ fcðJmem þ JERÞ ; (5)

where fc is the fraction of cytosolic Ca
2þ that is free, and the membrane and

ER Ca2þ fluxes are

Jmem ¼ � ðaICa þ JPMCAÞ; (6)

JER ¼ Jleak � JSERCA; (7)
where a is a parameter, the flux of Ca2þ through the PMCA pumps (JPMCA)

is

JPMCA ¼ kPMCAc ; (8)
with parameter kPMCA, and the leak of Ca
2þ out of the ER (Jleak) and pump-

ing of Ca2þ into the ER through sarcoplasmic endoplasmic reticulum Ca2þ

pumps (JSERCA) are

Jleak ¼ pleakðcER � cÞ; (9)

JSERCA ¼ kSERCAc; (10)
where pleak and kSERCA are parameters. The free Ca2þ concentration in the

ER, cER, changes in time according to

dcER
dt

¼ � fERðVc =VERÞJER ; (11)

where fER is the fraction of free Ca2þ in the ER, and Vc; VER are the vol-

umes of the cytosol and ER, respectively.

The K(ATP) conductance is assumed to be increased in proportion to the

ratio of the nucleotides ADP and ATP, a simplifying assumption but

adequate for our purposes. In the model, the ratio a ¼ ADP=ATP changes

in time according to

da

dt
¼ aNðcÞ � a

ta
; (12)

where the steady-state function is an increasing sigmoid function of c,

aNðcÞ ¼ 1

1þ eðr�cÞ=sa ; (13)

with parameters ta and sa. We interpret this equation as representing the in-

crease of ATP hydrolysis with calcium. The function r depends on the blood

glucose concentration, G:

r ¼ G� pr
Kr

: (14)

In figures, we typically plot the ratio ATP=ADP ¼ 1=a.

Finally, the ionic currents are as follows:

ICa ¼ gCamNðVÞðV�VCaÞ ; (15)

IK ¼ gKnðV�VKÞ ; (16)
IKðCaÞ ¼ gKðCaÞuðV�VKÞ; (17)
IKðATPÞ ¼ gKðATPÞaðV�VKÞ; (18)
with u ¼ c5

c5þK5
D

. The values used for the conductance parameters, and all

other parameters, are given in Table 1. The full set of equations for the

IOM is given in the Supporting material. Computer codes for both the

PBM and the IOM are available for free download from www.math.fsu.

edu/�bertram/software/islet.
Experimental methods

Pancreatic islet isolation

Male Swiss-Webster mice (25–30 g) were euthanized in accord with the

policies of the University of Michigan Institutional Animal Care and Use

Committee. The pancreatic bile duct was cannulated, allowing the pancreas

to be inflated using a solution containing collagenase P (Roche Diagnostics,
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TABLE 1 Parameter values used in the model

gCa ¼ 1200 pS gK ¼ 3000 pS gKðCaÞ ¼ 10 pS gKðATPÞ ¼ 500 pS

VCa ¼ 25 mV VK ¼ �75 mV C ¼ 5300 fF a ¼ 4:5� 10�6

fA�1 mM ms�1

tn ¼ 16 ms fc ¼ 0:01 fER ¼ 0:01 kPMCA ¼ 0:2 ms�1

KD ¼ 0:3 mM vn ¼ �16 mV sn ¼ 5 mV vm ¼ �20 mV

sm ¼ 12 mV kPMCA ¼ 0:2 ms�1 kSERCA ¼ 0:4 ms�1 pleak ¼ 0:0005 ms�1

Vc= VER ¼ 5 sa ¼ 0:1 mM ta ¼ 300; 000 ms pr ¼ 1:75 mM

Kr ¼ 58 mM

Marinelli et al.
Indianapolis, IN). The pancreas was then isolated from the animal and di-

gested further, allowing the islets to be freed from acinar tissue pancreas

and hand-picked, as described in (15). Individual islets were then trans-

ferred into RPMI1640 culture media supplemented with fetal bovine serum

(10%), glutamine, and penicillin/streptomycin. Islets were kept in culture in

an air/CO2 incubator at 37
�C for 3 days (15).
Heterologous expression of the ATP/ADP re-
porter gene Perceval-HR and live cell imaging

A replication-deficient adenovirus was used to express the Perceval-HR

biosensor into pancreatic islet b-cells under the control of the rat insulin pro-

moter to limit expression tob-cells (15). Isletswere placed in a glass-bottomed

chamber (54mLvolume) (Warner Instruments/HarvardBioscience,Holliston,

MA) on anOlympus IX71 invertedmicroscope equippedwith a 20X/0.8 N.A.

objective (Olympus,Melville,NY). Thechamberwasperifused at 0.3mL/min

and temperaturewasmaintained at 33�Cusing an inline solution and chamber

heaters (Warner Instruments/Harvard Bioscience, Holliston, MA). Excitation

light was provided by a TILL PolychromeVmonochromator (F.E.I., Munich,

Germany). Excitation (x) or emission (m) filters (Chroma Technology Corpo-

ration, Bellows Falls, VT)were used in combinationwith a 510lpxrxt dichroic

mirror as follows: 400/20x, 490/20x, and 535/30m. Fluorescence emission

was collected using a QuantEM:512SC camera (PhotoMetrics, Tucson,

AZ), and excitation light was repeated every 6 s. A single region of interest

was used to quantify the average response of the b-cells usingMetaFluor soft-

ware (Molecular Devices, San Jose, CA).
Analysis of imaging data obtained using
Perceval-HR

Statistical analysis was done using MATLAB. A linear mixed-effects model

was fit using the MATLAB command fitlme to assess the dependence of the
Perceval-HR fluorescence ratio on Time and Experiment. The model for-

mula is as follows: Ratio (493/403) � Time * Experiment þ (1|Islet) þ
(1|Mouse), where the predictor Experiment corresponds to the different

experimental protocols as described in Results. A further linear mixed-ef-

fects analysis was done to assess the dependence of the mean, amplitude,

peak, and nadir values of Perceval-HR oscillations on Glucose in the case

of bursting islets. The model formula is Ratio (493/403) � Glucose þ (1|

Islet) þ (1|Mouse). Details of the results obtained are given in the Support-

ing material.
RESULTS

Mean ATP/ADP increases steadily with glucose
concentration in models in which K(ATP) chan-
nels are not the primary oscillatory mechanism

It has long been debated whether bursting electrical activity
is driven by oscillations in K(ATP) channel activity, or by
another mechanism, with K(ATP) current simply setting
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the threshold for the production of oscillations once the
channels are closed by increased ATP/ADP. Ideally, these
two mechanisms could be distinguished by clamping
K(ATP) conductance to its mean value. If the oscillations
in the K(ATP) conductance drive bursting, then clamping
the K(ATP) conductance should stop them. On the other
hand, if other mechanisms mediate bursting, then preventing
oscillations in K(ATP) conductance should not prevent os-
cillations in Ca2þ or electrical bursting.

Two recent mathematical models of b-cell electrical ac-
tivity are examples where bursting occurs because of the
combined activity of ion pumps, transporters, and ion chan-
nels rather than due to K(ATP) conductance oscillations
(24,29). We illustrate in Fig. 2 A and B the predictions of
the models of Cha et al. (24) and Fridlyand et al. (29) and
demonstrate how electrical oscillations respond to clamping
K(ATP) conductance to a fixed level at 3 min (as indicated
by the arrow in the figure) for these cases. In both models,
bursting electrical activity can be seen to persist even if os-
cillations in K(ATP) current are halted, highlighting the fact
that these oscillations are not essential to bursting; the mean
contribution of K(ATP) current to the depolarization
observed is sufficient.

In contrast, as shown by the simulations depicted in Fig. 2
C and D using the IOM or the PBM in (27), respectively,
bursting is abolished by clamping the K(ATP) conductance
at 15 min (indicated by the arrow), demonstrating that in
these models oscillations in K(ATP) are essential to the pro-
duction of bursting.

Although this intervention is straightforward to perform
mathematically using a model, it is considerably more diffi-
cult to do experimentally in islets. Therefore, we directed
our attention to developing a simpler approach that does
not rely on invasive interventions. Motivated by the impor-
tance of K(ATP) conductance oscillations described above,
we instead focus on experimentally monitoring changes in
nucleotide concentrations that occur in response to the
application of a range of concentrations of glucose to iso-
lated mouse islets.

As Cha et al. showed using their model (24), ATP in-
creases and ADP decreases as glucose concentration is
increased. To demonstrate what happens when oscillations
in K(ATP) channel activity do not drive bursting, we used
the Cha model to simulate the responses expected for two
different glucose concentrations, both of which result in
electrical bursting. Fig. 3 A shows simulated oscillations
in membrane potential (V) with the corresponding time
course of ATP/ADP superimposed. ATP/ADP can be
observed to oscillate, declining during the burst active phase
and rising during its silent phase, as has been observed
experimentally (14,15). Fig. 3 B and C show instead mem-
brane potential and ATP/ADP oscillations obtained with
two levels of glucose, with only V traces shown (3 B) or
ATP/ADP (3 C). Fig. 3 B shows that the duty cycle (the ratio
of the active phase duration to the sum of the active and



FIGURE 2 Model simulations in which the K(ATP) conductance is clamped at the arrow. The time courses are generated with (A) the Cha et al. model (24),

(B) Fridlyand et al. model (29), (C) the IOM (28), and (D) the PBM (27). The clamped level of K(ATP) conductance is equal to the mean value of the pre-

ceding oscillations. To see this figure in color, go online.

