5 Supplementary material

5.1 Conductance of membrane proteins

The (electrical charge) currents entering Eq.1 and Eq. 4h@mselves dynamic quantities.
Channels are gated in dependence on the membrane potentiak presence of ATP, and on
glucose- and ion- concentration. The resulting curreneddp on the electrochemical gradient
over the membrane. So every membrane protein has its owaatkestics and the conductance
of passive or active ion flow depends on different other patars. In the following the different
membrane proteins (as listed in Tab. 1) and their gatingicproperties are described in more

Na,K | sodium-potassium exchanger (Nautwards, K inwards)

Na,V | voltage-gated sodium channels

NCX | sodium-calcium exchanger (Nanwards, Ca&" outwards)
PMCA | Plasma-membrane-calcium-ATPase{Cautwards)

K,ATP | ATP-driven (and glucose-dependent) potassium channels
K,V voltage-gated potassium channels (also called delayéfiegc
sK,Ca | small conductance calcium-gated potassium channel

K,Ca | large conductance voltage- and calcium-gated potassiamneth
Ca,L | L-type voltage-dependent calcium channels

Ca,T | T-type voltage-dependent calcium channels

Table 1:Acronyms of transmembrane proteins: Acronyms for the different plasma mem-
brane proteins contributing to ion flow through the membrane are defined. Inwards and
outwards specifies in which direction the ion flows, i.e. in or out of the cell.

detail. Currents through pores are generally approximiayeal linear voltage-current relation,
which infers currents proportional to the electrical pdi@rgradient (terms witd/ — V' with

V the reversal potential of the ion under consideration). $@ene channels and for extreme
depolarisations there might be deviations from this apipnation.

The activation dynamics of active carrier proteins reliegtee Hill-function

H(xz,xzp,n) = o , (6)

"+ axp

which can be derived from chemical kinetics.denotes some concentration, is the corre-
sponding concentration of half activation, ants the Hill-coefficient. Large: make the switch
between inactive and active states steeper.

The asymptotic state of activation and inactivation is désd by two functions of sigmoidal
shape
1

1+ exp{(z, —x)/k}
1

T+ exp{( —aw)/A}

Oact (.T, Th, K) =

(7)

Oinact (JI, Lh, )‘>
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Such sigmoidal functions are frequently used in literature the parameters of these functions
are determined in experimentsy, is the concentration of half-maximum value andnd \
regulate the activation and inactivation steepness, céisply. Inactivation is a property of ion
channels which will be handled in complete analogy to atbwa In a first approximation
ATPases driving ions against their chemical gradient aaetimated. Only the channels Na,V;
K,V; K,Ca; Ca,L; and Ca,T (see Tab. 3 and 4) are subject tdiveton.

5.1.1 The sodium-potassium exchanger Na,K

The sodium potassium exchanger transports sodium out akthand potassium into the cell.
Both transport processes are against the chemical gradeetitat this process has to consume
energy which is provided by ATP. The current is modelled as

Inax = Inax (1 —H(K, Knak,nNaxk)) H(N, f(Na,K, MNaK) s (8)

where Iy, x denotes the maximum current. The quantities used for tHefitittion are ex-
plained after Eq.6. The first term describes a decreasingtgavith increasing potassium
concentration. The second one an increasing activity witlheiasing sodium concentration
(see (49)). This approach follows approximations freqgyeatlopted in other models: The
adaption of Na,K-activity to sodium and potassium levelsssumed quick such that the steady
state approximation is justified. A direct impact of gluceseNa,K-activity ing-cells (50) and

a voltage-dependence of Na,K-activity (49) is neglected AAP-dynamics are not modelled,
the ATP-level does not influence Na,K-activity.

Activation dynamics: The used parameters follow those found in (49) to fit expeniadeac-
tivation dynamics. Good agreement is found with, k = 2 and Kn,x = 33mM as well as
NNak = 2 and Ky, x = 20mM for dependence on potassium and sodium, respectively.

Stoichiometry: The stoichiometry of the exchanger is 3:2, thus 3 sodium @&esxchanged
against 2 potassium ions entering the cell,d.¢, k = 1.5in Egs. 1 and 4. As both ions have the
valence 1 this corresponds t@ositive charges leaving the cell for 2 potassium ions @rger
the cell. Thus/y, x > 0 enters the different equation with different factosst for V Eq. 4,—2
for K, and+3 for V Eq. 1.

Turnover rate: The turn over rate of one ATPase measured as the consumgtiahRe
molecules per second Is, xk = 200AT P/sec ~ 0.00003pA in canine cardiac neurons (51),
where the last equality assumes one exchange of 3 sodiumpotdgsium per ATP.

