
 
 

University of Birmingham

Oscillations in K(ATP) conductance drive slow calcium
oscillations in pancreatic β-cells
Marinelli, Isabella; Thompson, Benjamin M.; Parekh, Vishal S.; Fletcher, Patrick A.; Gerardo-
giorda, Luca; Sherman, Arthur S.; Satin, Leslie S.; Bertram, Richard
DOI:
10.1016/j.bpj.2022.03.015

License:
Creative Commons: Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

Document Version
Peer reviewed version

Citation for published version (Harvard):
Marinelli, I, Thompson, BM, Parekh, VS, Fletcher, PA, Gerardo-giorda, L, Sherman, AS, Satin, LS & Bertram, R
2022, 'Oscillations in K(ATP) conductance drive slow calcium oscillations in pancreatic β-cells', Biophysical
Journal, vol. 121, no. 8, pp. 1449-1464. https://doi.org/10.1016/j.bpj.2022.03.015

Link to publication on Research at Birmingham portal

General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.

•Users may freely distribute the URL that is used to identify this publication.
•Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•Users may not further distribute the material nor use it for the purposes of commercial gain.

Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.

When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.

If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.

Download date: 25. Apr. 2024

https://doi.org/10.1016/j.bpj.2022.03.015
https://doi.org/10.1016/j.bpj.2022.03.015
https://birmingham.elsevierpure.com/en/publications/1f298819-4b6e-42fd-8014-cc2c4c259485


 1 

Oscillations in K(ATP) Conductance Drive Slow Calcium 1 

Oscillations in Pancreatic β-Cells 2 
 3 

Isabella Marinelli*1, Benjamin M. Thompson*2, Vishal S. Parekh3, Patrick A. Fletcher4, Luca 4 

Gerardo-Giorda5,6, Arthur S. Sherman4, Leslie S. Satin2, Richard Bertram7 5 

 6 
1 Centre for Systems Modelling & Quantitative Biomedicine (SMQB), University of 7 

Birmingham, Birmingham, UK; 2 Department of Pharmacology and Brehm Center for Diabetes 8 

Research, University of Michigan Medical School, Ann Arbor, Michigan; 3 Chemical Biology 9 

and Therapeutics Science Program, Broad Institute, Cambridge, Massachusetts; 4 Laboratory of 10 

Biological Modeling, National Institutes of Health, Bethesda, Maryland; 5 Institute for 11 

Mathematical Methods in Medicine and Data Based Modeling, Johannes Kepler University, 12 

Linz, Austria; 6 Johann Radon Institute for Computational and Applied Mathematics (RICAM), 13 

Austrian Academy of Sciences, Linz, Austria; 7 Department of Mathematics and Programs in 14 

Neuroscience and Molecular Biophysics, Florida State University, Tallahassee, Florida 15 

 16 
*These authors contributed equally 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 



 2 

 32 

Abstract 33 

 ATP-sensitive K+ (K(ATP)) channels were first reported in the beta-cells of pancreatic 34 

islets in 1984, and it was soon established that they are the primary means by which the blood 35 

glucose level is transduced to cellular electrical activity and consequently insulin secretion. 36 

However, the role that the K(ATP) channels play in driving the bursting electrical activity of islet 37 

beta-cells, which drives pulsatile insulin secretion, remains unclear. One difficulty is that bursting 38 

is abolished when several different ion channel types are blocked pharmacologically or genetically, 39 

making it challenging to distinguish causation from correlation. Here, we demonstrate a means for 40 

determining whether activity-dependent oscillations in K(ATP) conductance play the primary role 41 

in driving electrical bursting in beta-cells. We use mathematical models to predict that if K(ATP) 42 

is the driver, then, contrary to intuition, the mean, peak and nadir levels of ATP/ADP should be 43 

invariant to changes in glucose within the concentration range that supports bursting. We test this 44 

in islets using Perceval-HR to image oscillations in ATP/ADP. We find that mean, peak and nadir 45 

levels are indeed approximately invariant, supporting the hypothesis that oscillations in K(ATP) 46 

conductance are the main drivers of the slow bursting oscillations typically seen at stimulatory 47 

glucose levels in mouse islets. In conclusion, we provide, for the first time, causal evidence for the 48 

role of K(ATP) channels not only as the primary target for glucose regulation, but also for their 49 

role in driving bursting electrical activity and pulsatile insulin secretion. 50 

 51 

 52 

Statement of Significance 53 

Pancreatic beta-cells regulate blood glucose by secreting insulin in accordance with the glucose 54 

concentration. This metabolic sensing depends critically on ATP-dependent potassium channels, 55 

which link beta-cell fuel metabolism to the membrane potential. A key feature of this mechanism 56 

is the slow, five-minute oscillations observed in electrical activity, calcium, and 57 

metabolism. Mathematical models variously propose that oscillations in ATP/ADP either cause 58 

these oscillations or are just a consequence, as calcium influences both the production and 59 

consumption of ATP. We propose a novel way to test which is the case and confirm experimentally 60 



 3 

that ATP/ADP is the driver of beta-cell oscillations. Other proposed oscillation mechanisms in 61 

contrast may mediate the faster oscillations that are also seen in beta-cells. 62 

 63 
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Introduction 67 

Pancreatic β-cells are clustered together with other endocrine cells in the pancreatic islets 68 

of Langerhans and are the sole insulin-secreting cells of the body. When blood glucose is low, β-69 

cells are mostly inactive, but as glucose is increased so too is the cells’ activity level (1). As a 70 

result, the rate of release of insulin from β-cells increases in response to increases in the blood 71 

glucose level. This is accomplished in two ways. In the first, primary pathway, β-cell electrical 72 

activity is increased at higher glucose levels, resulting in higher mean intracellular Ca2+ levels and, 73 

subsequently, increased insulin secretion. A glucose amplification pathway builds on this primary 74 

or ‘triggering’ pathway, and acts downstream of Ca2+ entry (2). The increased electrical activity 75 

associated with increases in glucose is due to an increase in the ratio of ATP to ADP that is the 76 

direct result of glucose uptake and metabolism (1). ATP-sensitive K+ (K(ATP)) channels in the 77 

plasma membrane are closed by ATP and opened by ADP, so the increase in ATP/ADP that results 78 

from glucose metabolism decreases the hyperpolarizing K(ATP) current (IK(ATP)) thereby 79 

depolarizing the cell (3-5). 80 

In mouse islets, β-cells exhibit a robust bursting pattern over most of the stimulatory range 81 

of glucose, characterized by an active phase of electrical impulse generation followed by a silent 82 

period during which the cell membrane is hyperpolarized. Sustained electrical oscillations in turn 83 

result in oscillations in intracellular Ca2+ concentration: Ca2+ concentration is high during the burst 84 

active phase when Ca2+ channels are open and while the cell is spiking and low during silent phases 85 

when they are closed and spiking is suppressed (6). Since insulin exocytosis is driven by elevations 86 

in intracellular Ca2+ concentration, the oscillations in Ca2+ concentration produce concomitant 87 

pulses of insulin secretion (7). A range of bursting patterns have been reported, including slow 88 
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bursting with periods of around 5 min, consistent with periods reported for pulsatile insulin release, 89 

as well as fast bursting with periods of around 30 s or less.  90 

What drives the slow bursting activity of β-cells? One hypothesis is that it results from 91 

oscillations in the open/closed state of K(ATP) channels (8-11). In the simplest form of this 92 

hypothesis, reduced K(ATP) conductance causes cells to depolarize and begins the active spiking 93 

phase of a burst. The spikes bring in Ca2+, which activates Ca2+ pumps (12). The pumps consume 94 

ATP (11), which allow some K(ATP) channels to reopen, terminating the spiking. Intracellular 95 