K(ATP) channels drive b-cell bursting
silent phase durations) is increased at the higher glucose
concentration relative to the lower one, in agreement with
experimental studies (30). Further, the ATP/ADP ratio is
demonstrably larger at the higher versus the lower glucose
concentration, with peak, nadir, and mean levels all
increasing with increased glucose (Fig. 3 C).

The responses to glucose concentration as simulated us-
ing the Cha et al. (24) and Fridlyand et al. (29) models are
summarized in Fig. 4. Here, both the duty cycle and the
mean ATP/ADP ratio normalized to its largest value
(<ATP/ADP > n) are shown for glucose levels where the
model cell is either silent (the lowest levels), bursting, or
spiking tonically (the highest level). A duty cycle of 0 indi-
cates that the model cell is silent, whereas a value of 1
means that it is tonically spiking. Values between 0 and 1
are obtained when the cell is bursting. In the case of
bursting, mean ATP/ADP is computed over an entire burst
period (the active plus silent phases).

In simulations performed using either model, <ATP/
ADP > n increases at substimulatory glucose levels, when
the model cell is silent, as has been shown experimentally
(31). The rate of increase in ATP/ADP is accelerated
when the model cell enters the bursting state (e.g., duty cy-
cle >0), and <ATP/ADP > n continues to increase with
glucose concentration at levels where the cell is bursting.
Only at the highest glucose level, when the model cell enters
a tonic spiking state, does < ATP/ADP > n decline slightly,
due to the increased ATP hydrolysis that drives Ca2þ pump-
ing. Overall, simulations carried out using either of these
models predict a nearly monotonic increase in <ATP/
ADP > n should be observed as glucose is increased, and
the model cell transitions from a quiescent electrical state
to bursting states with progressively increasing duty cycle.
This behavior is predicted for bursting that is predominantly
driven by processes other than oscillations in K(ATP) cur-
rent (e.g., models where bursting persists despite clamping
K(ATP) conductance to a constant value, as in Fig. 2 A
and B).
Invariance in mean ATP/ADP ratio when oscilla-
tions in K(ATP) current drive bursting

We next wished to determine how ATP/ADP varies with
glucose when oscillations in K(ATP) conductance drive islet
bursting. To do so, we examined responses to changing
glucose concentration using two mathematical models in
which oscillations in K(ATP) conductance mechanistically
drive bursting. Fig. 5 shows the counterpart of Fig. 3 for
the IOM (left panels) and for the PBM (right panels). In
both models, the peak in ATP/ADP occurs at the beginning
of the active phase, and its nadir occurs at the end of the
active phase (Fig. 5 A and B), as is also seen using the model
of Cha et al. The middle panels of the figure show the
bursting patterns (V is depicted) produced in response to
two levels of glucose. The burst properties change as
glucose is raised; the active phases become longer, and
the silent phase shorter, resulting in a larger duty cycle at
higher glucose. Also, the ATP/ADP ratio rises faster in the
silent phase and declines more slowly in the active phase
when the glucose level is higher. This is a necessary conse-
quence of the increase in plateau fraction, provided that the
peak ATP/ADP value occurs at the start of the active phase
and the nadir occurs at or near the end. That is the prediction
of the IOM and the PBM (Fig. 5), but not consistently of the
Biophysical Journal 121, 1449–1464, April 19, 2022 1453



FIGURE 3 Time courses generated with the b-cell model from Cha et al.

(24). (A) Bursting electrical activity with the ATP/ADP ratio superimposed.

(B) Comparison of bursting at a lower glucose level (blue) and a higher

level (orange). (C) The ratio of ATP to ADP increases when the glucose

concentration is increased. For all panels, G ¼ 7 mM and 11 mM for

low and high stimulatory glucose, respectively. To see this figure in color,

go online.

Marinelli et al.
model of Cha et al. (Fig. 3), and is also in agreement with
experimental data (14,15). Yet, despite these changes, the
peak and nadir levels of ATP/ADP are the same at both
glucose levels (Fig. 5 E and F), as is mean ATP/ADP aver-
aged over a burst period. This ‘‘ATP/ADP invariance’’ is in
striking contrast with the predictions of the other models,
where ATP/ADP rises steadily as glucose concentration is
increased (Figs. 3 and 4). In contrast, other aspects of the
observed time course do change with glucose, such as the
rate of rise and fall of ATP/ADP (Fig. 5 E). The reason
for this invariance will be discussed later. The response of
the IOM and the PBM models to a range of glucose levels
is quantified in Fig. 6. In both these cases, at substimulatory
levels of glucose (indicated by the 0 duty cycle), normalized
ATP/ADP increases as glucose concentration is increased,
as we saw for the other mathematical models (Fig. 4). How-
ever, unlike those models, normalized mean ATP/ADP is
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nearly flat over the range of glucose concentration where
the model cell exhibits bursting. When the cell enters a tonic
spiking state (duty cycle ¼ 1), <ATP/ADP > n declines, as
was seen with the other models. The flat region shows the
ATP/ADP invariance property that was illustrated in
Fig. 5. The lack of a rise in ATP/ADP when glucose in-
creases may seem counter to expectations, but it results
from the fact that in the model, increased production of
ATP is balanced by increased consumption over the course
of each burst. This is discussed in more detail in a later
section.
Experimental measurements using a fluorescent
biosensor show the ATP/ADP invariance pre-
dicted by the models

The model simulations shown thus far predict that if
bursting is driven by oscillations in K(ATP) current, then
the peak, nadir, and mean values of ATP/ADP should be
invariant over the range of glucose where bursting occurs.
Alternatively, if bursting is driven by another mechanism,
then we predict that invariance should not be observed. To
test this prediction experimentally, we utilized the fluores-
cent biosensor Perceval-HR, which reports the ATP/ADP ra-
tio selectively in islet b-cells (26). Islets were incubated in
5 mM glucose before increasing the concentration of
glucose in steps, from 5, to 9, 11, 13, and finally back to
5 mM. In Fig. 7, the three panels shown depict Perceval-
HR ratio measurements taken from islets of three different
mice.

In response to increasing the concentration of glucose
from 5 to 9 mM, most islets exhibited an immediate drop
of their fluorescence ratio (Fig. 7 A and C). This same
drop was observed with the model, as shown in Fig. 6.
Our model suggests that this reflects an increase in ATP hy-
drolysis by the Ca2þ pumps of the plasma and ER mem-
branes. At 5 mM glucose the islet is at rest and Ca2þ

influx across the plasma membrane is consequently small.
At 9 mM glucose, where islet b-cells are bursting, each burst
brings Ca2þ into the cell, which must in turn be pumped out.
As a result, the Ca2þ pumps are more activated, and more
ATP is correspondingly consumed.

For the three glucose levels where islets are bursting, we
observed sawtooth-shaped oscillations in the ATP/ADP ratio.
We observed small oscillation-to-oscillation variations in the
patterns but not any systematic increase in ATP/ADP as
glucose was increased (Experiment [1] in the statistical anal-
ysis in Supporting material; slope¼ –5e-5 min�1; p-value ¼
0.6). Indeed, the peak, nadir, andmean levels we observed did
not significantly increase over the range of glucose levels
where bursting is seen, as predicted by models where
K(ATP) conductance oscillations drive bursting (change in
peak Perceval-HR ratio per mM glucose: �0.00322 mM�1,
p-value ¼ 0.0044; nadir: �0.00158 mM�1, p-value ¼
0.219; mean: �0.00339 mM�1, p-value ¼ 0.055; see



FIGURE 4 Quantification of duty cycle and normalized free ATP/ADP

over a range of glucose levels. When the model cell is bursting, the mean

value of ATP/ADP, <ATP/ADP>, is determined over one entire burst

period (active phase plus silent phase). The normalization is performed

by dividing <ATP/ADP > by its maximum over the full range of glucose

concentrations. (A) Data from simulations of the Cha et al. model (24)

show a monotonic increase in the normalized mean ATP/ADP level,

<ATP/ADP > n, as the glucose level is increased, with a dip to a slightly

lower level at the last data point at which the cell enters a tonic spiking state.

(B) Data from simulations of the Fridlyand et al. model (29) show a similar

increase in <ATP/ADP > n as the glucose concentration is increased and

the cell is bursting, with a slight drop when the cell enters a tonic spiking

state. To see this figure in color, go online.

K(ATP) channels drive b-cell bursting
Supportingmaterial for details). The amplitude of oscillations
also did not change significantly (�0.00164mM�1, p-value¼
0.086). The data were therefore not compatible with the pro-
gressive increase in ATP/ADP predicted by the alternative
models where bursting is driven by a different mechanism
not involving K(ATP) oscillations, such as cyclic activation
of K(Ca) channels or oscillatory ion pump activity (Figs. 3
and 4). This agreement with our model prediction supports
the hypothesis that the bursting oscillations of mouse islets
are driven by oscillations in K(ATP) conductance, and again,
our model suggests that increased ATP consumption during
bursts preventsATP/ADP from increasing despite the increase
in glucose.