5.1.2 The voltage gated sodium channel Na,V

The voltage gated sodium channel opens when the cell is aieged. The sodium ions then
follow their electrochemical gradient to flow into the cellhe current is therefore composed
of two factors, one describing the open-probability of thammnel, the other describing the flow
through the open channel:

Inav = hnavgnavinay (V — Vaa) (9)
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Vi is the sodium reversal potential, apd,v is the maximum conductance. The open and
inactivation probabilitieg;, hx, v are assumed to exponentially reach their asymptotic values
and, thus, follow the kinetic equations

dgNa,v _ Uact(va VNa,Va /fNa,v) — gNa,v
dt TNa,V

tha,V _ O-inact(‘/u WNa,V7 )\Na,\/) - hNa,V (10)
dt GNa,V ’

The parameters are explained after Eq. 7. thisy that defines the time constant of adaptation
of the sodium channel (the speed of conformity change) ipaiese to a changed membrane
potential, whiledy, v determines the time scale of channel inactivation.

Conductance: The single channel conductance of the voltage-gated sochamnel iSjx, v =
14pS as found in the squid axon (52). This value is consistent firiiings in other systems.
Taking the results in micg-cells (19), one has a single channel current @fi at —30mV
which (usingVx, = 80mV’) corresponds topS.

Activation properties: Activation is observed between60mV and —10mV (19). Thus, a
realistic approximation for the activation dynamic$ig, v ~ —35mV andsn. v ~ 8mV.

Inactivation properties: The role of voltage-gated sodium channels in insulin searedand
in membrane depolarisation is controversial. Dependingpmties, the half-maximal inacti-
vation is found at-109mV in mouses-cells (19) (where.6m M calcium were used, and at
less calcium the inactivation point was shifted to even lowstage) and total inactivation is
found at—40mV (27,33). Thus, one may estimaltéy, v ~ —100mV with a steepness of
Ana,v =~ 20mV (in order to get the observed total suppression of inaatimatt —150mV, and
total inactivation at-40mV’). This very low half inactivation potential if fully congent with
measurement in islet-cells (26) and suggests an unprobable major role in thérefgtysiol-
ogy of 5-cells (19), which is not confirmed in the present simulation

Time scales:According to the sodium currents as observed in squid gikomisand to the clas-
sical description by Hodgkin-Huxley the time constant divation depends on the membrane
potential (15). This is represented by

exp{(V —Vp)/a} + exp{(Vo — V)/b}

with ¢ = 11.5ms, a = 40mV, b = 50mV, andV, = —70mV. Similar v,y are found in
islet-3-cells (26). Note that the same simulation results are fowitld the constant average
value ofry, v = 3ms. Inactivation happens on a time scal&ef v = 4.6ms which was found
by two pulse experiments (15).

(11)

TNa,V

Calcium permeability of sodium channels:Sodium channels in neurons are in general perme-
able for calcium ions. Therefore, Na,V-channels are ekpliolocked with TTX in experiments

to investigate the opening dynamics of voltage-gated gad@hannels in order to separate these
from the currents through sodium channels (see e.g. (L&)%i@n permeability of Na,V is not
considered in the present approach.
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5.1.3 The sodium-calcium exchanger NCX

The sodium-calcium exchanger takes advantage of the etbetmical gradient of sodium

(pushing sodium into the cell) to transport calcium ionsiasfaits electrochemical gradient.

This exchanger is important to reestablish the resting stalcium concentration after an ex-
citable calcium influx into the cell. As in the case of the swmdipotassium exchanger a fast
adaption of the activity to the calcium concentration isuassd. The current is derived from a
corresponding Hill-function:

Incx = INCXH(CacNCXanNCX) . (12)

Typical values for the single membrane protein parametarsbe found in (12):Ixcx =
—0.0005pA (53) andCxcx = 0.0022m M (10). The Hill coefficient is assumed to hecx = 1.
This is justified by the linear relationship between the obs@ current and the calcium con-
centration as observed for low calcium concentrationsiidiaa cells (54). However, the NCX-
Hill-coefficient is controversial (2,11).

Stoichiometry: The stoichiometry of NCX is 3:1, i.exxcx = 3 in most tissues (10), thus
three sodium ions have to enter the cell in order to expel at@uwm ion. The net current of

NCX is one positive charge getting into the cell for everyaigd calcium ion. This infers that
Incx < 0. Incx enters the different equations with factet for the equation for the membrane
potential Eq. 4, a factor1 in the calcium equation, and a faciofx in the sodium equation

Eq. 1.