Ca2+ also increases dehydrogenase activity, increasing the production rate of ATP (13). The 96 

oscillations in ATP/ADP that have been observed in MIN6 β-cells (14) and in β-cells in intact 97 

islets are indeed consistent with this model (14,15). (For a discussion of how oscillations in 98 

individual β-cells are coordinated by gap junctions see (16-20).) 99 

However, even if bursting is driven by other mechanisms changes in intracellular Ca2+ 100 

would affect ATP hydrolysis and dehydrogenase activity, and so still produce oscillations in 101 

ATP/ADP. It is therefore hard to differentiate between cause and effect. Other mechanisms for 102 

electrical bursting have also been proposed, including cyclic activation of Ca2+-activated K+ 103 

(K(Ca)) channels (21); current due to the activity of electrogenic ion pumps in the plasma 104 

membrane (22,23); or a combination of various channels, pumps, and transporters (24). See (25) 105 

for a review of models for bursting in β-cells. The difficulty of identifying the key mechanism 106 

underlying bursting is that all of these, and other factors are known to oscillate in β-cells and may 107 

therefore be correlated with bursting activity. 108 

In principle, one could block one of these potential mediators, such as the K(ATP) channels 109 

to determine if this interferes with the bursting rhythm. However, this may yield a misleading 110 

result due to the complexity of the system. For example, while blocking K(ATP) channels is known 111 

to reliably terminate the bursting pattern, blocking these channels removes most of the 112 

hyperpolarizing current of the cell, putting the cell into a highly active state. Therefore, the bursting 113 

might stop not because K(ATP) channel activity is no longer oscillatory, but because the 114 

depolarization that results from channel blockade overwhelms the effects on membrane potential 115 

of the true oscillatory mechanism.  116 

We reasoned that what is needed is an approach that does not require artificial manipulation 117 

of any of the potential rhythmogenic factors. In this report, we demonstrate using mathematical 118 

modeling that monitoring changes in cytosolic ATP/ADP in response to changing glucose can 119 
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determine whether K(ATP) channel activity drives bursting in β-cells. Specifically, we 120 

demonstrate that if oscillations in K(ATP) conductance are responsible for starting and stopping 121 

bursts of electrical activity, then increases in glucose should have little or no effect on the mean, 122 

peaks, or nadirs of ATP/ADP oscillations, provided that the cell is bursting. On the other hand, if 123 

another mechanism drives bursting, such as (for example) K(Ca) channel current, then we predict 124 

that the mean, peaks, and nadirs of ATP/ADP will increase with glucose rather than staying 125 

constant. 126 

To experimentally test this hypothesis we monitored the β-cell ATP/ADP ratio using the 127 

fluorescent biosensor Perceval-HR (26) over a range of glucose concentrations where bursting 128 

oscillations are observed. We also used the biosensor to examine the impact of interventions that 129 

separately increase ATP consumption or production, since ATP/ADP reflects both processes. 130 

Overall, we show that, contrary to intuition, mean, peak, and nadir ATP/ADP levels are nearly 131 

constant over the range of glucose where islet β-cells exhibit bursting. With the aid of mathematical 132 

modeling, we interpret this as direct evidence that slow bursting electrical oscillations in mouse 133 

islet β-cells are driven by activity-dependent oscillations in the open/closed state of K(ATP) 134 

channels.  135 

 136 

Materials and Methods 137 

Mathematical Model 138 

 The invariance of ATP/ADP peak, nadir, and mean values with changes in the stimulatory 139 

glucose concentration is, as we demonstrate later, a property of a system in which the bursting 140 

electrical activity requires oscillations in K(ATP) current that are driven by electrical activity-141 

dependent changes in ATP/ADP. That is, changes in the current that are due to the intracellular 142 

Ca2+ level, which is high when the cell is in a burst active phase and low when in a silent phase. 143 

To demonstrate this, we use two mathematical models: a simple mathematical model called the 144 

phantom bursting model (PBM) (27), that contains a variable for the nucleotide ratio and a K(ATP) 145 

current, among other currents, and a more complex one called the Integrated Oscillator Model 146 

(IOM) that is described in detail in (28) and in the Supporting Material. This model has similar 147 
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electrical and Ca2+ components, but more realistic K(ATP) current and a more detailed description 148 

of the ATP dynamics that allows for intrinsic glycolytic oscillations.  149 

Here we give a brief description of the elements of the PBM, which is employed in the 150 

geometric demonstration for the mechanism underlying the ATP/ADP invariance phenomenon. 151 

Fig. 1 provides a visualization of the PBM. The β-cell membrane potential is described by 152 

 153 

𝑑𝑉
𝑑𝑡 = 	−

'𝐼)* + 𝐼, + 𝐼,()*) + 𝐼,(/01)2
𝐶 	, (1) 

 154 

where 𝐼)* is an inward Ca2+ current, 𝐼, is a delayed rectifying outward K+ current, 𝐼,()*) is a Ca2+-155 

activated K+ current, 𝐼,(/01) is an ATP-sensitive K+ current, and 𝐶 is the membrane capacitance. 156 

Activation of the Ca2+ current is assumed to be instantaneous with changes in voltage 𝑉. The 157 

activation variable for the delayed rectifier, 𝑛, is described by the first-order rate equation 158 

 159 

𝑑𝑛
𝑑𝑡 =

𝑛6(𝑉) − 𝑛
𝜏8

	. (2) 

 160 

The steady-state activation functions for the Ca2+ and delayed rectifier K+ channels, respectively, 161 

are 162 

𝑚6(𝑉) =
1

1 + 𝑒(=>?@) A>⁄ , (3) 

𝑛6(𝑉) =
1

1 + 𝑒(=C?@) AC⁄ 	. (4) 

The K(Ca) channels are gated by the free cytosolic Ca2+, with concentration 𝑐. This concentration 163 

is increased by Ca2+ entering the cell through Ca2+ channels, and by Ca2+ entering the cytosol from 164 

the endoplasmic reticulum (ER). The concentration is decreased by Ca2+ extrusion from the cell 165 

by plasma membrane Ca2+ ATPase pumps (PMCA) and transported into the ER by Sarcoplasmic  166 
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Figure 1: Illustration of the Phantom Bursting Model (PBM). The model contains modules for 

electrical activity and Ca2+ dynamics, and a variable for the nucleotide ratio ATP/ADP. 𝑰: 

currents, 𝑱: fluxes. K(ATP): ATP-sensitive K+ channels. K: delayed rectifier K+ channels. 

K(Ca): Ca2+-activated K+ channels. PMCA: plasma membrane Ca2+ ATPase. Ca: V-dependent 

Ca2+ current. SERCA: sarcoplasmic endoplasmic reticulum Ca2+ pumps. The red and green lines 

represent negative and positive feedback, respectively.  

 

Endoplasmic Reticulum Ca2+ pumps (SERCA pumps). Thus, the cytosolic Ca2+ changes in time 167 

according to 168 

𝑑𝑐
𝑑𝑡 = 𝑓H(𝐽JKJ + 𝐽LM)	, (5) 

  

where 𝑓H is the fraction of cytosolic Ca2+ that is free and the membrane and ER Ca2+ fluxes are 169 

 170 

𝐽JKJ = −(𝛼𝐼)* + 𝐽1O)/) , (6) 

𝐽LM = 𝐽PK*Q − 𝐽RLM)/ , (7) 

  

where 𝛼 is a parameter, the flux of Ca2+ through the PMCA pumps (𝐽1O)/) is  171 

 172 

𝐽1O)/ = 	𝑘1O)/𝑐	, (8) 
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with parameter 𝑘1O)/, and the leak of Ca2+ out of the ER (𝐽PK*Q) and pumping of Ca2+ into the ER 173 

through SERCA pumps (𝐽RLM)/) are 174 

𝐽PK*Q = 𝑝PK*Q(𝑐LM − 𝑐) , (9) 

𝐽RLM)/ = 𝑘RLM)/𝑐 , (10) 