When the glucose level was returned to 5 mM, all islets
exhibited a decrease in fluorescence, sometimes following
a transient increase (as in Fig. 7 C). In all cases, the fluores-
cence level was observed to be lower in 5 mM at the end of
the protocol than at the beginning. Although more work is
required to pin down the specific reason for this, our work-
ing hypothesis is that at higher glucose levels, the ER Ca2þ

of bursting islets progressively increases due to increased
cytosolic Ca2þ concentration driving ER Ca2þ loading.
Once glucose is returned to 5 mM, however, Ca2þ drains
from the ER into the cytosol, where it is pumped out of
the cell by plasma membrane ATPases. This extra pumping
action, not present initially when ATP/ADP was low, con-
sumes more ATP, thereby reducing ATP/ADP, and in turn
reducing Perceval-HR fluorescence.
ATP/ADP invariance is lost when b-cells are
prevented from bursting

In the data shown in Fig. 7 and the simulations produced us-
ing models of bursting driven by K(ATP) oscillations (Figs.
5 and 6), invariance in mean ATP/ADP occurs only at
glucose concentrations where bursting is occurring. To
further test this association, we examined how ATP/ADP
changed with glucose over the same concentration range
but under conditions that prevented bursting. Thus, we
repeated the experimental protocol shown in Fig. 7, but
now in the presence of the K(ATP) channel activator diazo-
xide (Dz, 200 mM) and elevated extracellular KCl concen-
tration (30 mM), a procedure widely used to clamp Ca2þ

and voltage in b-cells (32). Dz was used to eliminate
bursting at stimulatory glucose levels by pharmacologically
opening K(ATP) channels, and KCl was used to clamp the
Ca2þ concentration to a level comparable to that observed
in control islets exposed to stimulatory glucose. With Dz
and KCl present at these levels, bursting did not occur.

Fig. 8 A shows a simulation of this experiment carried out
using the PBM. With each increase in glucose concentration
(shown by the arrows), ATP/ADP is predicted to increase.
This is because whereas ATP production increases with
glucose, the presence of Dz and KCl clamp Ca2þ to a fixed
level, preventing a countervailing increase in ATP consump-
tion due to bursting and allowing production to dominate.

This was tested experimentally using Perceval-HR to
measure ATP/ADP (Fig. 8 B and C). When the glucose con-
centration was increased from 5 to 9 mM in the presence of
200 mMDz, the large drop of the florescence ratio typically
seen (see Fig. 7) was no longer present. Instead, the ratio can
be seen to rise in this case. As the glucose level was
increased further, the ratio continued to increase (Experi-
ment [2] in the statistical analysis in Supporting material;
slope ¼ 0.0021 min�1; p-value < 0.001). This monotonic
increase confirmed the prediction of the model. Our inter-
pretation is that the increase in ATP production was not
offset by an increase in ATP consumption (as when islets
are bursting) due to the clamping of cytosolic Ca2þ and
thus a constant level of ATP consumption.
ATP/ADP declines when ATP consumption is
increased

To test whether increasing ATP consumption while keeping
production constant causes ATP/ADP to decrease, Dz was
Biophysical Journal 121, 1449–1464, April 19, 2022 1455



FIGURE 5 Simulations performed with the integrated oscillator model (left panels) and the phantom bursting model (right panels). (A and B) Bursting

electrical activity with the ATP/ADP ratio superimposed. (C and D) Comparison of bursting at a lower glucose level (blue) and a higher level (orange).

(E and F) Demonstration of invariance in the ATP/ADP peak, nadir, and mean at the two glucose levels. For both left and right panels, G ¼ 8 mM and

13 mM for low and high stimulatory glucose, respectively. To see this figure in color, go online.
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again used to inhibit electrical bursting, but this time the
glucose level was kept constant (5 mM), and we sequen-
tially increased the extracellular KCl concentration instead
to stimulate Ca2þ entry. A model simulation of this experi-
ment is shown in Fig. 9 A, where the Kþ Nernst potential
ðVKÞwas increased at the time points denoted by the arrows,
simulating the effects of stepwise increases in KCl concen-
tration. The result of increasing VK is to depolarize the cell
membrane, opening Ca2þ channels and bringing more Ca2þ

into the cell. This Ca2þ must then be pumped out, and the
increased hydrolysis of ATP needed to power the Ca2þ

pumps to do this results in a decline in ATP/ADP.
To test this prediction experimentally, islets were exposed

to Dz and to increasing levels of KCl, with glucose held con-
stant at 5 mM (Fig. 9 B). In each of the islets, an increase in
KCl concentration resulted in a corresponding drop in
Perceval-HR fluorescence. Thus, depolarizing the cell and
increasing Ca2þ influx resulted in a net drop in ATP/ADP
(Experiment [3] in the statistical analysis in Supporting ma-
terial; slope ¼ �0.0033 min�1; p-value < 0.001), as pre-
dicted by the model. Our interpretation here is that
increased ATP hydrolysis is necessary to power Ca2þ pump-
ing due to the presence of KCl (11), increasing ATP demand.
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A mechanism for the ATP/ADP invariance seen
when bursting is driven by K(ATP) conductance

Why is the mean ATP/ADP level invariant over the range of
glucose levels at which the cell is bursting when the bursting
is driven by K(ATP) current oscillations? The previous sec-
tion suggests that this happens because the production and
consumption of ATP by the cell are balanced during each
oscillation cycle, but not when oscillations are absent.

To understand this in greater depth, we used a mathemat-
ical approach called fast-slow analysis, applied to the PBM
used to demonstrate invariance in Figs. 5 B and 6 B. In fast-
slow analysis, first introduced to the analysis of b-cell
bursting by Rinzel (33,34), model variables are partitioned
into those that change rapidly and those that change slowly
during bursting. The subsystem of fast variables is then
analyzed while treating the slow variables as slowly varying
parameters. In our case, membrane potential (V), the activa-
tion of delayed rectifier Kþ channels (n), and free cytosolic
Ca2þ concentration (c) are all fast variables. The Ca2þ con-
centration of the ER (cER) and the ATP/ADP ratio (1=a) are
slow variables. The long-term behavior of the three-dimen-
sional fast subsystem is characterized as a bifurcation



FIGURE 6 Quantification of duty cycle and ATP/ADP normalized over

the range of values of glucose for the integrated oscillator model (A)

and the phantom bursting model (B). The normalized ATP/ADP

value < ATP/ADP > n increases with increases in glucose concentration

while the model cell is quiescent, but once the cell is busting, < ATP/

ADP > n is invariant to changes in glucose concentration. When the cell

enters a tonic spiking state, there is a small decline in <ATP/ADP > n

due to ATP hydrolysis by Ca2þ pumps. To see this figure in color, go online.

K(ATP) channels drive b-cell bursting
diagram, as shown in Fig. 10. Here, the slow variable cER is
fixed at the value it takes on at the beginning of a burst active
phase to focus on the more important changes in ATP/ADP.
At each value of ATP/ADP the long-term behavior of the
fast subsystem is shown, using V as a readout.

At low values of ATP/ADP, K(ATP) channels are largely
activated, providing hyperpolarizing current that pins the
cell to a negative resting state, near �70 mV. This is illus-
trated by the left portion of Fig. 10; each point on the solid
black curve represents the resting V value at the correspond-
ing value of ATP/ADP.At the other extreme, whenATP/ADP
is large, the K(ATP) channels are mostly closed, which
greatly reduces themagnitude of the hyperpolarizing current.

This puts the model cell into another resting state, but this
time at a voltage near�30 mV. This is the case shown in the
right portion of Fig. 10, where again the solid black curve is
a curve of resting or ‘‘stationary’’ states. Between these ex-
tremes, the fast subsystem has two co-existing stable behav-
iors. One is a hyperpolarized steady state (points on the
bottom solid black curve), and the other is a periodic solu-
tion that corresponds to the spikes during a burst. This peri-
odic solution reflects spiking, with the minimum voltage of
the action potential shown as a point on the bottom blue
curve in Fig. 10, and the maximum voltage shown as a point
in the top blue curve.
Thus, for any fixed value of ATP/ADP between the green
triangle (a homoclinic bifurcation, HM) and the green
square markers (a Hopf bifurcation, HB), the fast subsystem
can produce spiking. However, between the green triangle
and the purple square (a saddle-node bifurcation, SNB),
the fast subsystem can also be quiescent. The system is
therefore bistable over this parameter interval. The dashed
curves in the figure represent unstable equilibria, where
the system cannot rest but that influence its behavior.

The next step in the fast-slow analysis is to superimpose
the bursting trajectory onto the fast subsystem bifurcation
diagram, as is shown in Fig. 11. During the start of the silent
phase (Fig. 11 A), the system trajectory (purple) moves from
left to right along the bottom stationary branch. The left-to-
right motion occurs because the Ca2þ concentration is low,
and little ATP hydrolysis is needed to power the Ca2þ

pumps, so ATP/ADP increases due to glucose metabolism
(this is also observed in Fig. 5 A). Once the trajectory rea-
ches the rightmost dashed vertical line, which indicates
the end of the lower stationary branch, it rapidly moves to
the spiking branch, starting a burst active phase (green).
The subsequent spiking that ensues brings Ca2þ into the
cell, and ATP is consumed as Ca2þ pumps work to remove
it. As a result, ATP/ADP declines and the trajectory moves
leftward along the periodic branch until its termination point
(the leftmost dashed vertical line). From here the trajectory
returns to the bottom stationary branch, ending the active
phase and starting the next silent phase.