Impact of sodium-concentration: Note that in the present description Eq. 12 the sodium con-
centration does not enter, even though NCX activity alsaeddp on the sodium concentration
gradient (11). Even though the sodium dynamics is modeitad,assumed that the sodium
concentration gradient is approximately constant. Thisgwut to be a reasonable approxi-
mation. In contrast, to neurons, ificells peaks in the potential are dominantly generated by
calcium and not by sodium.

Impact of ATP: A dependence of the NCX activity on intracellular ATP cortcation has
been observed (55). This might be included in improved wessof this model that treat ATP
dynamically.

5.1.4 PMCA

PMCA is an ATP-driven calcium pump extruding calcium frone ttell to the extracellular
medium, which has been characterisedipells (56). In a first attempt the dependence on the
ATP concentration is ignored and the ATP-concentratiosssimed to be large enough to make
the pump work optimally. Then the activity is mainly depenten the calcium concentration
in the cell. A suitable modelling approach is (see also (2))

Irvica = IpvmcaH(C, Cpyica, npvca) - (13)

The maximum currenipy;ca IS positive, as it carries calcium out of the cell. A delayetiva-
tion of PMCA by increased calcium has been observed (57)wisineglected in the present
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model (using the steady state approximation).

Stoichiometry: One calcium ion is transported per used ATP molecule leatbinipe stoi-
chiometry ofapyica = 1 (58). This is surprising in view of the Hill-coefficient whicwas
determined to beipyica = 2 (59), which would suggest a corresponding stoichiometeg (s
also the discussion in (60)).

Turnover rate: The turnover rate of single PMCA is in the order of 30 Hertz)(&&responding

to an activity rate ok, = 0.03/ms (this value was also used in (3)). This turnover rate can be
translated into an electrical current: Every pumping eventesponds to a flow ¢ electrical
charges: leading tolpyca = 2caek, = 60 - 1.6 - 1079C /s ~ 10717A = 107 5pA.

Half activation concentration: Typical values for the half activation calcium concentrati
are Cpyica = 0.1uM (see e.g. (61) Figure 3). Note that the values of half actiaare
found to depend on the calmodulin concentration and theoisofunder consideration (61)
which is neglected in the present approach. The 4b-isof@sralslightly larger half activation
concentration 00.16u M (61).

ATP consumption: If modelling ATP concentration dynamics PMCA has to be cdesed as
a major consumer of ATP. Note that up40% of the ATP consumed to pump calcium out of
the cell is used by SERCA-ATPase, thus, not in the plasma meamelbut at the endoplasmatic
reticulum (22).

5.1.5 ATP-driven potassium channel K,ATP

The ATP-driven potassium-selective channel (also callezth@nel (8)) uses ATP to open the
channel and to release potassium from the cell. This prasekswever, also regulated by the
presence of glucose which is a source for ATP-metabolismitoamondria. At normal glucose

levels the channel has a resting state open probabilitygtwisicounteracted by the activity of
the sodium-potassium exchanger. Note that about 50% ofdtasgium current is mediated by
K,ATP channels (7). At increased levels of glucose the ampaf this channel is inhibited. The

single protein current is modeled by (see also Eq. 9):

]K,ATP = (1 - gK,ATP)gK,ATP (V - V_K) ) (14)
with
dgK,ATP _ Uact(v » VK, ATP; HK,ATP) — JK,ATP (15)
dt TK,ATP .

Here,~ is the glucose concentration. All other parameters arellrahalogy to the voltage-
gated sodium channel Na,V.

Ohmic conductance and calcium dependenceln the resting state the current dominantly
flows through this channel (27) which explains why the respotential is near of the potas-
sium reversal potential. It is controversial whether therent-voltage relation is ohmic ( (27)

versus (8,9, 26)). The latter authors show an ohmic relatidhe relevant range of membrane
potentials which justifies the present model (see (9) Fi¢8PFig. 1b). The opening frequency
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is observed to depend neither on the membrane potentialmtreocalcium level (9, 26, 27)
which justifies the present approximation Egs. 14 and 15.

Conductance: The conductance of single open channels is in the ordébe$ for relevant
membrane potentials (8) where also the dependence on ttesgllevel was investigated. This
is consistent with the finding that with increasing depaiation of the cell increasing outflow
of potassium is observed with a single channel conductainge orr = 54pS (9) (this value is
used throughout all present simulations). An approxinydieéar current-voltage-relationship
is found (9).