  

where 𝑝PK*Q  and 𝑘RLM)/	are parameters. The free Ca2+ concentration in the ER, 𝑐LM, changes in 175 

time according to 176 
𝑑𝑐LM
𝑑𝑡 = −𝑓LM(𝑉U 𝑉LM⁄ )𝐽LM	, (11) 

  

where 𝑓LM  is the fraction of free Ca2+ in the ER, and 𝑉U, 𝑉LM  are the volumes of the cytosol and ER, 177 

respectively.  178 

 The K(ATP) conductance is assumed to be increased in proportion to the ratio of the 179 

nucleotides ADP and ATP, a simplifying assumption but adequate for our purposes. In the model, 180 

the ratio 𝑎 = ADP ATP⁄  changes in time according to 181 

 182 

𝑑𝑎
𝑑𝑡 =

𝑎6(𝑐) − 𝑎
𝜏W

	, (12) 

 183 

where the steady-state function is an increasing sigmoid function of 𝑐, 184 

 185 

𝑎6(𝑐) =
1

1 + 𝑒(X?U) AY⁄ 	, (13) 

 186 

with parameters 𝜏W and sa. We interpret this equation as representing the increase of ATP 187 

hydrolysis with calcium. The function r depends on the blood glucose concentration, G: 188 

 189 

𝑟 =
𝐺 − 𝑝X
𝐾X

	. (14) 

 190 

In figures, we typically plot the ratio ATP/ADP = 1 𝑎⁄ .  191 
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 Finally, the ionic currents are: 192 

 193 

𝐼)* = 𝑔)*𝑚6(𝑉)(𝑉 − 𝑉)*)	, (15) 

𝐼, = 𝑔,𝑛(𝑉 − 𝑉,)	, (16) 

𝐼,()*) = 𝑔,()*)𝜔(𝑉 − 𝑉,) , (17) 

𝐼,(/01) = 𝑔,(/01)𝑎(𝑉 − 𝑉,) , (18) 

 194 

with 𝜔 = U_

U_`,a
_  . The values used for the conductance parameters, and all other parameters, are 195 

given in Table 1. The full set of equations for the IOM is given in the Supporting Material. 196 

Computer codes for both the PBM and the IOM are available for free download from 197 

www.math.fsu.edu/~bertram/software/islet. 198 

 199 

𝑔)* = 1200 pS 𝑔, = 3000	pS 𝑔,()*) = 10 pS 𝑔,(/01) = 500 pS 

𝑉)* = 25 mV 𝑉, = −75 mV 𝐶 = 5300 fF 
𝛼 = 4.5 × 10?i fA-1 

µM ms-1 

𝜏8 = 16 ms 𝑓H = 0.01 𝑓LM = 0.01 𝑘1O)/ = 0.2 ms-1 

𝐾k = 0.3 µM 𝑣8 = −16 mV 𝑠8 = 5 mV 𝑣n = −20 mV 

𝑠n = 12 mV 𝑘1O)/ = 0.2 ms-1 𝑘RLM)/ = 0.4 ms-1 𝑝PK*Q = 0.0005 ms-1 

𝑉H 𝑉LM = 5⁄  𝑠W = 0.1 µM 𝜏W = 300,000 ms 𝑝X = 1.75	mM 

	𝐾X = 58	mM	    

Table 1: Parameter values used in the model. 

 200 

Experimental Methods 201 

Pancreatic islet isolation  202 

Male Swiss-Webster mice (25-30 g) were euthanized in accord with the policies of the 203 

University of Michigan Institutional Animal Care and Use Committee (IACUC). The pancreatic 204 

bile duct was cannulated, allowing the pancreas to be inflated using a solution containing 205 

collagenase P (Roche Diagnostics, Indianapolis, IN). The pancreas was then isolated from the 206 
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animal and digested further, allowing the islets to be freed from acinar tissue pancreas and hand-207 

picked, as described in (15). Individual islets were then transferred into RPMI1640 culture media 208 

supplemented with FBS (10%), glutamine, and penicillin/streptomycin. Islets were kept in culture 209 

in an air/CO2 incubator at 37o C for three days (15). 210 

 211 

Heterologous expression of the ATP/ADP reporter gene Perceval-HR and live cell imaging 212 

A replication-deficient adenovirus was used to express the Perceval-HR biosensor into 213 

pancreatic islet β-cells under the control of the rat insulin promoter to limit expression to β-cells 214 

(15). Islets were placed in a glass-bottomed chamber (54 µl volume) (Warner Instruments/Harvard 215 

Bioscience, Holliston, MA) on an Olympus IX71 inverted microscope equipped with a 20X/0.8 216 

N.A. objective (Olympus, Melville, NY). The chamber was perifused at 0.3 ml/min and 217 

temperature was maintained at 33°C using an inline solution and chamber heaters (Warner 218 

Instruments/Harvard Bioscience, Holliston, MA). Excitation light was provided by a TILL 219 

Polychrome V monochromator (F.E.I., Munich, Germany). Excitation (x) or emission (m) filters 220 

(Chroma Technology Corporation, Bellows Falls, VT) were used in combination with a 510lpxrxt 221 

dichroic mirror as follows: 400/20x, 490/20x, and 535/30m. Fluorescence emission was collected 222 

using a QuantEM:512SC camera (PhotoMetrics, Tucson, AZ) and excitation light was repeated 223 

every six seconds. A single region of interest was used to quantify the average response of the β-224 

cells using MetaFluor software (Molecular Devices, LLC, San Jose, CA) software. 225 

 226 

Analysis of imaging data obtained using Perceval-HR  227 

Statistical analysis was done using MATLAB. A linear mixed-effects model was fit using the 228 

MATLAB command fitlme to assess the dependence of the Perceval-HR fluorescence ratio on 229 

Time and Experiment. The model formula is: Ratio (493/403) ~ Time * Experiment + (1|Islet) + 230 

(1|Mouse), where the predictor Experiment corresponds to the different experimental protocols as 231 

described in Results. A further linear mixed-effects analysis was done to assess the dependence of 232 

the mean, amplitude, peak, and nadir values of Perceval-HR oscillations on Glucose in the case of 233 
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bursting islets. The model formula is: Ratio (493/403) ~ Glucose + (1|Islet) + (1|Mouse). Details 234 

of the results obtained are given in the Supporting Material. 235 

Results 236 

Mean ATP/ADP increases steadily with glucose concentration in models in which K(ATP) 237 

channels are not the primary oscillatory mechanism 238 

 It has long been debated whether bursting electrical activity is driven by oscillations in 239 

K(ATP) channel activity, or by another mechanism, with K(ATP) current simply setting the 240 

threshold for the production of oscillations once the channels are closed by increased ATP/ADP. 241 

Ideally, these two mechanisms could be distinguished by clamping K(ATP) conductance to its 242 

mean value. If the oscillations in the K(ATP) conductance drive bursting, then clamping the 243 

K(ATP) conductance should stop them. On the other hand, if other mechanisms mediate bursting, 244 

then preventing oscillations in K(ATP) conductance should not prevent oscillations in Ca2+ or 245 

electrical bursting.  246 

Two recent mathematical models of β-cell electrical activity are examples where bursting 247 

occurs because of the combined activity of ion pumps, transporters, and ion channels rather than 248 

due to K(ATP) conductance oscillations (24,29). We illustrate in Figs. 2A and B the predictions 249 

of the models of Cha et al. (24) and Fridlyand et al. (29) and demonstrate how electrical oscillations 250 

respond to clamping K(ATP) conductance to a fixed level at 3 min (as indicated by the arrow in 251 

the figure) for these cases. In both models, bursting electrical activity can be seen to persist even 252 

if oscillations in K(ATP) current are halted, highlighting the fact that these oscillations are not 253 

essential to bursting; the mean contribution of K(ATP) current to the depolarization observed is 254 

sufficient.  255 

In contrast, as shown by the simulations depicted in Figs. 2C and D using the Integrated 256 