The peak ATP/ADP during bursting is the value at the
silent-to-active phase transition (the rightmost dashed
curve). Here, the conductance of K(ATP) current
(gKðATPÞ; Eq. 18) is sufficiently small that the cell escapes
from the resting state and begins spiking. The nadir of
ATP/ADP is the value at which the active-to-silent transi-
tion occurs (the leftmost dashed curve). Here, gKðATPÞ is
so large that the hyperpolarizing K(ATP) current stops
the cell from spiking. These critical values are the same
for any glucose level for which the cell bursts because it
always takes the same amount of K(ATP) conductance to
start or stop a burst active phase. The only thing that
changes when the glucose level is changed is the rate at
which ATP/ADP changes, i.e., the rate at which the trajec-
tory travels rightward along the lower stationary branch
(due to net ATP production) or leftward along the upper
spiking branch (due to net ATP utilization). At lower
glucose levels with lower ATP synthesis, the trajectory
moves slowly (color coded as purple with short purple ar-
row) along the bottom stationary branch and rapidly (color
coded as green with long arrow) along the spiking branch,
so the duty cycle is near 0. At higher glucose levels with
greater ATP synthesis, the trajectory moves rapidly along
the stationary branch and slowly along the spiking branch,
so the duty cycle is near 1. However, the peak and nadir
levels of ATP/ADP, as well as mean ATP/ADP, are all
invariant since the amount of K(ATP) conductance needed
Biophysical Journal 121, 1449–1464, April 19, 2022 1457



FIGURE 7 Measurements of Perceval-HR fluorescence ratio from 12 is-

lets exposed to different glucose concentrations. Each panel corresponds to

a different experiment from a Swiss-Webster mouse, and each trace to a

different islet in which oscillations were present. For times when islets

were bursting (9–13G) we observed no significant deviation of ratio as a

function of Time (slope ¼ –5e-5 min�1, p-value ¼ 0.6; see Supporting ma-

terial). To see this figure in color, go online.
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to start or stop the burst active phase is always the same
(assuming that glucose has no direct effect on ion chan-
nels). This is demonstrated in Fig. 11 B, which shows the
fast subsystem bifurcation diagram and the superimposed
burst trajectory at a higher glucose level. This panel looks
similar to panel A. All that has changed is how rapidly the
trajectory moves along portions of the bifurcation diagram.
Motion during the silent phase is fast (green with long ar-
row), whereas motion during the active phase is slow (pur-
ple with short arrow). In this model, as long as the cell is
bursting, changes in glucose will have no effect on the
ATP/ADP peak, nadir, or mean values. This is the basis
for the ATP/ADP invariance property observed in Figs. 5
and 6, and our experimental findings support this mecha-
nism for invariance of mean, peak, and nadir ATP/ADP
with changes in the glucose concentration.
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ATP/ADP invariance is lost when other currents
contribute to drive the bursting

We now consider the case where oscillations in K(ATP) cur-
rent are not the prime driver of bursting. This is the case in
fast bursting, where variations in K(Ca) conductance or
some other process initiate and terminate bursts of b-cell
spikes (24,27,35,36). In Fig. 4 we showed that in such a
case the invariance we observed for the ATP/ADP nadir,
peak, and mean values is lost. In Fig. 12 we demonstrate
why this is the case. The figure was made using the PBM,
which produces slow bursting driven almost entirely by vari-
ation in K(ATP) current when the K(Ca) conductance is low,
and faster bursting driven primarily by variation in K(Ca)
current when its conductance is high (27). The bursting is
shown projected into two different planes, both with ATP/
ADP on the x axis. In the V versus ATP/ADP plane
(Fig. 12 A), with a small K(Ca) conductance (gKðCaÞ ¼ 10

pS), the slow bursting trajectory is almost the same when
G ¼ 8 mM (black curve) and when G ¼ 13 mM (gray),
for the reasons described earlier and in Fig. 11. That is,
the SNB and HM bifurcations that start and stop each burst
active phase are nearly the same at both glucose levels, so
the nadir, peak, and mean ATP/ADP values are invariant
to changes in glucose. With the faster bursting (period
�2 min when G ¼ 11 mM) produced with a larger K(Ca)
conductance (gKðCaÞ ¼ 300 pS), the projected burst trajec-
tory is very different at the two different glucose concentra-
tions. When the glucose concentration is increased from
8 mM (blue curve) to 13 mM (cyan curve), the burst trajec-
tory is shifted rightward. This rightward shift results in an
increase in the nadir, peak, and mean ATP/ADP levels. In
this case, the SNB and HM bifurcations that start and stop
each burst are right shifted.

What is responsible for these differences between the low
and high values of gKðCaÞ? As described in the previous sec-
tion, in the case of low gKðCaÞ, the primary intracellular vari-
able controlling the transitions between active and silent
phases is ATP/ADP. However, gKðCaÞ still contributes but to
a very small degree; even large, burst-driven changes in intra-
cellular Ca2þ activate only a smallK(Ca) current. On the other
hand, when gKðCaÞ is larger, the K(Ca) current can contribute
significantly to burst initiation and termination, with Ca2þ en-
try and movement in and out of the ER taking on a more cen-
tral role. The slow filling of the ER slows the rise of gKðCaÞ
during the active phase, and the slow emptying of the ER
slows the fall of gKðCaÞ during the silent phase (27).

The shift in the two bifurcations can be viewed in the
plane of cER and the ATP/ADP concentration (Fig. 12 B),
as was done in an earlier analysis (37). This plane is used
to illustrate the shift in bifurcations because the range of
cER values covered during bursting is different for fast and
slow bursting, and for different glucose levels. For each
value of gKðCaÞ and G the trajectory of cER and ATP/ADP
forms a closed loop.



FIGURE 8 (A) Model simulation in which the membrane potential is

clamped with diazoxide (Dz) and elevated KCl. Glucose concentration is

increased at the arrows, from G ¼ 5 mM to 9 mM, from 9 mM to 11

mM, and finally to 13 mM. The width of each arrow indicates the size of

the glucose concentration. (B and C) Two experiments in which islets

were exposed to Dz (200 mM) and KCl (30 mM) and in which glucose

was increased from 5 mM to higher levels, as indicated, before being re-

turned to 5 mM. Each trace corresponds to an islet and is representative

of the protocol applied to 21 islets isolated from two different Swiss-

Webster mice from six different sets of recording sessions. During the

time interval where glucose concentrations were increased, we observed

a significant positive slope in ratio versus time (slope ¼ 0.0021 min�1; p-

value < 0.001). To see this figure in color, go online.

FIGURE 9 (A) Model simulation in which the membrane potential is

clamped with diazoxide (Dz) and low glucose ðG ¼ 5 mMÞ, and applica-

tion of KCl was simulated by changing the Kþ Nernst potential. At the first

arrow VK ¼ � 60 mV, at the second VK ¼ � 50 mV, and at the third

VK ¼ � 40 mV. (B) Experiment in which islets were exposed to Dz

(200 mM) and 5 mM glucose, and in which the KCl concentration was

increased in steps, as indicated, before being returned to 5 mM. Each trace

corresponds to an islet and is representative of the protocol applied to 22

islets isolated from four different Swiss-Webster mice from six different

sets of recording sessions. During the time interval where KCl concentra-

tions were increased, we observed a significant positive slope in Ratio

versus Time (slope ¼ �0.0033 min�1; p-value < 0.001). To see this figure

in color, go online.

K(ATP) channels drive b-cell bursting
The active phase starts when the trajectory reaches the
curve of SNB bifurcations (black squares) and ends when
it reaches the curve of HM bifurcations (black triangles).
Both bifurcation curves are nearly vertical, indicating that
their ATP/ADP values do not vary much with changes in
the glucose level. Indeed, at higher glucose levels the burst
trajectory is shifted upward (gray loop), but the ATP/ADP
values that bound it on the left and right change little. In
contrast, during fast bursting, both the HM and SNB curves
bend dramatically rightward (blue curves with blue triangles
and squares), becoming nearly horizontal. This indicates
that an increase in the glucose level dramatically shifts the
ATP/ADP levels at which burst active phases start and
stop. Indeed, the projected fast burst trajectory is far to the
right at a high glucose concentration (cyan curve, G ¼ 13

mM) compared with the case of a lower glucose concentra-
tion (blue curve, G ¼ 8 mM).

We quantify the progressive loss of invariance that occurs
as control of bursting is shifted from K(ATP) current to
K(Ca) current in Fig. 13, using the PBM as well as the
more complex IOM model. In both models, fast bursting
is produced by increasing the value of the K(Ca) conduc-
tance (gKðCaÞ). Fig. 13 shows the duty cycle and <ATP/
ADP > n over a range of values of glucose for three values
of gKðCaÞ for the IOM (left panels) and the PBM (right
panels). The black curves represent the slow bursting
(period �6 min) analyzed in Fig. 6, and the orange curves
illustrate the results obtained for fast bursting (period %
20 s). For each curve, the slope averaged over the range of
glucose values that produced bursting was calculated by
Biophysical Journal 121, 1449–1464, April 19, 2022 1459



FIGURE 10 Bifurcation diagram of the fast subsystem (V, n, and c) of
the model used in Figs. 5 B and 6 B. The slow variable cER is held fixed

at the value it takes on at the beginning of a burst active phase, cER ¼ 51

mM. The maximal K(Ca) conductance parameter is gKðCaÞ ¼ 10 pS. The

black curves represent resting or stationary solutions, solid portions repre-

sent stable solutions, and dashed portions represent unstable solutions. The

two blue curves represent periodic tonic spiking solutions, points on the

bottom curve are spike minima, and points on the top curve are spike max-

ima. There are three bifurcation points: HB ¼ Hopf bifurcation from which

the periodic branch emerges, SNB ¼ saddle-node bifurcation where stable

and unstable stationary solutions coalesce, and HM ¼ homoclinic bifurca-

tion. To see this figure in color, go online.