Activation time scale: The steady state approximation was used in two other modef.(
This points to a relatively shori arp. However, in an effective modelling approach (ignoring
ATP concentrations) the time constant does not represertirtie needed for the channel to
adapt to a novel ATP-concentration but the time needed ®fuh metabolism process from
glucose through ATP generation up to the changed open pititypalbhe whole process from
increased glucose levels up to exocytosis of insulin cagrgranules take 1 minute (62), which
defines an upper limit forg arp. Thus,mk aTp is chosen between this time and the time scale

Glucose-driven deactivation: As K,ATP provides the dominant part of potassium current in
resting state it is assumed that the half-deactivatioreentnation of K,ATP is around the resting
level of glucoseqk atp = 1.2mM). The steepness of the dependence on glucose is estimated
ASKK ATP = o6mM.

Modelling ATP-dynamics: The present simulation might be improved by inclusion of ATP
dynamics as done in (2,6). The functional relationship il sigported by experiment (21).
This will be subject of further research.

Other ATP-driven potassium channelsOther, novel, ATP-activated potassium channels have
been observed in mice and humans, however, they differ iractexistics. They are still poorly
defined but they are also believed to be involved in calciuailasons. One additional channel
found in humarp-cells has a single-channel potassium conductange;af (27).

5.1.6 The voltage-gated potassium channel K,V

The voltage gated potassium channel (also called delagéfieepotassium channel) increases
the potassium efflux from the cell once the cell is depoldtiSéhe potassium ions follow their
electrochemical gradient. The model for this channel isamplete analogy to the voltage-
gated sodium channel EqQ. 9:

Ixv = hxvoxviky (V —Vk) (16)
with
dgv Tact (V, Vi v, KK V) — K,V
dt TK,V
dhK,V _ Uinact(va WK,Va )\K,V) - hK,v (17)
dt Ok v .
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This is largely analogous to other models@®tell bursting (2, 4,5). However, the activation
characteristics are not consistent in these models anthiatign is not considered ( (4) includes

a different inactivating channel callég; therein). The present model is based on single protein
properties exclusively derived from experiment.

Conductance: Open channels have a single channel conductanggof= 10pS (27).

Voltage-dependent activation:K,V-channels in humam-cells were activated with &)0ms
depolarisations to different membrane potentials (29)enTthe membrane potential was re-
duced to -50mV and the current after this reset was monitofé authors find a sigmoidal
shape, centered &k v = 1mV and widthxk v = 8.5mV.

Time scale of activation: The activation time constant is assumed to depend on thatmite
in (3) according to
C

VT (V- V) a) + e —(V — V) /6) (18)

with ¢ = 60ms, Vk = —75mV, a = 65mV, andb = 20mV. This function is in agreement
with experiments where the time constant was found to vaiwd®ns8 and37ms (29).

Slow channel inactivation: For long depolarisations inactivation of the channels isepbed.
The characteristics al&x v = —25mV and widthAx v = 7.3mV (29). However, inactivation
is not observed withirl00ms so that we must conclude théty > 400ms. The value of
400ms is used in all simulations.

5.1.7 Calcium-gated potassium channel K,Ca

There are two-types of calcium-gated potassium channé¢h &uen in dependence of intracel-
lular calcium levels. However, the conductance, the rarfgmalcium concentrations optimal
for channel opening, and the dependence on the membransipbtkffer strongly.

This section describes the large conductance calciundgat@ssium channel which also ex-
hibits a dependence on the membrane potential. The depsndénhe open probability on
calcium is assumed to be in steady state and described by-tuhiition. \Voltage-gating is
described by on Ohm-like approach with dynamic gating ($e®B&g. 9).

]K,Ca = UJK,CadK,Ca (V - vK) H(C, CK,Caa nK,Ca) s (19)
with
dgK,Ca _ Uact(va VK,Caa KK,Ca) — JK,Ca (20)
dt TK,Ca

All parameters are in analogy to other proteins describ&aréeThe models (2,4,5) differ from
the present one by very large Hill-coefficients (betwgand5) in a single Hill-function. A very
detailed model of K,Ca-dynamics was developed before (3&fe a more phenomenological
approach to single K,Ca-channel characteristics is falbw

Ohmic conductance: The calcium-gated potassium channel is rapidly activapeshulepolar-
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isation and show a linear current-voltage relation (27)isThstifies usage of an Ohm’s law
current.

Conductance: The conductance of single-channgisc, = 220pS is rather large (27). This is
also confirmed in rat muscle cells with values of up@0p.S depending on the temperature (14).