Oscillator Model (IOM) or the Phantom Bursting Model (PBM) in (27), respectively, bursting is 257 

abolished by clamping the K(ATP) conductance at 15 min (indicated by the arrow), demonstrating 258 

that in these models oscillations in K(ATP) are essential to the production of bursting.  259 

While this intervention is straightforward to perform mathematically using a model, it is 260 

considerably more difficult to do experimentally in islets. Therefore, we directed our attention to  261 
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developing a simpler approach that does not rely on invasive interventions. Motivated by the 262 

importance of K(ATP) conductance oscillations described above, we instead focus on  263 

experimentally monitoring changes in nucleotide concentrations that occur in response to the 264 

application of a range of concentrations of glucose to isolated mouse islets.  265 

As Cha et al. showed using their model (24), ATP increases and ADP decreases as glucose 266 

concentration is increased. To demonstrate what happens when oscillations in K(ATP) channel 267 

activity do not drive bursting, we used the Cha model to simulate the responses expected for two 268 

different glucose concentrations, both of which result in electrical bursting. Fig. 3A shows 269 

simulated oscillations in membrane potential (𝑉) with the corresponding time course of ATP/ADP 270 

superimposed. ATP/ADP can be observed to oscillate, declining during the burst active phase and 271 

rising during its silent phase, as has been observed experimentally (14,15). Figs. 3B and C show 272 

instead membrane potential and ATP/ADP oscillations obtained with two levels of glucose, with 273 

only 𝑉 traces shown (3B) or ATP/ADP (3C). Figure 3B shows that the duty cycle (the ratio of the  274 

 
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 preceding oscillations. 
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active phase duration to the sum of the active and silent phase durations) is increased at the higher 275 

glucose concentration relative to the lower one, in agreement with experimental studies (30).  276 

Further, the ATP/ADP ratio is demonstrably larger at the higher vs. the lower glucose 277 

concentration; with peak, nadir, and mean levels all increasing with increased glucose (Fig. 3C).  278 

The responses to glucose concentration as simulated using the Cha et al. (24) and Fridlyand 279 

et al. (29) models are summarized in Fig. 4. Here, both the duty cycle and the mean ATP/ADP 280 

ratio normalized to its largest value (<ATP/ADP>n) are shown for glucose levels where the model  281 

 
Figure 3: Time courses generated with the β-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 = 7	mM and 11 mM for low and high 

stimulatory glucose, respectively.  
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cell is either silent (the lowest levels), bursting, or spiking tonically (the highest level). A 282 

duty cycle of 0 indicates that the model cell is silent, while a value of 1 means that it is tonically 283 

spiking.  284 

Values between 0 and 1 are obtained when the cell is bursting. In the case of bursting, mean 285 

ATP/ADP is computed over an entire burst period (the active plus silent phases).  286 

 In simulations performed using either model, <ATP/ADP>n increases at substimulatory 287 

glucose levels, when the model cell is silent, as has been shown experimentally (31). The rate of 288 

 
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.  
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increase in ATP/ADP is accelerated when the model cell enters the bursting state (e.g., duty cycle 289 

> 0), and <ATP/ADP>n continues to increase with glucose concentration at levels where the cell 290 

is bursting. Only at the highest glucose level, when the model cell enters a tonic spiking state, does 291 

<ATP/ADP>n decline slightly, due to the increased ATP hydrolysis that drives Ca2+ pumping. 292 

Overall, simulations carried out using either of these models predict a nearly monotonic increase 293 

in <ATP/ADP>n should be observed as glucose is increased and the model cell transitions from a 294 

quiescent electrical state to bursting states with progressively increasing duty cycle. This behavior 295 

is predicted for bursting that is predominantly driven by processes other than oscillations in 296 

K(ATP) current (e.g., models where bursting persists despite clamping K(ATP) conductance to a 297 

constant value, as in Fig. 2A, B). 298 

 299 

Invariance in mean ATP/ADP ratio when oscillations in K(ATP) current drives bursting  300 

We next wished to determine how ATP/ADP varies with glucose when oscillations in 301 

K(ATP) conductance drive islet bursting. To do so, we examined responses to changing glucose 302 

concentration using two mathematical models in which oscillations in K(ATP) conductance 303 

mechanistically drive bursting. Figure 5 shows the counterpart of Fig. 3 for the IOM (left panels) 304 

and for the PBM (right panels). In both models, the peak in ATP/ADP occurs at the beginning of 305 

the active phase and its nadir occurs at the end of the active phase (Figs. 5A and B), as is also seen 306 

using the model of Cha et al. The middle panels of the figure show the bursting patterns (𝑉 is 307 

depicted) produced in response to two levels of glucose. The burst properties change as glucose is 308 

raised; the active phases become longer, and the silent phase shorter, resulting in a larger duty 309 

cycle at higher glucose. Also, the ATP/ADP ratio rises faster in the silent phase and declines more 310 

slowly in the active phase when the glucose level is higher. This is a necessary consequence of the 311 

increase in plateau fraction, provided that the peak ATP/ADP value occurs at the start of the active 312 

phase and the nadir occurs at or near the end.  That is the prediction of the IOM and the PBM (Fig. 313 

5), but not consistently of the model of Cha et al. (Fig. 3), and is also in agreement with 314 

experimental data (14,15). Yet, despite these changes, the peak and nadir levels of ATP/ADP are 315 

the same at both glucose levels (Fig. 5E, F), as is mean ATP/ADP averaged over a burst period. 316 

This “ATP/ADP invariance” is in striking contrast with the predictions of the other models, where 317 

ATP/ADP rises steadily as glucose concentration is increased (Figs. 3, 4). In contrast, other aspects 318 

of the observed time course do change with glucose, such as the rate of rise and fall of ATP/ADP  319 
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(Fig. 5E). The reason for this invariance will be discussed later. The response of the IOM and the 320 

PBM models to a range of glucose levels is quantified in Fig. 6. In both these cases, at 321 

substimulatory levels of glucose (indicated by the 0 duty cycle), normalized ATP/ADP increases  322 

as glucose concentration is increased, as we saw for the other mathematical models (Fig. 4). 323 

However, unlike those models, normalized mean ATP/ADP is nearly flat over the range of glucose 324 

concentration where the model cell exhibits bursting. When the cell enters a tonic spiking state 325 

(duty cycle = 1), <ATP/ADP>n declines, as was seen with the other models. The flat region shows  326 

 
Figure 5: Simulations performed with the Integrated Oscillator Model (left panels) and the 

Phantom Bursting Model (right panels). (A, B) Bursting electrical activity with the ATP/ADP ratio 

superimposed. (C, D) Comparison of bursting at a lower glucose level (blue) and a higher level 

(orange). (E, F) Demonstration of invariance in the ATP/ADP peak, nadir, and mean at the two 

glucose levels. For both left and right panels, 𝐺 = 8	mM and 13 mM for low and high stimulatory 

glucose, respectively.  
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the ATP/ADP invariance property that was illustrated in Fig. 5. The lack of a rise in ATP/ADP 327 

when glucose increases may seem counter to expectations, but it results from the fact that in the  328 

 model, increased production of ATP is balanced by increased consumption over the course of 329 

each burst. This is discussed in more detail in a later section.  330 

 331 

 332 

 Experimental measurements using a fluorescent biosensor show the ATP/ADP invariance  333 

predicted by the models 334 

 The model simulations shown thus far predict that if bursting is driven by oscillations in 335 

K(ATP) current, then the peak, nadir, and mean values of ATP/ADP should be invariant over the  336 

 
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 Ca2+ pumps. 
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range of glucose where bursting occurs. Alternatively, if bursting is driven by another mechanism, 337 

then we predict that invariance should not be observed. To test this prediction experimentally, we  338 

 utilized the fluorescent biosensor Perceval-HR, which reports the ATP/ADP ratio selectively in 339 

islet β-cells (26). Islets were incubated in 5 mM glucose prior to increasing the concentration of 340 

glucose in steps, from 5, to 9, 11, 13, and finally back to 5 mM. In Fig. 7, the three panels shown 341 

depict Perceval-HR ratio measurements taken from islets of three different mice.  342 