FIGURE 11 ATP/ADP invariance explained through a fast-slow analysis.

The arrows indicate direction and relative magnitude of motion. (A) The

burst trajectory is projected into the plane of the ATP/ADP and V variables.

The silent-to-active transition (rightmost dashed vertical line) occurs at the

knee of the s-shaped bifurcation diagram (the saddle-node bifurcation),

whereas the active-to-silent transition (leftmost dashed vertical line) occurs

at the termination of the periodic spiking branch (the homoclinic bifurca-

Marinelli et al.
fitting straight lines using least squares and is plotted as a
bar graph in the inset. The slope of the normalized ATP/
ADP curves increases with higher values of gKðCaÞ for
both the IOM (panel A) and the PBM (panel B). That is,
the invariance in the mean ATP/ADP value with changes
in glucose is progressively lost as the role of K(Ca) current
in driving bursting is increased.
tion). The glucose concentration is G ¼ 8 mM. The color coding is

purple¼ slow motion, green¼ fast motion, and yellow¼ very fast motion.

(B) When the glucose level is increased to G ¼ 13 mM the burst trajectory

covers the same path along the fast subsystem bifurcation diagram. For this

reason, the peak, nadir, and mean values of ATP/ADP are the same at both

glucose levels. The only difference is the speed at which the trajectory

moves through the silent phase and the active phase of the burst. In both

(A) and (B), gKðCaÞ ¼ 10 pS. To see this figure in color, go online.
DISCUSSION

We have proposed a novel approach for determining
whether bursting electrical activity in pancreatic b-cells is
driven by activity-dependent oscillations in K(ATP) current.
This method requires only that ATP/ADP be monitored in
the islet at different glucose concentrations for which the
islet cells are bursting. If there is invariance in the peak,
nadir, and mean of ATP/ADP during the oscillations, then
K(ATP) channels drive bursting. If there is no invariance,
then K(ATP) channels alone do not drive bursting but would
still help to set the level of depolarization of the membrane
and the threshold where oscillations begin. We demon-
strated these points using mathematical models (Figs. 3, 4,
5, 6), and verified ATP invariance using the fluorescent
probe Perceval-HR to monitor the ATP/ADP level of single
islets (Fig. 7). Such invariance does not occur at subthresh-
old glucose concentrations (14,31) or at stimulatory glucose
levels when bursting is prevented by activating K(ATP)
channels pharmacologically with diazoxide. Indeed, exper-
iments where we blocked bursting demonstrated that
increasing ATP production by increasing the glucose con-
centration resulted in an increase in the ATP/ADP ratio
(Fig. 8), whereas increasing ATP utilization by depolarizing
the cell and raising the intracellular Ca2þ level resulted in a
decrease in the ATP/ADP ratio (Fig. 9). These data match
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predictions generated by the PBM and the IOM, but also
match predictions from other b-cell models that differ
from ours primarily in the mechanism for bursting (22,24).

Although the ATP/ADP invariance property may seem
counterintuitive, it has appeared in two previous studies,
but its significance and implications for the mechanism of
bursting were not explored (Fig. 3 of (14), Fig. 3 of (38)).
In (14), the submembrane ATP/ADP level was measured
with Perceval fluorescence, and in one islet recording it ap-
pears that the mean level was invariant over a glucose range
of 9–20 mM (the regions where oscillations were evident).
The invariance of peak and nadir values is not as evident,
and it appears that the amplitude of the oscillations may
grow with the glucose level. However, this was not quanti-
fied, and there appears to be significant burst-to-burst het-
erogeneity in oscillation amplitude for a single glucose
level.

It is natural to assume that ATP/ADP should increase
when glucose is raised from one level to a higher level, as



FIGURE 12 In simulations with the PBM, ATP/ADP invariance to

changes in glucose is lost when gKðCaÞ is increased from 10 pS, which yields

slow bursting (period �6 min) driven by K(ATP) current, to 300 pS, which

yields faster bursting driven mainly by K(Ca) current (period �2 min). (A)

Simulated slow bursting trajectory withG ¼ 8mM (black) andG ¼ 13mM

(gray) glucose projected into the V versus ATP/ADP plane. The projections

are nearly identical, in contrast to the case with faster bursting, where the

trajectory corresponding to G ¼ 8 mM (blue) is to the left of that corre-

sponding to G ¼ 13 mM (cyan). (B) Curves of saddle-node bifurcations

(SNB) and homoclinic bifurcations (HM) in the cER versus ATP/ADP plane

are identified using squares and triangles, respectively. The black curves

correspond to slow bursting, and the blue correspond to faster bursting.

Also shown are projections of slow bursting at 8 mM and 13 mM glucose

(black and gray loops, respectively) and of the faster bursting at 8 mM and

13 mM glucose (blue and cyan loops, respectively). To see this figure in co-

lor, go online.

K(ATP) channels drive b-cell bursting
suggested in a recent review (1), since ATP production in-
creases with glucose. Indeed, several studies showed an
increase in islet ATP content or ATP/ADP ratio at higher
glucose levels. However, in these studies no comparison
was made between ATP/ADP at different glucose levels at
which the islet was bursting. For example, in one study
most of the data points were obtained at basal glucose
(Fig. 3 of (31)) and only one data point (at 10 mM glucose)
likely corresponded to a bursting islet. At the basal levels,
the ATP concentration increased with the glucose concen-
tration, as predicted in our model simulations with the
IOM and the PBM (Fig. 6). In another study, comparison
was made at a very low glucose level (3 mM) when the b-
cells would be electrically silent and at a very high glucose
level (17 mM) when they would most likely be continuously
spiking (39). In two other studies, batches of islets were
averaged, and it was not determined whether they were
silent, bursting, or continuously spiking (Fig. 2 of (11),
Fig. 5 of (40)).

During bursting, the Ca2þ level is increased during each
active phase, and the increased level results in increased
ATP consumption to power Ca2þ pumps (11). With the
longer duty cycles associated with higher glucose levels,
this consumption is greater, so even though ATP production
is higher, so is ATP consumption. When an islet is bursting,
these two effects exactly balance over the course of a com-
plete active/silent cycle. We illustrated this using fast-slow
analysis (Figs. 10 and 11), where the essence of the argu-
ment is that if activity-dependent oscillations in K(ATP)
channels alone drive bursting, then a burst active phase
starts when ATP/ADP is sufficiently high (so the K(ATP)
conductance is sufficiently low) and stops when ATP/ADP
is sufficiently low (so the K(ATP) conductance is suffi-
ciently high). The glucose level only determines how fast
ATP/ADP rises and falls, which determines the duty cycle,
but does not change the ATP/ADP or gKðATPÞ levels required
to start/stop burst active phases.

It is often the case that the details of a mathematical model,
such as specific values of parameters chosen, have a large ef-
fect on the behavior of the model. Fortunately, that is not the
casewith the invariance inmeanATP/ADP. Any b-cell model
in which the bursting is driven by oscillations in the K(ATP)
current would exhibit invariance in the ATP/ADP peaks,
nadir, and mean. We demonstrated this using two different
models in Figs. 5, 6. Indeed, this universality (illustrated in
the fast-slow analysis of Figs. 11 and 12) is precisely why
ATP/ADP invariance implies that oscillations in K(ATP) cur-
rent drives the bursting. In contrast, invariance in the mean
ATP/ADP level would not be expected if bursting was driven
by a mechanism other than oscillations in K(ATP) conduc-
tance (Figs. 3 and4). In this case, the initiation and termination
points of a burst active phase are set largely by conductances
that do not depend on ATP/ADP, so no constraint is imposed
on the level of K(ATP) conductance, nor consequently the
peaks and nadirs of the oscillating ATP/ADP levels.