Opening dynamics: Experiments with rat muscle cells (14) show a dynamic atitivan de-
pendence on the membrane potential and of the calcium ctvatien (see also (27)). A sig-
moidal opening probability is found for constant membraotptial in dependence of different
calcium concentrations (see (14) Fig. 6), but also for comtstalcium with variable membrane
potential (see (14) Fig. 8).

In a first approximation the opening dynamics is modelled pyaaluct of a sigmoidal function
and a Hill-function as shown in Egs. 19 and 20. However, tipigreach turns out to be in
contradiction to the data in (14). In order to reproduce éh@gasurements more accurately,
a dependence of the half activation calcium concentratigr. (V') on the voltage has to be
assumed (see Figure 12):

dCkca  CRcaV) = Cka
dt B TK,Ca '
. o a—-V

with a = 45mV andb = 30mV/, and the same time delay than for the direct voltage-deperde
(assuming related mechanisms). This is combined with add#ifficient ofnk ¢, = 2 and the
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Figure 12:Voltage-dependence of half activationThe steady-state voltage-dynamics of
the half activation calcium concentration Cg°., following Eq.21 with a = 45mV and
b = 30mV. Note that the dynamics is relevant at physiological membrane potentials.

sigmoidal function for the voltage-dependent activatiathWi ¢, = —40mV and kg c. =
25mV. We then get the result shown in Figure 13. A physiologictdnpretation of Eq. 21 is
not obvious. Basically this equation says that less calagaimeeded to reach the same level
of activation when the cell is more depolarised. If the delegice of the opening probability
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Figure 13: Opening probability of K,Ca using a product of a sigmoidal function (for
V) and a Hill-function (for calcium). The calcium concentration of half activation is
assumed to depend on the membrane potential according to Eq.21. The results are
shown varying calcium (left panel) or the membrane potential (right panel). There is
good agreement with the data in Fig. 8 (14). Parameters are a = 45mV, b = 30mV/,
NK,Ca = 2, VK,Ca = —40mV, and KK,Ca = 25mV.

on voltage and calcium level are supposed to correspond dadifferent molecular gating-
mechanisms, then this equation says that either depdlariszcts on both mechanisms or the
mechanism influenced by depolarisation acts back on théuocaldependent mechanism. A
concise interpretation is, however, lacking, and has tddmiied in further experiments.

Inactivation: Inactivation was only rarely observed. In rat muscle célés¢hannels remained
open for several hundred milliseconds (14). Thus, inatitiweof these channels is neglected in
the model.

5.1.8 Small conductance calcium-gated potassium channdé{ £a

In addition to the potassium channel K,Ca described in 8e&il.7 a small conductance vari-
ant of a calcium-gated potassium channel is expressed oreeticS-cells (38,42). The small
conductance version is denoted by sK,Ca and is modelled as

IsK,Ca = UsK,Ca JsK,Ca (V - V_K) (22)
with
dgsK,Ca _ Oact (C, CsK,Cau KsK,Ca) — JsK,Ca (23)
dt TsK,Ca .
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Channel opening is mainly determined by calcium levels,(80jile the membrane potential
was not reported to have impact.

Conductance: The sK,Ca-channel is characterised by a low single charorawctance of
Jsk.ca = 0.5pS (63). At physiological ionic gradients1pS were found.

Activation and inactivation time scales: Activation of the channel happened with a time con-
stant of2.3s. Deactivation after stop of stimulation was exponentiahwi5s (30). Deactiva-
tion shall not be confused with inactivation here, becabhsechannel is not known to inactivate
during calcium levels being high. These time scales incthéetime of rising and decreasing
calcium levels, thus, overestimate the real time scale gfakactivation. The exact activation
time scale is taken from corresponding measurements andlhmgdvork 7.k c. =~ 75ms (64).
Note that the observed increased duration of opening falaslapge calcium concentrations is
neglected here. Because activation is relatively slowchi@anel activity cannot be modelled in
the limit of steady state, which gives rise to Eq. 23.

Calcium-dependent opening dynamics:The steepness of activation and half activation cal-
cium can be estimated on the basis of the observation thdtyatqdogical calcium the current
is only 20% of its maximum (63). It reache¥)% of the possible current after stimulation (30).
At the end of a burst the calcium level is abaat20-fold. Thus

Oact (007CSK,Ca> KvsK,Ca) = 0.2 and Oact (15007CSK,Ca7 KVSK,Ca) = 0.9
- Csta ~ 0.64,[LM and RsK,Ca = 0.39 ,LLM . (24)

These values are consistent with the activation curve fau(@#) (Figure 1, therein) in xenopus
oocytes, where a Hill equation with half value®74..M was used.