 
Figure 7: Measurements of Perceval-HR fluorescence ratio from 12 islets 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 = -5e-05 min-1, p-value = 0.6; see Supporting Material). 
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 In response to increasing the concentration of glucose from 5 to 9 mM, most islets 343 

exhibited an immediate drop of their fluorescence ratio (Fig. 7A and 7C). This same drop was 344 

observed with the model, as shown in Fig. 6. Our model suggests that this reflects an increase in 345 

ATP hydrolysis by the Ca2+ pumps of the plasma and ER membranes. At 5 mM glucose the islet 346 

is at rest and Ca2+ influx across the plasma membrane is consequently small. At 9 mM glucose, 347 

where islet β-cells are bursting, each burst brings Ca2+ into the cell which must in turn be pumped 348 

out. As a result, the Ca2+ pumps are more activated, and more ATP is correspondingly consumed. 349 

For the three glucose levels where islets are bursting, we observed sawtooth-shaped 350 

oscillations in the ATP/ADP ratio. We observed small oscillation-to-oscillation variations in the 351 

patterns but not any systematic increase in ATP/ADP as glucose was increased (Experiment [1] in 352 

the statistical analysis in Supporting Material; slope = -5e-05 min-1; p-value = 0.6). Indeed, the 353 

peak, nadir, and mean levels we observed did not significantly increase over the range of glucose 354 

levels where bursting is seen, as predicted by models where K(ATP) conductance oscillations drive 355 

bursting (change in peak Perceval-HR ratio per mM glucose: -0.00322 mM-1, p-value = 0.0044; 356 

nadir: -0.00158 mM-1, p-value = 0.219; mean: -0.00339 mM-1, p-value = 0.055; see Supporting 357 

Material for details). The amplitude of oscillations also did not change significantly (-0.00164 mM-358 
1, p-value = 0.086). The data were therefore not compatible with the progressive increase in 359 

ATP/ADP predicted by the alternative models where bursting is driven by a different mechanism 360 

not involving K(ATP) oscillations, such as cyclic activation of K(Ca) channels or oscillatory ion 361 

pump activity (Figs. 3, 4). This agreement with our model prediction supports the hypothesis that 362 

the bursting oscillations of mouse islets are driven by oscillations in K(ATP) conductance, and 363 

again, our model suggests that increased ATP consumption during bursts prevents ATP/ADP from 364 

increasing despite the increase in glucose. 365 

When the glucose level was returned to 5 mM, all islets exhibited a decrease in 366 

fluorescence, sometimes following a transient increase (as in Fig. 7C). In all cases, the fluorescence 367 

level was observed to be lower in 5 mM at the end of the protocol than at the beginning. While 368 

more work is required to pin down the specific reason for this, our working hypothesis is that at 369 

higher glucose levels, the ER Ca2+ of bursting islets progressively increases due to increased 370 

cytosolic Ca2+ concentration driving ER Ca2+ loading. Once glucose is returned to 5 mM, however, 371 

Ca2+ drains from the ER into the cytosol, where it is pumped out of the cell by plasma membrane 372 
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ATPases. This extra pumping action, not present initially when ATP/ADP was low, consumes 373 

more ATP thereby reducing ATP/ADP, and in turn reducing Perceval-HR fluorescence.  374 

 375 

ATP/ADP invariance is lost when β-cells are prevented from bursting  376 

 In the data shown in Fig. 7 and the simulations produced using models of bursting driven 377 

by K(ATP) oscillations (Figs. 5 and 6), invariance in mean ATP/ADP occurs only at glucose 378 

concentrations where bursting is occurring. To further test this association, we examined how 379 

ATP/ADP changed with glucose over the same concentration range but under conditions which 380 

prevented bursting. Thus, we repeated the experimental protocol shown in Fig. 7, but now in the 381 

presence of the K(ATP) channel activator diazoxide (Dz, 200 𝜇M) and elevated extracellular KCl  382 

concentration (30 mM), a procedure widely used to clamp Ca2+ and voltage in β-cells (32). Dz was 383 

used to eliminate bursting at stimulatory glucose levels by pharmacologically opening K(ATP) 384 

channels, and KCl was used to clamp the Ca2+ concentration to a level comparable to that observed 385 

in control islets exposed to stimulatory glucose. With Dz and KCl present at these levels, bursting 386 

did not occur. 387 

Figure 8A shows a simulation of this experiment carried out using the PBM. With each 388 

increase in glucose concentration (shown by the arrows), ATP/ADP is predicted to increase. This 389 

is because while ATP production increases with glucose, the presence of Dz and KCl clamp Ca2+ 390 

to a fixed level, preventing a countervailing increase in ATP consumption due to bursting and 391 

allowing production to dominate.  392 

This was tested experimentally using Perceval-HR to measure ATP/ADP (Fig. 8B, C). 393 

When the glucose concentration was increased from 5 to 9 mM in the presence of 200 𝜇M Dz, the 394 

large drop of the florescence ratio typically seen (see Fig. 7) was no longer present. Instead, the 395 

ratio can be seen to rise in this case. As the glucose level was increased further, the ratio continued 396 

to increase (Experiment [2] in the statistical analysis in Supporting Material; slope = 0.0021 min-397 
1; p-value < 0.001). This monotonic increase confirmed the prediction of the model. Our 398 

interpretation is that the increase in ATP production was not offset by an increase in ATP 399 

consumption (as when islets are bursting) due to the clamping of cytosolic Ca2+ and thus a constant 400 

level of ATP consumption.  401 

 402 
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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 = 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, C) Two experiments in which islets were exposed to Dz (200 

𝜇M) and KCl (30 mM) and in which glucose was increased from 5 mM to higher levels, as 

indicated, before being returned to 5 mM. Each trace corresponds to an islet, and is 

representative of the protocol applied to 21 islets isolated from 2 different Swiss-Webster mice 

from 6 different sets of recording sessions. During the time interval where glucose 

concentrations were increased, we observed a significant positive slope in ratio vs time (slope = 

0.0021 min-1; p-value < 0.001). 
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 403 

 404 

ATP/ADP declines when ATP consumption is increased 405 

To test whether increasing ATP consumption while keeping production constant causes 406 

ATP/ADP to decrease Dz was again used to inhibit electrical bursting, but this time the glucose  407 

level was kept constant (5 mM), and we sequentially increased the extracellular KCl concentration 408 

instead to stimulate Ca2+ entry. A model simulation of this experiment is shown in Fig. 9A, where  409 

 
Figure 9: (A) Model simulation in which the membrane potential is clamped with diazoxide 

(Dz) and low glucose (𝐺 = 5	mM), and application of KCl was simulated by changing the K+ 

Nernst potential. At the first arrow 𝑉s = −60	mV, at the second 𝑉s = −50	mV, and at the third 

𝑉s = −40	mV. (B) Experiment in which islets were exposed to Dz (200 𝜇M) 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 4 different Swiss-Webster mice from 6 different sets of recording sessions. 