If a different channel other than K(ATP) drives bursting,
and the activation/inactivation variable for that current were
a target of glucose, then that variable would exhibit invari-
ance, rather than ATP/ADP. As a demonstration of this,
and that history indeed seems to repeat itself, this invariance
argument was used by Himmel et al. in 1987 as evidence
against Ca2þ-activated Kþ current (K(Ca) current) as being
the mechanism for bursting in b-cells (41). It had been pro-
posed earlier by Chay and Keizer that K(Ca) channels drive
bursting and that glucose acts by increasing the Ca2þ pump
rate (21,42). That model predicted that cytosolic Ca2þ

would rise and fall during bursting in a sawtooth manner,
as for the ATP/ADP ratio used here (Fig. 5). Increasing
the pump rate indeed increased the duty cycle in the original
Chay-Keizer model, as desired, but as pointed out in (41), it
had no effect on the mean intracellular Ca2þ concentration.
Since an increase in mean intracellular Ca2þ is one factor
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FIGURE 13 Quantification of the mean normalized ATP/ADP ratio (A and B) and duty cycle (C and D) over the range of values of glucose for three

different values of gKðCaÞ (color coded). The curves were generated with the integrated oscillator model (left column) and the phantom bursting model (right

column). The black curve shows the results for slow bursting (as in Fig. 6). At 11 mM glucose, the bursting simulated with the IOM (A and C) has a period of

�6 min for gKðCaÞ ¼ 150 pS (black curves), � 2 min for gKðCaÞ ¼ 300 pS (blue curves), and �9 s for gKðCaÞ ¼ 700 pS (orange curves). The PBM (B and D)

has a period of� 6min for gKðCaÞ ¼ 10 pS (black curves),�2 min for gKðCaÞ ¼ 300 pS (blue curves), and� 20 sec for gKðCaÞ ¼ 600 pS (orange curves). For

each curve, the slope averaged over the range of glucose values that produced bursting was calculated using linear least squares fitting and is plotted as a bar

graph in the insets to the top panels. To see this figure in color, go online.
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responsible for triggering glucose-dependent insulin secre-
tion, the Ca2þ invariance clearly conflicted with the data
and therefore argued against the assumption that K(Ca) cur-
rent drives bursting or that the Ca2þ pump rate is glucose-
dependent, or both. Both assumptions turned out to be
incorrect.

Throughout the article, our main focus has been on ‘‘slow
bursting’’, which is bursting that exhibits a period of several
minutes. However, mouse islets also exhibit a faster form of
bursting having a period of 30 s or less (43). It is almost
certain that the mechanism for this ‘‘fast bursting’’ is
different from that of slow bursting, and it is likely driven
at least in part by K(Ca) conductance, as originally proposed
(21,42). For this fast bursting, then, we showed that
increasing glucose from one stimulatory level to another
would increase ATP/ADP (Fig. 13). More generally, the
models (27,44) predict that as burst period varies from
slow to fast, K(Ca) channels would play an increasingly
large role, whereas K(ATP) channels become progressively
less important. We have found in model simulations that the
slope of the ATP/ADP ratio versus glucose curve within the
burst increases continuously from 0 as the burst period de-
creases. Thus, others trying to replicate our findings may
obtain a range of possible results, depending on the period
of the oscillations in their islet preparations. Similarly, the
invariance property would not hold if multiple currents
work together to drive bursting if K(ATP) channels play
only a minor role, as in (24,29), as we demonstrated in
1462 Biophysical Journal 121, 1449–1464, April 19, 2022
Figs. 3 and 4. Therefore, the ATP/ADP invariance is quite
unusual, but also very informative, since it indicates both
that for the slowest range of burst periods, K(ATP) current
drives bursting and that the target of glucose is the nucleo-
tide ratio.
CONCLUSION

We used mathematical models to predict that if oscillations
in K(ATP) channel conductance drive the slow Ca2þ oscil-
lations of pancreatic b-cells, then ATP/ADP should exhibit
invariance over glucose concentrations that support
bursting. Our confirmation of this prediction supports the
conclusion that K(ATP) channels are the primary drivers
of slow Ca2þ oscillations and not merely passive followers
of Ca2þ-mediated changes in metabolism. The model indi-
cates that this is the case because during oscillations,
glucose-induced increases in mean Ca2þ due to increased
ATP production are balanced by increased ATP consump-
tion to pump Ca2þ. We supported this interpretation exper-
imentally by showing that when glucose is increased but
Ca2þ is clamped, ATP/ADP rises, whereas if glucose is fixed
and Ca2þ is increased, ATP/ADP falls.
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Supporting Material  

1. Linear mixed effects modelling 

To quantify the steepness and the direction of change in measured Perceval-HR 
fluorescence ratio of the three experiments described in Figs. 7, 8, and 9 in the main text, we 
employ a linear mixed-effects model (MATLAB function fitlme) to estimate the slope of the 
traces corresponding to each measurement. 
 

We label the experiments described in Figs. 7, 8, and 9 as Experiment [1], Experiment [2], 
and Experiment [3], respectively. In each experimental set up, the measurements are recorded from 
several islets belonging to different mice. Therefore, we employ linear mixed-effects modeling to 
handle the hierarchical structure in the data resulting from the non-independence of islets from the 
same mouse and the variability due to unknown factors, such as Perceval-HR expression level, 
among islets. The response variable of interest is thus modelled as a function of predictors (time 
and experiment) that were treated as fixed effects, whereas the variance shared among hierarchical 
groupings (mice and islets) were treated as random effects. In our analysis, the response variable 
of interest is the Perceval-HR fluorescence ratio, the predictor variables are Time (in minutes) and 
Experiment (which identifies each of the three experiments), while the random effects are due to 
the Islet and Mouse corresponding to the recording. The resulting linear mixed-effects model is 
described by the model formula:  

Ratio (493/403) ~ Time * Experiment + (1|Islet) + (1|Mouse). 
 
The term Time * Experiment represents the interaction of Time and Experiment, and thus reports 
the variation in slope for each experimental condition.  
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The goal of our statistical analysis is to assess whether the slope is null in Fig. 7 (when the 
β-cell is bursting), positive in Fig. 8 (in diazoxide) and negative in Fig. 9 (in diazoxide and high 
KCl). As a control for drift possibly due to photobleaching, we recorded the Perceval-HR 
fluorescence ratio at 5 mM glucose, where β-cells are expected to be silent. Panel A in Fig. S1 
illustrates the measurements, where each panel corresponds to an experiment from a different 
mouse and each trace to a different islet. This experiment is labelled as Experiment [0], and the 
estimated slope is used as a reference to judge whether the slope in the other experiments is null, 
positive, or negative.  
 

Table S1 summarizes the results of the linear regression, while Fig. S1 illustrates the 
recordings organized by experiment and with the model regression lines superimposed on the 
data.  The reference slope (Experiment [0]) is given by the value Estimate corresponding to the 
predictor Time.  The slope is numerically very small and statistically not different from 0 (p-value 
= 0.1).  The value of Estimate corresponding to the term Time:Experiment [x] (where x is either 
1, 2, or 3) represents the deviation from the reference of the estimated slope for Experiment x as a 
function of Time. Therefore, if Time:Experiment [x] is positive, Ratio (492/403) increases with 
time relative to the reference for the recordings in Experiment x, while if it is negative it decreases.  

 
The slope in Experiment [1] (corresponding to Fig. 7) is not statistically different from the 

reference value (p-value = 0.6), and therefore, there are no statistically significant changes in 
ATP/ADP over time. In contrast, the slopes for Experiment [2] (Fig. 8) and Experiment [3] (Fig. 
9) are statistically different from the baseline with positive (estimation = 0.0021 min-1, p-value <
0.001) and negative (estimation = -0.0033 min-1, p-value < 0.001) slope, respectively. Thus, the 
Ratio (492/403) increases with time in Fig. 8 and decreases with time in Fig. 9.  

 
The result of the statistical analysis confirms that if the β-cell is bursting, we do not observe 

any systematic increase in ATP/ADP as glucose is increased (Fig. 7), but an increase is observed 
when the β-cell is not bursting (Fig. 8). Finally, ATP/ADP declines if the β-cell is silent and the 
ATP consumption is increased (Fig. 9). 
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Figure S1: Measurement of Perceval-HR fluorescence ratio and fitted lines (gray). Experiments 
in which (A) glucose is kept at 5 mM (Experiment [0]); (B) glucose concentration is increased 
in steps from 9 mM to 13 mM (Experiment [1], Fig. 7);  (C) islets were exposed to Dz (200 
𝜇M) and KCl (30 mM) and glucose was increased in steps from 5 mM to 13 mM (Experiment 
[2], Fig. 8); (D) islets were exposed to Dz (200 𝜇M) and 5 mM glucose, and the KCl 
concentration was increased in steps from 5 mM to 30 mM (Experiment [3], Fig. 9). Each panel 
corresponds to a different experiment from a Swiss-Webster mouse and each trace to a different 
islet.  
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Ratio (492/403)  

Predictors Estimate CI p-value 

(Intercept) 1.11 [1.02, 1.19] <0.001         

Time -0.0002 [-0.000361, 3-05] 0.10 

Experiment [1] 0.32 [0.19, 0.45] <0.001         

Experiment [2] 0.059 [-0.094, 0.212] 0.45    

Experiment [3] 0.081 [-0.117, 0.279] 0.42        

Time:Experiment [1] -5e-05 [-0.00026, 0.00015] 0.60     

Time:Experiment [2] 0.0021 [0.0018, 0.0024] <0.001               

Time:Experiment [3] -0.0033 [-0.0037, -0.0028] <0.001         

Random effects covariance parameters (95% CIs): 

Name Estimate CI 

𝜎)  0.0265 [0.0256, 0.0273] 

𝜏++	 0.144 (Islet) [0.111, 0.189] 

 0.0348 (Mouse) [0.0030, 0.4005] 

N 34 Islet 

 9 Mouse 

Observations 1906 

Table S1. Summary of the linear mixed-effects modelling of Measurement of Perceval-HR 
fluorescence ratio. The model formula is: Ratio (493/403) ~ Time * Experiment + (1|Islet) + (1|Mouse). 
Estimates, 95% confidence intervals, and p-value (bold, p-value <0.001) for each predictor of Ratio 
(493/403) are shown. 𝜎), mean variance of random effects; 𝜏++, random intercept variance (between 
subject variance) for each random effect; N, number of groups per random effect; Observations, total 
number of recordings of islets in any combination of fixed effects. 
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2. Linear mixed effects modelling: mean, amplitude, peaks, and nadirs 
 

To test the invariance of ATP/ADP mean, amplitude, peak, and nadir values of Perceval-HR 
fluorescence ratio oscillations with changes in the stimulatory glucose concentration (Fig. 7, 
Experiment [1]), we again use a linear mixed-effects model. The predictor variable is now glucose, 
and the resulting model formula is:  

Response ~ Glucose + (1|Islet) + (1|Mouse) 
where the variables Response represents the value of the mean, amplitude, peaks, or nadirs of 
ATP/ADP (see Fig. S2).  
 

