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Abstract

Insulin is released from pancreatic 3-cells as a result of Ca?T-evoked exocy-
tosis of dense-core granules. Secretion is biphasic, which has been suggested
to correspond to the release of different granule pools. Here we review and
carefully reanalyze previously published patch-clamp data on depolarization-
evoked Ca?"-currents and corresponding capacitance measurements. Using
a statistical mixed-effects model, we show that the data indicate that pool
depletion is negligible in response to short depolarizations in mouse [-cells.
We then review mathematical models of granule dynamics and exocytosis in
rodent S-cells and present a mathematical description of Ca?*-evoked exocy-
tosis in human S-cells, which show clear differences to their rodent counter-
parts. The model suggests that L- and P/Q-type Ca?"-channels are involved
to a similar degree in exocytosis during electrical activity in human [-cells.

Keywords: Insulin secretion, Large dense-core vesicles, Cell membrane
capacitance increase, Ca?" microdomains, Ca?" sensitivity, Mixed-effects
model
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1. Introduction

The polypeptide insulin is released from pancreatic S-cells at high glucose
levels to lower blood-sugar levels by promoting glucose uptake by muscles and
adipose tissues in addition to reducing glucose output from the liver. The
release of insulin is biphasic; a first rapid phase of secretion is followed by a
second phase with slower release (Curry et al., 1968). Prior to release insulin
is contained in secretory granules. These granules are transported to the
plasma membrane via the microtubules (Varadi et al., 2002; Ivarsson et al.,
2004), and actin networks (Ivarsson et al., 2005). At the plasma membrane
the granules are docked and primed through Ca?*, temperature- and ATP-
dependent processes (Proks et al., 1996; Renstrom et al., 1996; Eliasson et al.,
1997). Ultrastructural analysis (Olofsson et al., 2002) in single mouse [-cells
has revealed that ~700 out of the total ~10 000 granules are docked to the
plasma membrane. Of these ~200 are primed and readily releasable.

The main pathway of glucose-stimulated insulin secretion is well-established
(Ashcroft and Rorsman, 1989; Misler et al., 1992; Henquin, 2000). Glucose
enters the [-cell through GLUT glucose transporters and is then metabo-
lized. The resulting increase in the ATP-to-ADP ratio leads to the closure
of ATP-sensitive KT-channels, which allows a leak current to depolarize the
plasma membrane and trigger electrical activity. The depolarizations open
voltage-dependent Ca?*-channels, and once the intracellular Ca?* concentra-
tion increases by influx of Ca?* through the Ca?"-channels (Ammaéli et al.,
1993b) the granules fuse with the plasma membrane and insulin is released.

The understanding of processes involved in exocytosis of insulin granules
has increased tremendously during the last 20 years through the introduction
of techniques such as carbon fibre amperometry (Smith et al., 1995), TIRF
microscopy (Ohara-Imaizumi et al., 2004), and live confocal imaging (Ivars-
son et al., 2004), but also capacitance measurements in combination with the
patch-clamp technique (Gillis and Misler, 1992). Using the latter method, we
and others have suggested that granules can be divided into different func-
tional pools prior to release [see e.g. Eliasson et al. (2008)]. Granules docked
and primed at the plasma membrane belong to the readily releasable pool
(RRP). A subset of this pool termed the immediately releasable pool (IRP)
is situated in close contact to the L-type Ca?"-channels [~10 nm distance;
Wiser et al. (1999)]. Granules within the IRP are accordingly situated within
the Ca?"-channel microdomains. The majority of the granules belong to a re-
serve pool (RP) and these needs to be transported, docked and primed prior



to release. On a cellular level it has been suggested that first phase insulin
secretion is equivalent to release of granules from the IRP/RRP and second
phase insulin secretion correspond to the release of granules from the RP
(Daniel et al., 1999; Eliasson et al., 2008). Interestingly, first phase insulin
secretion is lacking in patients with type 2 diabetes (Hosker et al., 1989) why
studies investigating the control of the IRP/RRP is of great importance.

In addition to the triggering pathway described above, an amplifying
pathway is acting to augment insulin release (Henquin, 2000). The ampli-
fying pathway is also referred to as the KATP-independent pathway, and it
is not activated until the triggering pathway has depolarized the membrane
and increased intracellular Ca?". The amplifying pathway can be inves-
tigated under depolarized conditions bypassing the KATP-channel such as
when stimulating insulin secretion using high K* in presence of diazoxide
(Gembal et al., 1992) or performing patch-clamp capacitance measurements
(Gillis and Misler, 1992; Ammaéla et al., 1993b) The most known amplify-
ing factors are ATP (Eliasson et al., 1997) and cAMP (Gillis and Misler,
1993; Renstrom et al., 1997). Other potentiating factors include Malonyl-
CoA (Prentki et al., 1992), glutamate (Maechler and Wollheim, 1999) and
NADPH (Ivarsson et al., 2005).