5.1.9 \oltage-gated calcium channels Ca,L/T

Voltage-gated calcium channels induce the inflow of calgifwiowing the electrochemical
gradient of calcium, after an initial depolarisation of #edl. There are different subtypes of
these channels which differ in their responsiveness. Tharmnt types ins-cells resemble L-
and T-type channels (27) which can be classified as HVA- ardtéNannels, respectively. The
equations for these channels are in analogy to the voltaggggodium channels Eq. 9

Icar, = hcar (1 — H(C,Ccar,ncar)) gcardcar (V — Vea) (25)
with
dgCa,L _ Uact(va VCa,La KCa,L) — gcCa,L
dt TCa,L
dha inac MWa 7)\3 _ha
Cal _ g t( Ca,L, \C ,L) Ca,L (26)
dt eca’L

For T-type channels all L's in the subscript have to be regdaloy T. The terml — H{(...)
appears only for L-type channels and has to be replacddftryT-type. While HVA-channels
were included in different ways in other models, LVA-chalsneere neglected in all other
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models. In the following a set of experiments providing dpgrcharacteristics of L- and T-
type channels are summarised. The simulations will relyherstngle protein characteristics as
provided in (18).

Single T-type (LVA) channel properties: Open T-type channels show a single protein con-
ductance ofgc,t ~ 10pS (18) (measured in dendrites of pyramidal neurons in CAL hip-
pocampus). They open already for membrane potentials esting potential in the range
of —70 to —30mV with a half opening at-55mV (27). The threshold for opening was also
measured in adrenal medulla endothelial cells (in wholepagch-mode) to be-50mV with
Vear = —30mV (65) (this experiment uses calcium and not barium). Thestiolel value of
—50mV was also found in (18) withc, r = —32mV. This consistently infersc, v ~ 10mV

in order to find low activity at the activation threshold. &®tl,xc,r = 7.0mV was found

in (18). For inactivatioi¢, 1 = —67mV andAc, r = 6.5mV are reported in (18). Activation
happens on a time scale af, r = 10ms while inactivation is rapid (27) but is slower with
Ocar = 18ms (65).

Single L-type (HVA) channel activation: Open L-type channels show a single protein con-
ductance ofgc,r, ~ 27pS (18), measured in dendrites of pyramidal neurons in CAL hip-
pocampus. In3-cells a single-channel conductance2apS was found (35). Activation is
fast: 7c, 1, = 6ms (18). Activation is found between -40 and OmV ( (27), (65) imhole-
endothelial cell measurement, and (34) in whole-cell mesasants of mousg-cells). The ac-
tivation threshold is higher20mV in CAl-pyramidal cells (18). The half maximal activation
potential isV, 1, = —18mV (65) with a width ofkc, 1, = 10mV. In CAl-pyramidal neurons
measured with bariuic, 1, = +9mV is found withkc, 1, = 6mV (18) (however, activation
depends on the barium concentration in the patch). Chahaehcteristics have also been mea-
sured ing-cells with Vi, 1, = —3.8mV andrc, 1, = 8.4mV (35). The variability of whole-cell
measurements of the currents is presumably related taelitfgorotein densities in different
cell types rather that to different single-channel chamastics — see (65) and references in the
discussion of L-type channels. Another ambiguity comemftbe replacement of calcium by
barium for technical reasons, which induces differencébérmeasured conductance.

Calcium- but not voltage-dependent L-type inactivation: Voltage-dependent inactivation
is not observed for L-type ( (27), (34) iftcells, (65) in endothelial cells, and (66) in bovine
chromaffin cells (whole-cell measurement), (18) for CAXgwgidal neurons). Thu8¢,, > 1s

is used. Note that the half inactivation potential and tleeghess are irrelevant under these
circumstances. Alternatively one could simply Bef 1, = 1.

However, there is an experiment showing inactivation oyjhet channels in cardiac cells upon
increased calcium levels (67), which is also foung@ioells (34). Inactivation was characterised
by a Hill-function with Hill-coefficientnq, 1, = 1 (thus suggesting inactivation to be mediated
by the binding of calcium ions to a single regulating site @arL-protein) and half maximal
inactivation atCc, 1, = 4 M. This behaviour is included in this model for the first timethg
additional factorl — H(C, Cca 1, near) in Eq. 25.

Sodium conductance:In the same paper (35) it is also shown that the L-type caldamnels
exhibit large conductance dfipS for sodium, which is not considered in the simulations.
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5.2 The leakage currents

The leakage currents in Egs. 1 and 4 are calculated in theysséate approximation.