Tables S2, S3, S4 and S5 summarize the results of the linear regression done using the 
MATLAB function fitlme, for mean, amplitude, peak, and nadir values, respectively. In the 
experimental set up, the islets are initially silent (𝐺 =	5 mM) and enter the bursting regime when 
the level of glucose is increased to 9 mM. Analysis is then performed on the data following an 
initial transition period. We identify this moment as the point in time when the oscillation period 
reaches 75% of the (mean) period observed in 11 mM and 13 mM. The analysis showed no 
significant impact of changes in glucose in the mean, nadir, or amplitude of oscillations. There 
was a small, but significant, decline in the oscillation peak as a function of glucose (with p-value 
= 0.0044).  
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Figure S2: Perceval-HR fluorescence ratio values of mean (A), amplitude (B), peaks (C), and 
nadirs (D) for different values of glucose. Each islet is identified by a different color.  
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Mean 

Predictors Estimate CI p-value 

(Intercept) 1.452 [1.311, 1.593] <0.001         

Glucose -0.00339 [-0.00685, 7e-05] 0.055 

Random effects covariance parameters (95% CIs): 

Name Estimate CI 

𝜎)  0.017 [0.013, 0.022] 

𝜏++	 0.171 (Islet) [0.109, 0.270] 

 0.076 (Mouse) [0.013, 0.451] 

N 12 Islet 

 3 Mouse 

Observations 36 

Table S2. Summary of the linear mixed-effects modelling of the mean of Perceval-HR fluorescence 
ratio. The model formula is: Mean ~ Glucose + (1|Islet) + (1|Mouse). Estimates, 95% confidence 
intervals, and p-value (bold, p-value <0.05) for each predictor of Mean are shown. 𝜎), mean variance 
of random effects; 𝜏++, random intercept variance (between subject variance) for each random effect; 
N, number of groups per random effect; Observations, total number of recordings of islets in any 
combination of fixed effects. 
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Amplitude 

Predictors Estimate CI p-value 

(Intercept) 0.072 [0.042, 0.103] <0.001         

Glucose -0.00164 [-0.00353, 0.00024] 0.086 

Random effects covariance parameters (95% CIs): 

Name Estimate CI 

𝜎)  0.014 [0.013, 0.016] 

𝜏++	 0.027 (Islet) [0.017, 0.043] 

 0.012 (Mouse) [0.002, 0.070] 

N 12 Islet 

 3 Mouse 

Observations 135 

Table S3. Summary of the linear mixed-effects modelling of the amplitude of Perceval-HR 
fluorescence ratio oscillations. The model formula is: Amplitude ~ Glucose + (1|Islet) + (1|Mouse). 
Estimates, 95% confidence intervals, and p-value (bold, p-value <0.05) for each predictor of Mean are 
shown. 𝜎), mean variance of random effects; 𝜏++, random intercept variance (between subject 
variance) for each random effect; N, number of groups per random effect; Observations, total number 
of recordings of islets in any combination of fixed effects. 
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Peak 

Predictors Estimate CI p-value 

(Intercept) 1.481 [1.338, 1.624] <0.001         

Glucose -0.00322 [-0.00541, -0.00102] 0.0044 

Random effects covariance parameters (95% CIs): 

Name Estimate CI 

𝜎)  0.017 [0.015, 0.020] 

𝜏++	 0.186 (Islet) [0.118, 0.293] 

 0.080 (Mouse) [0.013, 0.507] 

N 12 Islet 

 3 Mouse 

Observations 145 

Table S4. Summary of the linear mixed-effects modelling of the peaks of the Perceval-HR fluorescence 
ratio oscillations. The model formula is: Peak ~ Glucose + (1|Islet) + (1|Mouse). Estimates, 95% 
confidence intervals, and p-value (bold, p-value <0.05) for each predictor of Mean are shown. 𝜎), 
mean variance of random effects; 𝜏++, random intercept variance (between subject variance) for each 
random effect; N, number of groups per random effect; Observations, total number of recordings of 
islets in any combination of fixed effects. 
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Nadir 

Predictors Estimate CI p-value 

(Intercept) 1.408 [1.283, 1.532] <0.001         

Glucose -0.00158 [-0.00412, 0.00095] 0.219 

Random effects covariance parameters (95% CIs): 

Name Estimate CI 

𝜎)  0.020 [0.017, 0.022] 

𝜏++	 0.161 (Islet) [0.3, 0.254] 

 0.068 (Mouse) [0.010, 0.448] 

N 12 Islet 

 3 Mouse 

Observations 142 

Table S5. Summary of the linear mixed-effects modelling of the nadirs of the Perceval-HR 
fluorescence ratio oscillations. The model formula is: Nadir ~ Glucose + (1|Islet) + (1|Mouse). 
Estimates, 95% confidence intervals, and p-value (bold, p-value <0.05) for each predictor of Mean are 
shown. 𝜎), mean variance of random effects; 𝜏++, random intercept variance (between subject 
variance) for each random effect; N, number of groups per random effect; Observations, total number 
of recordings of islets in any combination of fixed effects. 
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3. The Integrated Oscillator Model: equations and parameters  

The first module in the Integrated Oscillator Model (IOM) describes the cellular electrical 
activity and intracellular Ca2+ dynamics. The second module describes the components of the 
metabolic pathway included in our model: glycolysis and mitochondrial metabolism.  

 

The electrical and calcium module  

      The rate of change of the cellular membrane potential, VM , is expressed by  

𝑑𝑉1
𝑑𝑡 = 	

1
C
3𝐼Ca + 𝐼K(Ca) + 𝐼K(ATP) + 𝐼K6	, (S1) 

where C is the membrane capacitance, 𝐼Ca is the V8-dependent Ca2+ current, 𝐼K(Ca) is the Ca2+-
activated K+ current, 𝐼K(ATP) 	is the ATP-dependent K+ current, and 𝐼K is the delayed-rectifying K+ 
current: 

𝐼Ca = 𝑔Ca𝑚;(𝑉1)(𝑉1 − 𝑉Ca)			, (S2) 
𝐼K(Ca) = 𝑔K(Ca)𝑞;(𝑐)(𝑉1 − 𝑉K)			, (S3) 

𝐼K(ATP) = 𝑔K(ATP)𝑜;(ADP, ATP)(𝑉1 − 𝑉K)			, (S4) 
𝐼K = 𝑔K𝑛(𝑉1 − 𝑉K)			. (S5) 

The upstroke and downstroke of action potentials are mediated by 𝐼Ca and 𝐼K, respectively. The 
K(Ca) and K(ATP) currents are involved in clustering action potentials into bursts. 

      The activation functions for 𝐼Ca, 𝐼K(Ca), and 𝐼K(ATP) 	are given by 

𝑚;(𝑉1) =
1

1 + exp[(𝜐E − 𝑉1) 𝑠E⁄ ]			, (S6) 

𝑞;(𝐶𝑎) =
𝐶𝑎)

𝑘L) + 𝐶𝑎)
			, (S7) 

𝑜;(ADP, ATP) =
0.08 + 0.89 OMgADP

𝑘LL
P
)
+ 0.16 OMgADP

𝑘LL
P

O1 + MgADP
𝑘LL

P
)
Q1 +ATPRS

𝑘TT
+ ADPUS

𝑘TL
V
			, (S8) 

with MgADP = 0.165 ADP, ATP4− = 0.05 ATP, and ADP3− = 0.135 ADP.  The parameters of this 
module are given in Table S6. 