During the time interval where KCl concentrations were increased, we observed a significant 

positive slope in Ratio vs Time (slope = -0.0033 min-1; p-value < 0.001). 
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 the K+ Nernst potential (𝑉s) was increased at the time points denoted by the arrows, simulating 410 

the effects of stepwise increases in KCl concentration. The result of increasing 𝑉s  is to depolarize 411 

the cell membrane, opening Ca2+ channels and bringing more Ca2+ into the cell. This Ca2+ must  412 

then be pumped out and the increased hydrolysis of ATP needed to power the Ca2+ pumps to do 413 

this results in a decline in ATP/ADP.  414 

 To test this prediction experimentally, islets were exposed to Dz and to increasing levels 415 

of KCl, with glucose held constant at 5 mM (Fig. 9B). In each of the islets, an increase in KCl 416 

concentration resulted in a corresponding drop in Perceval-HR fluorescence. Thus, depolarizing 417 

the cell and increasing Ca2+ influx resulted in a net drop in ATP/ADP (Experiment [3] in the 418 

statistical analysis in Supporting Material; slope = -0.0033 min-1; p-value < 0.001), as predicted 419 

by the model. Our interpretation here is that increased ATP hydrolysis is necessary to power Ca2+ 420 

pumping due to the presence of KCl (11), increasing ATP demand.  421 

 422 

A mechanism for the ATP/ADP invariance seen when bursting is driven by K(ATP) 423 

conductance 424 

 Why is the mean ATP/ADP level invariant over the range of glucose levels at which the 425 

cell is bursting when the bursting is driven by K(ATP) current oscillations? The previous section 426 

suggests that this happens because the production and consumption of ATP by the cell are balanced 427 

during each oscillation cycle, but not when oscillations are absent. 428 

 To understand this in greater depth, we used a mathematical approach called fast-slow 429 

analysis, applied to the PBM used to demonstrate invariance in Figs. 5B and 6B. In fast-slow 430 

analysis, first introduced to the analysis of β-cell bursting by Rinzel (33,34), model variables are 431 

partitioned into those that change rapidly and those that change slowly during bursting. The 432 

subsystem of fast variables is then analyzed while treating the slow variables as slowly-varying 433 

parameters. In our case, membrane potential (𝑉), the activation of delayed rectifier K+ channels 434 

(𝑛), and free cytosolic Ca2+ concentration (𝑐) are all fast variables. The Ca2+ concentration of the 435 

endoplasmic reticulum (𝑐LM) and the ATP/ADP ratio (1 𝑎⁄ ) are slow variables. The long-term 436 

behavior of the three-dimensional fast subsystem is characterized as a bifurcation diagram, as 437 

shown in Fig. 10. Here, the slow variable 𝑐LM  is fixed at the value it takes on at the beginning of a 438 

burst active phase to focus on the more important changes in ATP/ADP. At each value of 439 

ATP/ADP the long-term behavior of the fast subsystem is shown, using 𝑉	as a readout.  440 
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 At low values of ATP/ADP, K(ATP) channels are largely activated, providing 441 

hyperpolarizing current that pins the cell to a negative resting state, near -70 mV. This is illustrated 442 

by the left portion of Fig. 10; each point on the solid black curve represents the resting 𝑉 value at 443 

the corresponding value of ATP/ADP. At the other extreme, when ATP/ADP is large, the K(ATP) 444 

channels are mostly closed, which greatly reduces the magnitude of the hyperpolarizing current.  445 

This puts the model cell into another resting state, but this time at a voltage near -30 mV. This is 446 

the case shown in the right portion of Fig. 10, where again the solid black curve is a curve of 447 

resting or “stationary” states. Between these extremes, the fast subsystem has two co-existing  448 

stable behaviors. One is a hyperpolarized steady state (points on the bottom solid black curve), 449 

while the other is a periodic solution that corresponds to the spikes during a burst. This periodic 450 

solution reflects spiking, with the minimum voltage of the action potential shown as a point on the 451 

bottom blue curve in Fig. 10, and the maximum voltage shown as a point in the top blue curve.  452 

Thus, for any fixed value of ATP/ADP between the green triangle (a homoclinic bifurcation, HM) 453 

and the green square markers (a Hopf bifurcation, HB), the fast subsystem can produce spiking.  454 

 
Figure 10: Bifurcation diagram of the fast subsystem (𝑉, 𝑛, and 𝑐) of the model used in Figs. 

5B and 6B. The slow variable 𝑐LM is held fixed at the value it takes on at the beginning of a burst 

active phase, 𝑐LM = 51	µM. The maximal K(Ca) conductance parameter is 𝑔s(uW) =10 pS. The 

black curves represent resting or stationary solutions; solid portions represent 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 maxima. There are three bifurcation points: HB=Hopf bifurcation from which the periodic 

branch emerges, SNB=saddle-node bifurcation where stable and unstable stationary solutions 

coalesce, and HM=homoclinic bifurcation. 
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However, between the green triangle and the purple square (a saddle-node bifurcation, SNB), the 455 

fast subsystem can also be quiescent. The system is therefore bistable over this parameter interval. 456 

The dashed curves in the figure represent unstable equilibria, where the system cannot rest but 457 

which influence its behavior. 458 

 The next step in the fast-slow analysis is to superimpose the bursting trajectory onto the 459 

fast-subsystem bifurcation diagram, as is shown in Fig. 11. During the start of the silent phase 460 

 
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), while the 

active-to-silent transition (leftmost dashed vertical line) occurs at the termination of the periodic 

spiking branch (the homoclinic bifurcation). The glucose concentration is 𝐺 = 8	mM. The color 

coding is purple=slow motion, green=fast motion, yellow=very fast motion (B) When the 

glucose level is increased to 𝐺 = 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), 𝑔,()*) =

10 pS. 
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(Fig. 11A), the system trajectory (purple) moves from left-to-right along the bottom stationary 461 

branch. The left-to-right motion occurs because the Ca2+ concentration is low and little ATP  462 

hydrolysis is needed to power the Ca2+ pumps, so ATP/ADP increases due to glucose metabolism 463 

(this is also observed in Fig. 5A). Once the trajectory reaches the rightmost dashed vertical line, 464 

which indicates the end of the lower stationary branch, it rapidly moves to the spiking branch, 465 

starting a burst active phase (green). The subsequent spiking that ensues brings Ca2+ into the cell, 466 

and ATP is consumed as Ca2+ pumps work to remove it. As a result, ATP/ADP declines and the 467 

trajectory moves leftward along the periodic branch until its termination point (the leftmost dashed 468 

vertical line). From here the trajectory returns to the bottom stationary branch, ending the active 469 

phase and starting the next silent phase.  470 

The peak ATP/ADP during bursting is the value at the silent-to-active phase transition (the 471 

rightmost dashed curve). Here, the conductance of K(ATP) current (𝑔,(/01); Eq. 18) is sufficiently 472 

small that the cell escapes from the resting state and begins spiking. The nadir of ATP/ADP is the 473 

value at which the active-to-silent transition occurs (the leftmost dashed curve). Here, 𝑔,(/01) is 474 

so large that the hyperpolarizing K(ATP) current stops the cell from spiking. These critical values 475 

are the same for any glucose level for which the cell bursts because it always takes the same amount 476 

of K(ATP) conductance to start or stop a burst active phase. The only thing that changes when the 477 

glucose level is changed is the rate at which ATP/ADP changes, i.e., the rate at which the trajectory 478 

travels rightward along the lower stationary branch (due to net ATP production) or leftward along 479 

the upper spiking branch (due to net ATP utilization). At lower glucose levels with lower ATP 480 

synthesis, the trajectory moves slowly (color coded as purple with short purple arrow) along the 481 

bottom stationary branch and rapidly (color coded as green with long arrow) along the spiking 482 

branch, so the duty cycle is near 0. At higher glucose levels with greater ATP synthesis, the 483 

trajectory moves rapidly along the stationary branch and slowly along the spiking branch, so the 484 

duty cycle is near 1. However, the peak and nadir levels of ATP/ADP, as well as mean ATP/ADP, 485 

are all invariant since the amount of K(ATP) conductance needed to start or stop the burst active 486 

phase is always the same (assuming that glucose has no direct effect on ion channels). This is 487 

demonstrated in Fig. 11B, which shows the fast-subsystem bifurcation diagram and the 488 

superimposed burst trajectory at a higher glucose level. This panel looks similar to panel A. All 489 

that has changed is how rapidly the trajectory moves along portions of the bifurcation diagram. 490 

Motion during the silent phase is fast (green with long arrow), while motion during the active 491 
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phase is slow (purple with short arrow). In this model, as long as the cell is bursting, changes in 492 

glucose will have no effect on the ATP/ADP peak, nadir, or mean values. This is the basis for the 493 