The exocytotic response in pancreatic [-cells can also be enhanced by
agents such as the incretins glucagon-like peptide-1 (GLP-1) (Gromada et al.,
1998) and glucose-dependent insulinotropic polypeptide (GIP) (Ding and
Gromada, 1997). These hormones increase the intracellular cAMP-concentration
by binding to respective G-protein coupled receptors and activation of adeny-
late cyclases. Adenylate cyclases can also be activated by the pharmacologi-
cal compound forskolin to generate cAMP. Potentiation of insulin exocytosis
by cAMP involves both activation of protein kinase A (PKA) (Renstrom
et al., 1997) and Epac 2 (Exchange protein associated with cAMP 2) (Ozaki
et al., 2000). Using capacitance measurements, we have suggested that PKA
stimulates mobilization whereas Epac 2 is involved in rapid exocytosis of
IRP/RRP granules (Eliasson et al., 2003). Conditional for rapid cAMP-
dependent exocytosis is also the presence of the SNARE-protein SNAP-25,
which binds to Epac 2 (Vikman et al., 2009). Epac has further been sug-
gested to bind to piccolo (Fujimoto et al., 2002) and to associate with the
plasma membrane sulphonylurea receptor SUR1 (Eliasson et al., 2003).

Here we have carefully reanalyzed previously published data (Eliasson
et al., 2003) with attention to the positive effect of forskolin on exocytosis by
using a statistical mixed-effects model (Pinheiro and Bates, 2000). We find
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that the data show a linear relation between depolarization-evoked mem-
brane capacitance increase (AC,,) and the Ca?'-charge entering during a
depolarization (@), and argue that this indicates that pool depletion is neg-
ligible in response to short depolarizations in mouse (-cells. A mathematical
model of exocytosis in human [-cells is also presented. Simulations show
that human exocytosis data are well reproduced by assuming that granules
fuse away from Ca?*-channels. We find that during electrical activity L- and
P/Q-type Ca?T-channels contribute similarly to exocytosis in human j-cells.

Parts of this work has been published previously in abstract form (Ped-
ersen, 2010c).

2. Methods

Capacitance measurements and Ca?*-entry data from mouse 3-cells were
taken from Eliasson et al. (2003), where details on the experiments are pro-
vided. Briefly, using the perforated-patch technique, pulses of increasing
length (5-850 ms) were applied to isolated single mouse -cells, and resulting
Ca?T-currents and increases in membrane capacitance were recorded. The
data in the absence and presence of 2 uM forskolin was used for the statisti-
cal analysis. Ca?"-currents were inspected visually, and data with large leak
currents or high amounts of noise were discarded for the analysis.

In a first statistical analysis, we fitted linear models for regression of
AC,, on @, taking the differences between cells into account. Because a
significant between-cell variation was present within both the control and
forskolin-stimulated groups, a second more appropriate analysis was per-
formed by fitting a linear mixed-effects model (Pinheiro and Bates, 2000),
with treatment group as fixed effect and cell as random effect, to the data.
Mixed-effects models are more appropriate for representing clustered data,
such as in our case where several observations are done on each cell. The
final model was of the form

ACy.ij = (B4 Brsk - FSK;+b;)Qij+€5, €5~ N(0,0),b; ~N(0,0p), (1)

for observation j of cell 7, where ¢;; is a normally distributed error term,
FSK; is a covariate indicating whether cell ¢ was exposed to forskolin, b;
is a factor allowing for cell-to-cell variation, and the parameters 3, Bpsk, o
and o, are to be estimated. The contrast to traditional modeling lies in the
introduction of the mixed-effect via b;. The statistical software R was used,



in particular the lme function of the nlme R-package (Pinheiro and Bates,
2000). Parameter estimates are given with standard errors and p-values from
two-sided t-tests.