      The activation variable for the delayed-rectifying K+ current, n, is given by  
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𝑑𝑛
𝑑𝑡 =

𝑛;(𝑉1) − 𝑛
𝜏W

			, (S9) 

where  

𝑛;(𝑉1) =
1

1 + exp[(𝜐W − 𝑉1) 𝑠W⁄ ]			. (S10) 

The dynamics of the free Ca2+ concentration in the cytosol, 𝐶𝑎, in the mitochondria, 𝐶𝑎m, and in 
endoplasmic reticulum (ER), 𝐶𝑎er, are given by  

𝑑𝐶𝑎
𝑑𝑡 = 𝑓Ca(𝐽mem − 𝐽er − 𝐽m)			,  

𝑑𝐶𝑎m

𝑑𝑡 = 𝑓Ca𝜎m𝐽m			, (S11) 
𝑑𝐶𝑎er

𝑑𝑡 = 𝑓Ca𝜎er𝐽er			,  

Here, 𝑓Ca is the fraction of Ca2+ ions not bound to buffers, and 𝐽mem, 𝐽m, and 𝐽er represent the Ca2+ 
flux densities across the plasma membrane, into the mitochondria, and into the ER, respectively: 

𝐽mem = − Z
𝛼
𝑉cyt

𝐼Ca + 𝑘PMCA𝐶𝑎\			, (S12) 

𝐽]^ = 𝑘SERCA𝐶𝑎 − 𝑘_`a`(𝐶𝑎E − 𝐶𝑎)			,		 (S13) 
𝐽E = 𝐽uni − 𝐽_`a`			. (S14) 

 

The terms 𝐽uni and 𝐽NaCa represent the flux through the Ca2+ pumps and through the Na+/ Ca2+ 
exchanger, respectively:  

𝐽uni = (𝑝)c𝜓m − 𝑝)))𝐶𝑎)			, (S15) 
𝐽NaCa = 𝑝)c(𝐶𝑎m − 𝐶𝑎)exp(𝑝)R𝜓m)			. (S16) 

Parameter Value Parameter Value Parameter Value 

C 5300 fF 𝑘L  0.5 µM 𝜎er 31 

𝑔Ca 1000 pS 𝑘LL  17 µM 𝛼 
5.18
× 10Scgµmol𝑓AS
msSc 

𝑔K(Ca) 150 pS 𝑘TT 1 µM 𝑉ijk 1.15 × 10Sc)l 

𝑔K(ATP) 19700 pS 𝑘TL 26 µM 𝑘PMCA 0.2 msSc 

𝑔K 2700 pS 𝜏W 20 ms 𝑘SERCA 0.4 msSc 

𝑉Ca 25 mV 𝜐W -16 mV 𝑝21 0.013	µMSc 
msScmVSc 
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The metabolic module 

      The cytosolic concentrations of F6P and FBP are described by  

𝑑F6P
𝑑𝑡 = 	0.3(𝐽GK − 𝐽PFK), 

𝑑FBP
𝑑𝑡 = 	 𝐽PFK −	

1
2
𝐽PDH

𝜎m
, 

(S17) 

(S18) 

where 𝐽GK is the glucose-dependent glucokinase (GK) reaction rate, 𝐽PFK is the 
phosphofructokinase (PFK) reaction rate, and 𝐽PDH is the pyruvate dehydrogenase (PDH) reaction 
rate. Fluxes through GK, PFK, and PDH are described by  

𝐽pq = 	𝑣GK
𝐺)

𝐾GK) + 𝐺)
		, (S19) 

𝐽PFK = 𝑣PFK
𝑤ccc+ + 𝑘PFK ∑ 𝑤xyczx,y,z∈{+,c}

∑ 𝑤xy~zx,y,~,z∈{+,c}
			 (S20) 

𝐽PDH = 	𝑣PDH
1

𝐾NADHm,PDH +
NADHm
NADm

𝐽GPDH			, (S21) 

where 𝐺 is the glucose concentration and the weights 𝑤xy~z   

𝑤xy~z =
OAMP 𝐾c� P

x
OFBP 𝐾)� P

y
OF6P

)
𝐾U� P

~
OATP

)
𝐾R� P

z

𝑓cUx~𝑓)U
y~𝑓Rcxz𝑓R)

yz𝑓RU~z
			. (S22) 

The glycerol-3-phosphate dehydrogenase (GPDH) reaction rate, 𝐽GPDH, is  

𝐽GPDH = 	
𝐶𝑎E

𝐾���� + 𝐶𝑎E
√FBP 			. (S23) 

The adenosine diphosphate (ADP) dynamics are given by  

𝑉K -75 mV 𝑠W 5mV 𝑝22 1.6	µMSc 
msSc 

𝜐E -20 mV 𝑓Ca 0.01 𝑝23 0.0015	µM 
msSc 

𝑠E 12 mV 𝜎m 290 𝑝24 0.016	mVSc 

Table S6. Parameter values for the electrical and calcium module. 
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𝑑ADP
𝑑𝑡 = 𝐽hyd −

𝐽ANT

𝜎m
			, (S24) 

where 𝐽hyd reflects ATP hydrolysis and 𝐽���  is the flux of ATP produced in the mitochondria and 
transported to the cytosol through the adenine nucleotide translocator (ANT),  

𝐽hyd = �𝑘hyd𝐶𝑎 + 𝑘hyd,bas�ATP  , (S25) 

𝐽ANT = 𝑝c�

ATPm
ADPm

ATPm
ADPm

+𝑝)+
exp �

F
2RT

𝜓m�			. (S26) 

The hydrolysis term has a Ca2+-independent term that represents ATP hydrolysis for cell 
homeostasis, and a Ca2+-dependent term that represents hydrolysis by Ca2+ pumps present on the 
plasma and ER membranes. 

      The model assumes that the total nucleotide concentrations in the cytosol and in the 
mitochondria (𝐴tot and 𝐴tot,m, respectively) is constant, and that the sum of both cytosolic and 
mitochondrial nucleotides are conserved: 

ATP=
1
2
Z𝐴tot +�−4ADP) + (𝐴tot −ADP)) −ADP\ 			, (S27) 

ATPm = 𝐴tot,m-ADP
m
			. (S28) 

There are two terms for NADH production: production due to pyruvate dehydrogenase (𝐽���), and 
production due to the combined action of dehydrogenases in the citric acid cycle (𝐽��). The 
mitochondrial concentration of NADH is then  

𝑑NADHm

𝑑𝑡 = 	 𝐽PDH + 𝐽DH − 𝐽O			, (S29) 

where 𝐽PDH is given by (S21) and  𝐽DH and the oxygen consumption rate (𝐽�) are:  

𝐽DH =	𝑣DH
𝐶𝑎m

𝐾DH + 𝐶𝑎m

1

𝐾NADHm,DH +
NADHm
NADm

			, (S30) 

𝐽O = 𝑝R
NADHm

𝑝� + NADHm

1

1 + exp O𝜓m − 𝑝�
𝑝�

P
			. (S31) 

The model assumes nucleotide conservation: 

NADm = 𝑁tot,m −NADHm			, (S32) 

where 𝑁tot,m is the total concentration in the mitochondria.  
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      The changes in the dynamics of the mitochondrial membrane potential, 𝜓m, are described by  

𝑑𝜓m

𝑑𝑡 = 	
1

Cm
3𝐽Hres − 𝐽Hatp − 𝐽Hleak − 𝐽ANT − 𝐽NaCa − 2𝐽uni6			. (S33) 

Here, Cm is the mitochondrial inner membrane capacitance, 𝐽Hres is the flux through respiration-
driven proton pumps, 𝐽Hatp is the proton flux entering the mitochondria through the ATPase, while 
𝐽Hleak is the proton flux entering the mitochondria through leakage down the proton gradient: 

𝐽Hres = 𝑝g
NADHm

𝑝� + NADHm

1

1 + exp O𝜓m − 𝑝c+
𝑝cc

P
			, (S34) 

𝐽Hatp = 	3𝐽F1F0 			, (S35) 
𝐽Hleak = 𝑝c�𝜓m − 𝑝cg			. (S36) 

The term 𝐽F1F0 in (S35) is the rate at which the F1F0 ATP synthase phosphorylates ADP to form 
ATP: 

𝐽F1F0 = 𝑝c�
𝑝cU

𝑝cU +ATPm

1

1 + exp O𝑝cR − 𝜓m
𝑝c�

P
			. (S37) 

Since mitochondrial ATP production comes at the expense of ADP, the mitochondrial ADP level 
(ADPE) is given by 

𝑑ADPm

𝑑𝑡 = 	 𝐽ANT − 𝐽F1F0 			, (S38) 

with 𝐽ANT and 𝐽F1F0 given in (S26) and (S37), respectively. 

      Parameter values for the metabolic module are given in Table S7. 
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Parameter Value Parameter Value Parameter Value 

𝐽GK 0.001µM msSc 𝐾NADHm,PDH 1.3 𝑝cc 5 mV 

𝑣GK 0.0037µM msSc 𝐾GPDH 1.5µM 𝑝cU 10000 µM 

𝐾GK 19mM 𝑘hyd 
1.864

× 10S�µM msSc 
𝑝cR 190 mV 

𝑣PFK 0.01	µM ms
Sc 

𝑘hyd, bas 
6.48 × 10S�µM 

msSc 
𝑝c� 8.5 mV 

𝑘PFK 0.06 𝑣DH 1.1µM msSc 𝑝c� 4 µM msSc 

𝐾c 30	µM 
𝐾NADHm,DH 1.3 𝑝c� 

0.0014 µM 

msScmVSc 

𝐾) 1	µM 𝐾DH 0.8µM 𝑝cg 0.02 µM msSc 

𝐾U 5 × 10R	µM
) F

2RT
 0.037 𝑝c� 0.6µM msSc 

𝐾R 1000	µM
) 𝑝R 0.55 µM msSc 𝑝)+ 2 

𝑓cU 0.02 𝑝� 250 µM 𝐴tot 3000 µM 

𝑓)U 0.2 𝑝� 165 mV 𝐴tot,m 15000 µM 

𝑓Rc 20 𝑝� 5mV 𝑁tot,m 10000 µM 

𝑓R) 20 𝑝g 7.4 µM msSc Cm 180 mV 

𝑓RU 20 𝑝� 100 µM   

𝑣PDH 0.4µM msSc 𝑝c+ 165 mV   

Table S7. Parameter for the metabolic module. 
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