ATP/ADP invariance property observed in Figs. 5 and 6, and our experimental findings support 494 

this mechanism for invariance of mean, peak, and nadir ATP/ADP with changes in the glucose 495 

concentration.  496 

 497 

 498 

ATP/ADP invariance is lost when other currents contribute to drive the bursting  499 

We now consider the case where oscillations in K(ATP) current are not the prime driver of 500 

bursting. This is the case in fast bursting, where variations in K(Ca) conductance or some other 501 

process initiate and terminate bursts of β-cell spikes (24,27,35,36). In Fig. 4 we showed that in 502 

such a case the invariance we observed for the ATP/ADP nadir, peak, and mean values is lost. In 503 

Fig. 12 we demonstrate why this is the case. The figure was made using the PBM, which produces 504 

slow bursting driven almost entirely by variation in K(ATP) current when the K(Ca) conductance 505 

is low, and faster bursting driven primarily by variation in K(Ca) current when its conductance is 506 

high (27). The bursting is shown projected into two different planes, both with ATP/ADP on the 507 

x-axis. In the 𝑉 vs. ATP/ADP plane (Fig. 12A), with a small K(Ca) conductance (𝑔,()*) = 10 pS) 508 

the slow bursting trajectory is almost the same when 𝐺 = 8 mM (black curve) and when 𝐺 = 13 509 

mM (gray), for the reasons described above and in Fig. 11. That is, the SNB and HM bifurcations 510 

that start and stop each burst active phase are nearly the same at both glucose levels, so the nadir, 511 

peak, and mean ATP/ADP values are invariant to changes in glucose. With the faster bursting 512 

(period ~2 min when 𝐺 = 11 mM) produced with a larger K(Ca) conductance (𝑔,()*) = 300 pS), 513 

the projected burst trajectory is very different at the two different glucose concentrations. When 514 

the glucose concentration is increased from 8 mM (blue curve) to 13 mM (cyan curve) the burst 515 

trajectory is shifted rightward. This rightward shift results in an increase in the nadir, peak, and 516 

mean ATP/ADP levels. In this case, the SNB and HM bifurcations that start and stop each burst 517 

are right shifted. 518 

What is responsible for these differences between the low and high values of 𝑔,()*)? As 519 

described in the previous section, in the case of low 𝑔,()*), the primary intracellular variable 520 

controlling the transitions between active and silent phases is ATP/ADP. However, 𝑔,()*)	still  521 
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contributes but to a very small degree; even large, burst-driven changes in intracellular Ca2+ 522 

activate only a small K(Ca) current. On the other hand, when 𝑔,()*) is larger, the K(Ca) current 523 

can contribute significantly to burst initiation and termination, with Ca2+ entry and movement in 524 

and out of the ER taking on a more central role. The slow filling of the ER slows the rise of 𝑔,()*) 525 

 
Figure 12: In simulations with the PBM, ATP/ADP invariance to changes in glucose is lost 

when 𝑔,()*) 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 with 𝐺 = 8 mM (black) and 𝐺 = 13	mM (gray) 

glucose projected into the 𝑉 vs. ATP/ADP plane. The projections are nearly identical, in contrast 

to the case with faster bursting, where the trajectory corresponding to 𝐺 = 8 mM (blue) is to the 

left of that corresponding to 𝐺 = 13 mM (cyan). (B) Curves of saddle node bifurcations (SNB) 

and homoclinic bifurcations (HM) in the cER vs. ATP/ADP plane are identified using squares 

and triangles, respectively. The black curves correspond to slow bursting, while 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). 
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during the active phase, and the slow emptying of the ER slows the fall of 𝑔,()*) during the silent 526 

phase (27). 527 

 The shift in the two bifurcations can be viewed in the plane of cER and the ATP/ADP 528 

concentration (Fig. 12B), as was done in an earlier analysis (37). This plane is used to illustrate 529 

the shift in bifurcations because the range of cER values covered during bursting is different for fast 530 

and slow bursting, and for different glucose levels. For each value of 𝑔,()*) and 𝐺 the trajectory 531 

of cER and ATP/ADP forms a closed loop. 532 

The active phase starts when the trajectory reaches the curve of SNB bifurcations (black 533 

squares) and ends when it reaches the curve of HM bifurcations (black triangles). Both bifurcation 534 

curves are nearly vertical, indicating that their ATP/ADP values do not vary much with changes 535 

in the glucose level. Indeed, at higher glucose levels the burst trajectory is shifted upward (gray 536 

loop), but the ATP/ADP values that bound it on the left and right change little. In contrast, during 537 

fast bursting, both the HM and SNB curves bend dramatically rightward (blue curves with blue 538 

triangles and squares), becoming nearly horizontal. This indicates that an increase in the glucose 539 

level dramatically shifts the ATP/ADP levels at which burst active phases start and stop. Indeed, 540 

the projected fast burst trajectory is far to the right at a high glucose concentration (cyan curve, 541 

𝐺 = 13 mM) compared to the case of a lower glucose concentration (blue curve, 𝐺 = 8 mM).   542 

We quantify the progressive loss of invariance that occurs as control of bursting is shifted 543 

from K(ATP) current to K(Ca) current in Fig. 13, using the PBM as well as the more complex 544 

IOM model. In both models, fast bursting is produced by increasing the value of the K(Ca)  545 

conductance (𝑔,()*)). Figure 13 shows the duty cycle and <ATP/ADP>n over a range of values of 546 

glucose for three values of 𝑔,()*) for the IOM (left panels) and the PBM (right panels). The black 547 

curves represent the slow bursting (period ~6 min) analyzed in Fig. 6, while the orange curves 548 

illustrate the results obtained for fast bursting (period ≤20 sec). For each curve, the slope averaged 549 

over the range of glucose values that produced bursting was calculated by fitting straight lines 550 

using least squares and is plotted as a bar graph in the inset. The slope of the normalized ATP/ADP 551 

curves increases with higher values of 𝑔K(Ca) for both the IOM (panel A) and the PBM (panel B). 552 

That is, the invariance in the mean ATP/ADP value with changes in glucose is progressively lost 553 

as the role of K(Ca) current in driving bursting is increased. 554 

 555 

 556 
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Discussion 557 

 We have proposed a novel approach for determining whether bursting electrical activity in 558 

pancreatic β-cells is driven by activity-dependent oscillations in K(ATP) current. This method 559 

requires only that ATP/ADP be monitored in the islet at different glucose concentrations for which 560 

the islet cells are bursting. If there is invariance in the peak, nadir, and mean of ATP/ADP during  561 

the oscillations, then K(ATP) channels drive bursting. If there is no invariance, then K(ATP) 562 

channels alone do not drive bursting but would still help to set the level of depolarization of the 563 

membrane and the threshold where oscillations begin. We demonstrated these points using 564 

mathematical models (Figs. 3, 4, 5, 6), and verified ATP invariance using the fluorescent probe 565 

Perceval-HR to monitor the ATP/ADP level of single islets (Fig. 7). Such invariance does not 566 

occur at subthreshold glucose concentrations (14,31), or at stimulatory glucose levels when 567 

bursting is prevented by activating K(ATP) channels pharmacologically with diazoxide. Indeed,  568 

experiments where we blocked bursting demonstrated that increasing ATP production by 569 

increasing the glucose concentration resulted in an increase in the ATP/ADP ratio (Fig. 8), while 570 

increasing ATP utilization by depolarizing the cell and raising the intracellular Ca2+ level resulted 571 

in a decrease in the ATP/ADP ratio (Fig. 9). These data match predictions generated by the PBM 572 

and the IOM, but also match predictions from other β-cell models which differ from ours primarily 573 

in the mechanism for bursting (22,24). 574 

Although the ATP/ADP invariance property may seem counterintuitive, it has appeared in 575 

two previous studies, but its significance and implications for the mechanism of bursting were not 576 

explored (Fig. 3 of (14), Fig. 3 of (38)). In (14), the submembrane ATP/ADP level was measured 577 

with Perceval fluorescence, and in one islet recording it appears that the mean level was invariant 578 

over a glucose range of 9 to 20 mM (the regions where oscillations were evident). The invariance 579 

of peak and nadir values is not as evident, and it appears that the amplitude of the oscillations may 580 

grow with the glucose level. However, this was not quantified, and there appears to be significant 581 

burst-to-burst heterogeneity in oscillation amplitude for a single glucose level.  582 