SS SS SS
—JINa = pNa,VINaN + QpNa,KIN&KOéNa,K + pnoxINexaNnex
_ SS SS SS SS SS
—Jk = prarplg are T P VIKy + psk.calik ca T PR CalK ca — 2PNak INak
SS SS SS SS
—Joa = PCa,L]C&L + PCa,TICa,T - ZCaPNCXINCX + PPMCA]PMCA > (27)

where the superscript ss denotes the steady state quanfitiee calculated leakage currents
guarantee that the cell exhibits a stable steady state atdhé cell returns to its resting
state after stimulation. In most alternative approacheddebkage currents were not consid-
ered (e.g. (3-5)).

The steady state currents are calculated from the steaayagtproximation of all kinetic equa-
tions for the open probabilities. These are evaluated onbdises of a set of properties in the
resting state 1y, v, No, Ko, Co }.

ﬁlsa,K = INa,K(l_H(KO7KNa,K7nNa,K>)

Rov = Gact(Vo, Viav, Anav)INay (Vo — Vaa)
¥ox = InoxH(Co, Onex, nnex)
Ipvca = IpmcaH(Co, Cryca, npnca)
IZarp = (1= 0uct(70, Yk.aTP: fix,aTP)) TraTP (Vo — Vi)
]IS<S,V = 0acs(Vo, Vv, B V) TRV (Vo - W()
Koa = Oact(Co, Ok, Cas Fsk,Ca)Tek.ca (Vo — Vi)
IIS(S,Ca = ?K,Ca (VO - V_K) H(Cm CK,Ca(VO)7 nK,Ca)Uact(Vo, VK,Ca, RK,Ca)
Car. = Oact(Vo, VoaL, KCaL)GCaL (Vo — Vea)
IGr = 0act(Vo, Vear, kcar)gcar (Vo — Vea) (28)

whereCk c.(Vp) is calculated with Eqg. 21. The intracellular resting coricaions of ions are
givenin Tab. 2:Ky = 95mM (68), Ny = 20mM (68),Cy = 0.1uM.
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5.3 Additional figures
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Figure 14:The dynamics of the reversal potential:The time course of the reversal poten-
tial and the membrane potential (black full line) are depicted. The calcium curve clearly
exhibits changes of the reversal potential during a burst. These dynamics influence the
burst duration.
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Figure 15:Comparing bursts during long-term stimulation: High resolution pictures of
bursts at the beginning and at the end of the stimulation period of one hour are com-
pared. At higher sodium level (170% at the end of the glucose stimulation period) the
spiking and bursting baselines are slightly elevated, the spiking amplitude is reduced,
the duration of the burst is shortened, and the overall calcium level is increased.
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Figure 16:Simulation with a mutated K,ATP-channel: A mutated variant of the K,ATP-
channel (31) is simulated by increasing the half inhibition glucose concentration vk arp
and the width xx arp by a factor of 10. The mutated cell exhibits a steady state. Stimu-
lation with 20m M glucose at t = 3s induces only a tiny increase of the resting potential.
Then K,ATP is blocked in three steps to 50, 40, and 30% at t = 20, 50, 80s, respectively.
This induces fast spiking, bursting, and continuous spiking, respectively. The restora-
tion of electrical activity in the mutated variant of the K,ATP-channel by tolbutamide-
block was also found in experiment (31).

5.4 Parameter lists
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Variable model Figure 2| full model Figure 3| unit reference

use leakage currents no yes boolean —

use inactivation yes yes boolean —

PMCA feedback td” no yes boolean -

cell radiusR e 6.1 6.1 um (69,70)

Cm 10 10 fF/um? | (71,72)

T 310 310 K —

Yo 1 1 mM (62)

Tstimualtion none 10 mM (28,72)

Vo —70 —70 mV known

Ko 95 95 mM (68)

Koxt 5.7 5.7 mM Eq.5:Vk = —75mV
No 20 20 mM (68): 20, (73): 36
Next 400 400 mM EqQ.5: VNa = 80mV
Co 0.1 0.1 uM known

Cloxt 1.5 1.5 mM Eq.5: Voa = 128mV
use Nernst no yes boolean —

correctVe, no 78 mV (15): Voa = 50mV
calcium binding sitegg 1.0 1.0 mM (3): 0.3mM; 1.0 implies fca =~ 0.1%
K. 1 1 uM (74)

Table 2: General framework of the simulations: The parameters as used in the full
simulation in Figure 3 and the parameters needed to reproduce the model (3) (see
Figure 2) are listed. Note that the latter differ from the values used in (3) and are
adapted to today’s knowledge. References given without comment support the value
used in the full model.
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Variable model Figure 2| full model Figure 3 | unit reference
INax none 0.00003 pA (51)