The mathematical model for human [-cells was implemented in XPPAUT
(Ermentrout, 2002). Computer code for XPPAUT can be downloaded from
http://www.dei.unipd.it/ pedersen. The calcium fluxes were modeled
by a two-compartment model. Calcium flows into a submembrane space
through voltage-dependent channels, and diffuses into a general cytosolic
compartment. Extrusion of Ca?* from the cell occurs from the submembrane
compartment with flux Jpm,cq + Jner, and exchange with the ER happens from
the cytosolic compartment with flux Jgereq + Jiear- This leads to

dcamem
T f(_aIC’a/Umem - B/fv(camem - Caz) - (meca + Jncx))7(2>
dCCI,Z’
dt - f(B(Oa'mem - Caz) - (Jserca + Jleak))- (3)

Here f = 0.01 is the ratio of free-to-bound Ca?*, @ = 5.18- 1072 ymol/s/pA
changes current to flux, vy,em = 2-10713L is the volume of the submembrane
compartment, f, = Umem/Veen = 0.174 is the ratio of submembrane-to-cell
volume, and B = 100/s describes diffusion between compartments. A relative
large submembrane compartment consisting of a shell of depth ~400 nm was
used based on Klingauf and Neher (1997), who showed that in the case of
sparse Ca?*-channels, the dynamics between channels is corresponds to a
shell model at a depth of ~ 23% of the channel distance. In mouse S-cells
the interchannel distance has been estimated to be 1.2 um (Barg et al., 2001).
The value of B was based on v,,¢,, and v,y following De Schutter and Smolen
(1998), and adjusted slightly to optimize the model behavior.
Fluxes are as follows

Jserca = Jserca,max CCL?/(K?WCG + C(Z?), (4)
meca = meca,max Camem/(Kpmca + C(lmem), (5)
Jncz = Jnca:,() Camema (6>

with parameters (Chen et al., 2003),

Jserca,max = 100 MM/S, Koereqa = 0.27 /LM,
meca,max = 21 ,UM/S, Kpmca =0.5 ,uM,
Jiear = —0.94 uM /s, Jnezo = 18.67s7 1.



Here, Jsercamax Was raised modestly to give reasonable [Ca?*]. also during
rapid bursting (Fig. 4 D-F; [Ca*"]. not shown).

The whole-cell calcium current is the sum of T-, L- and P/Q-type cur-
rents,

Ica = Icar + IcarL + Ica,Pg, (7)
modeled as in Pedersen (2010a) based on Braun et al. (2008) as
Ica,x = goax Mx,co(V) hx (V = V), X=T,L,PQ, (8)

where goox, X =T, L, PQ, is the whole-cell conductance of the correspond-
ing channel type, and Vi, = 65 mV is the Nernst potential for Ca**. Acti-
vation is assumed to be instantaneous and described by

mxso(V) = 1/(L+exp((V = Vix) /nx))s X =T.L.PQ,  (9)

while inactivation is assumed not to occur for P/Q-type channels, hpg = 1,
and inactivation of T- and L-type currents follow

dhx  hxeo(V) = hx
dt N X ’

X=T1L, (10)
with

hreo(V) = 1/(1+exp(V — Vir)/nnr)), (11)
hCaL,oo(V> = min (1, 1-— [mcaLm(V) (V — VCa)]/E)? mV) . (12)

Parameters for the currents are

goar = 0.518, Ver = —40mV, Nyr = —4mV,
Vyr = —64mV,  nyr =8mV, 7r = 0.007 s,
gcapg = 1.7108, Vepg = —10mV, n,pg = —10mV,
Joar, = 1.418, Ve = —25mV, ngr, = —6mV, 7, =0.065s.

The only change compared to Pedersen (2010a) is that the time-constant
of L-type inactiviation is raised to 7, = 65 ms to reproduce the slowest
inactivation time-constant of the whole-cell Ca>"-current (Braun et al., 2008).
To convert conductances relative to cell size to absolute conductances, the
capacitance of a human [-cell was set to 10 pF (Braun et al., 2008).

In Fig. 4, membrane potential patterns V(¢) were simulated indepen-
dently using a recent model of electrical activity (Pedersen, 2010a) without
modifications, or with minor parameter changes (Fig. 4 D-F, see legend for
details). The simulated pattern was then used as a driving function in the
calcium dynamics and exocytosis model.
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3. Results and Discussion

When exocytosis is triggered by opening Ca?-channels with depolariz-
ing pulses using the voltage-clamp of the patch-clamp technique, the Ca?*-
current can be measured during the depolarization, but only the total in-
crease in cell membrane capacitance AC),, is obtained, since (), can not be
followed during the depolarization (Lindau and Neher, 1988; Ammaéla et al.,
1993b; Horrigan and Bookman, 1994). For this reason, depolarizations of
different durations are often applied to follow the dynamics of the exocytotic
response, assuming that the kinetics of exocytosis is unchanged from pulse
to pulse (Ammaéla et al., 1993b; Horrigan and Bookman, 1994; Barg et al.,
2001; Braun et al., 2008).