It is natural to assume that ATP/ADP should increase when glucose is raised from one level 583 

to a higher level, as suggested in a recent review (1), since ATP production increases with glucose. 584 

Indeed, several studies showed an increase in islet ATP content or ATP/ADP ratio at higher 585 

glucose levels. However, in these studies no comparison was made between ATP/ADP at different  586 
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glucose levels at which the islet was bursting. For example, in one study most of the data points 587 

were obtained at basal glucose (Fig. 3 of (31)) and only one data point (at 10 mM glucose) likely 588 

corresponded to a bursting islet. At the basal levels, the ATP concentration increased with the 589 

glucose concentration, as predicted in our model simulations with the IOM and the PBM (Fig. 6). 590 

In another study, comparison was made at a very low glucose level (3 mM) when the β-cells would 591 

be electrically silent and at a very high glucose level (17 mM) when they would most likely be 592 

 
Figure 13: Quantification of the mean normalized ATP/ADP ratio (A, B) and duty cycle (C, D) 

over the range of values of glucose for three different values of 𝑔,()*) (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, C) has a period of ~6 min for 𝑔,()*) =

150	pS	(black curves), ~2 min for 𝑔,()*) = 300	pS (blue curves) and ~9 sec for 𝑔,()*) =

700	pS	(orange curves). The PBM (B, D) has a period of ~6 min for 𝑔,()*) = 10	pS	(black 

curves), ~2 min for 𝑔,()*) = 300	pS (blue curves) and ~20 sec for 𝑔,()*) = 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. 
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continuously spiking (39). In two other studies, batches of islets were averaged and it was not 593 

determined whether they were silent, bursting, or continuously spiking (Fig. 2 of (11), Fig. 5 of 594 

(40)).  595 

During bursting, the Ca2+ level is increased during each active phase, and the increased 596 

level results in increased ATP consumption to power Ca2+ pumps (11). With the longer duty cycles 597 

associated with higher glucose levels this consumption is greater, so even though ATP production 598 

is higher, so is ATP consumption. When an islet is bursting, these two effects exactly balance over 599 

the course of a complete active/silent cycle. We illustrated this using fast-slow analysis (Figs. 10 600 

and 11), where the essence of the argument is that if activity-dependent oscillations in K(ATP) 601 

channels alone drive bursting, then a burst active phase starts when ATP/ADP is sufficiently high 602 

(so the K(ATP) conductance is sufficiently low) and stops when ATP/ADP is sufficiently low (so 603 

the K(ATP) conductance is sufficiently high). The glucose level only determines how fast 604 

ATP/ADP rises and falls, which determines the duty cycle, but does not change the ATP/ADP or 605 

𝑔,(/01) levels required to start/stop burst active phases.  606 

It is often the case that the details of a mathematical model, such as specific values of 607 

parameters chosen, have a large effect on the behavior of the model. Fortunately, that is not the 608 

case with the invariance in mean ATP/ADP. Any β-cell model in which the bursting is driven by 609 

oscillations in the K(ATP) current would exhibit invariance in the ATP/ADP peaks, nadir, and 610 

mean. We demonstrated this using two different models in Figs. 5, 6. Indeed, this universality 611 

(illustrated in the fast-slow analysis of Figs. 11and 12) is precisely why ATP/ADP invariance 612 

implies that oscillations in K(ATP) current drives the bursting. In contrast, invariance in the mean 613 

ATP/ADP level would not be expected if bursting was driven by a mechanism other than 614 

oscillations in K(ATP) conductance (Figs. 3, 4). In this case, the initiation and termination points 615 

of a burst active phase are set largely by conductances that do not depend on ATP/ADP, so no 616 

constraint is imposed on the level of K(ATP) conductance, nor consequently the peaks and nadirs 617 

of the oscillating ATP/ADP levels.  618 

If a different channel other than K(ATP) drives bursting, and the activation/inactivation 619 

variable for that current were a target of glucose, then that variable would exhibit invariance, rather 620 

than ATP/ADP. As a demonstration of this, and that history indeed seems to repeat itself, this 621 

invariance argument was used by Himmel et al. in 1987 as evidence against Ca2+-activated K+ 622 

current (K(Ca) current) as being the mechanism for bursting in β-cells Himmel and Chay (41). It 623 
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had been proposed earlier by Chay and Keizer that K(Ca) channels drive bursting and that glucose 624 

acts by increasing the Ca2+ pump rate (21,42). That model predicted that cytosolic Ca2+ would rise 625 

and fall during bursting in a sawtooth manner, as for the ATP/ADP ratio used here (Fig. 5). 626 

Increasing the pump rate indeed increased the duty cycle in the original Chay-Keizer model, as 627 

desired, but as pointed out in (41), it had no effect on the mean intracellular Ca2+ concentration. 628 

Since an increase in mean intracellular Ca2+ is one factor responsible for triggering glucose-629 

dependent insulin secretion, the Ca2+ invariance clearly conflicted with the data and therefore 630 

argued against the assumption that K(Ca) current drives bursting or that the Ca2+ pump rate is 631 

glucose-dependent, or both. Both assumptions turned out to be incorrect. 632 

 Throughout the article, our main focus has been on “slow bursting”, which is bursting that 633 

exhibits a period of several minutes. However, mouse islets also exhibit a faster form of bursting 634 

having a period of 30 sec or less (43). It is almost certain that the mechanism for this “fast bursting” 635 

is different from that of slow bursting, and is likely driven at least in part by K(Ca) conductance, 636 

as originally proposed (21,42). For this fast bursting, then, we showed that increasing glucose from 637 

one stimulatory level to another would increase ATP/ADP (Fig. 13). More generally, the models 638 

(27,44) predict that as burst period varies from slow to fast, K(Ca) channels would play an 639 

increasingly large role while K(ATP) channels become progressively less important. We have 640 

found in model simulations that the slope of the ATP/ADP ratio vs. glucose curve within the burst 641 

increases continuously from 0 as the burst period decreases. Thus, others trying to replicate our 642 

findings may obtain a range of possible results, depending on the period of the oscillations in their 643 

islet preparations. Similarly, the invariance property would not hold if multiple currents work 644 

together to drive bursting if K(ATP) channels play only a minor role, as in (24,29), as we 645 

demonstrated in Figs. 3 and 4. Therefore, the ATP/ADP invariance is quite unusual, but also very 646 

informative, since it indicates both that for the slowest range of burst periods, K(ATP) current 647 

drives bursting and that the target of glucose is the nucleotide ratio.  648 

 649 

 650 

Conclusion 651 
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We used mathematical models to predict that if oscillations in K(ATP) channel conductance drive 652 

the slow Ca2+ oscillations of pancreatic β-cells, then ATP/ADP should exhibit invariance over 653 

glucose concentrations that support bursting. Our confirmation of this prediction supports the 654 

conclusion that K(ATP) channels are the primary drivers of slow Ca2+ oscillations and not merely 655 

passive followers of Ca2+-mediated changes in metabolism. The model indicates that this is the 656 

case because during oscillations, glucose-induced increases in mean Ca2+ due to increased ATP 657 

production are balanced by increased ATP consumption to pump Ca2+. We supported this 658 

interpretation experimentally by showing that when glucose is increased but Ca2+ is clamped, 659 

ATP/ADP rises, whereas if glucose is fixed and Ca2+ is increased, ATP/ADP falls. 660 
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