KNa,K none 33.3 mM | (49)

NNa,K none 2 # (49)

KNaK none 20 mM | (49)

Na,K none 2 # (49)

QNa,K none 1.5 Na/K | known
IK,ATP none 54 pS (8,9,27)
TK,ATP none 1 s relatively slow
VK, ATP none 1.2 mM | large current at resting state (7
KK, ATP none 6 mM | (26)

TR 10 10 pS 27)

TK,V Eq.18 Eq.18 s (29)

half maxri v 0.03 0.03 s 8ms < Tk, v < 37ms (29)
Vv —15 1.0 mV (29)

KK,V 5.6 8.5 mV (29)

Ox,v none 400 ms (29) < 400ms
Wk, v none —25 mV (29)

MK,V none 7.3 mV (29)

JsK,Ca none 0.5 pS (63)

Csk,Ca none 0.64 uM (30,64)
KsK,Ca none 0.39 uM (30)

TsK,Ca none 75 ms (64) Figure 13
TK.0n 220 220 pS @7), A4):-f(T)
CK.Ca 0.001 Eq.21 mM | (14): f(V)
nK,Ca 3 2 # (14)

TK,Ca none 100 ms estimated

VK, ca none —40 mV (14)

KK,Ca none 25 mV (14)

9INa,V none 14 pS (52)

TNa,V none Eq.11 s (15, 26)
WNa,v none —-35 mV (29)

KNa,V none 8.0 mV (29)

ONa,v none 4.6 ms (15)

WiNa,v none —109 mV (29, 26,27)
ANa,V none 20 mV (19, 26, 33)

Table 3:Properties of single sodium and potassium conducting tramaembrane proteins:
Properties of sodium and potassium conducting membrane proteins. References given
without comment support the value used in the full model. A comment of the form f(.X)

denotes that the reference claim a dependence on the variable X.
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Variable model Figure 2| full model Figure 3| unit reference
Incx none -0.5 fA (53)

Cnex none 1.8 uM (20)

NNCX none 1 # (12)

aNCX none 3 Na/Ca (20)

Ipnca 0.01 0.01 fA (53)

Cpmoa 1.8 0.1 uM (61)

NPMCA 2 2 # (59)

QPMCA 1 1 Ca/ATP | (58)

JCa,L 27 27 pS (18,35)

TCa,L 1 6 ms (18): fast
Vea,L 0.0 0.0 mV (18,35,65)
KCa,L 12 12 mV (18,27,35)
Oca,L 10 10 s (18): no inact.
Wea,L 100 100 mV (18): no inact.
ACa,L 10 10 mV (18): no inact.
Cca,L none 4 M (34,67)
NCa,L none 1 # (34,67)
9Ca,T none 10 pS (18)

TCa,T none 10 ms (65)

Vea,T none -30 mV (18)

KCa,T none 7.0 mV (18)

Oca,T none 18 ms (65)

Wea,T none —67 mV (18)

ACa,T none 6.5 mV (18)

Table 4: Properties of single calcium conducting transmembrane prteins: Properties
of calcium conducting transmembrane proteins. References given without comment
support the value used in the full model.

Variable || model Figure 2| full model Figure 3| unit reference

PK,ATP none 0.08 /um? | ~ 0.3 (islets) (26, 30)

PK,V 0.24 4.9 /um? | 1 — 7 (isolated) (29)
PsK,Ca none 0.6 /um? | 0.5 — 1.1 (isolated) (30, 63)
PK,Ca 0.08 0.4 /pm?

PNa,K none 2000 /um?

PNa,V none 1.4 /um? | ~ 1 (isolated) (19, 33)
PNCX none 14 /m?

PPMCA 10000 1100 /pm?

PCa,L 0.1 0.7 /um?2 | 0.3 — 0.9 (isolated) (29, 32-35)
PCa,T none 0.15 /um? | species-dependent

Table 5: Densities of ion-conducting transmembrane proteins:The densities of trans-
membrane proteins as used in the two simulation set-ups are listed. These parameters
were estimated by whole cell conductance data (see references) and used as fit pa-
rameters for the simulations. The currents differ strongly between experiments in intact
islets and with isolated (3-cells (factor 2 — 7 less, e.g. (30)), thus, the system is specified
and if the relative factor is known it is incorporated into the value. The data stem from
mice, rats or humans. Note that the large PMCA-density is a result of an unrealistic
half activation calcium concentration used in (3) (see also Tab. 4).
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