In single mouse [-cells, the exocytotic rate is higher for shorter than for
longer pulses (Ammaéla et al., 1993b; Barg et al., 2001; Eliasson et al., 2003).
The drop in the exocytotic rate at sustained depolarizations has been sug-
gested to result either from Ca®"-channel inactivation (Ammali et al., 1993b;
Engisch and Nowycky, 1996) or depletion of a finite pool of immediately re-
leasable granules (Barg et al., 2001; Eliasson et al., 2003). A frequently ap-
plied method to relate the evoked exocytotic response and the Ca?*-current,
is to plot AC,, as a function of the integrated current, i.e. the charge () that
entered during the depolarization (Engisch and Nowycky, 1996; Barg et al.,
2001; Eliasson et al., 2003; Vikman et al., 2006).

Inactivation of the Ca?*-current is a result of closure of single Ca?*t-
channels rather than of a decrease in the single-channel current. If we as-
sume for simplicity that Ca?T-channels are spatially discrete, for a moment
disregarding evidence of Ca?'-channel clustering (Barg et al., 2001), then the
Ca?*-concentration in microdomains below open Ca?*-channels is constant
during the depolarization, but the number of microdomains will decrease
as the Ca?*-current inactivates. When exocytosis is associated with Ca?*
entry through discrete channels, and in the absence of pool depletion, then
AC,, and @ will be linearly related (Augustine et al., 1991), since the rate
of exocytosis F is proportional to the number of microdomains N (assumed
equal to the number of immediately releasable granules), which decreases in
parallel with inactivation of the Ca?*-current I,. In mathematical terms
(where ey p is the exocytotic rate from a single microdomain, ic, is the single
channel current, and A = epp/ica)

E(t) = exrpN(t) = exrplea(t) fice = Alca(t), (13)



so, by integration, AC,, = AQ. The slope A is a measure of Ca*"-efficacy,
i.e., the capacitance response to a certain amount of Ca?-influx . Channel
clustering does not change this conclusion greatly, and pool depletion will
show-up as a deviation from linearity in AC,, as a function of ) (Pedersen,
2011).

3.1. Mxed-effects analysis of exocytosis in mouse [3-cells

In light of the predicted linear relationship between AC,, and @ in the
absence of pool depletion, we reanalyzed previously published data from
Eliasson et al. (2003) obtained with the perforated-patch technique, since
the original analysis did not take Ca?"-currents into account and neglected
cell-to-cell variation. We are interested in whether forskolin increases the
effect of Ca?" on exocytosis, and whether there is any significant deviation
from linearity in the relation between AC,, and Q.

Analysis of AC,, versus () has previously been performed by pooling data
from different cells, for example according to depolarization length (Barg
et al., 2001; Vikman et al., 2006; Braun et al., 2008) or other criteria (Moser
and Neher, 1997). Such pooling does not take into account natural cell
heterogeneity, but assumes that cells are identical. In another approach,
data recorded from all cells have been used to investigate the relation between
AC,, and @ (Brandt et al., 2005), but this analysis neglects that data from
different depolarizations applied to the same cell are more strongly correlated
than data obtained in different cells, and is likely to overstate the statistical
significance of regression coefficients (Venables and Ripley, 2002).

Mixed-effects models (Pinheiro and Bates, 2000) provide the statistical
methodology to handle this situation with intra-cellular correlation and ran-
dom variation due to biological differences between cells. Thus, we consider
a fixed effect of Ca?* on exocytosis, which quantifies the "average" Ca?*-
efficacy within each group, and we include a random effect to adjust the
model for how the individual cell responses deviate from the group average.
See Eq. 1 for details. With this kind of analysis it is possible to test sta-
tistically whether forskolin increases the efficacy of Ca?* on exocytosis, by
testing whether the parameter Srgk is different from zero, while at the same
time quantifying the cell heterogeneity by oy.

Visual inspection of the raw data (Fig. 1, circles) suggests that the re-
lation between AC,, and @) is near-linear in all cells, and the slope of the
relation (Ca?T-efficacy) appears to be higher in forskolin-stimulated cells. We
estimate that the Ca*"-efficacy () is 0.8740.31 fF /pC (significantly different
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from zero, p=0.0065) in control cells, while the presence of forskolin increases
the Ca’*T-efficacy (Brsi) significantly (p<0.0001) by 2.26 4+ 0.45 fF/pC, giv-
ing a mean Ca?"-efficacy in the forskolin stimulated group (3 + Brsrk) of
3.13 fF /pC. Between-cell variation in Ca*"-efficacy (random effect) is mod-
eled by a zero-mean normal distribution with estimated standard deviation
of 0.69 fF/pC. Interestingly, this variation in Ca?'-efficacy is substantial
in comparison to the fixed-effect Ca?*-efficacy in the control and forskolin
groups, and underlines that cell heterogeneity must be taken into account,
as we did by considering a mixed-effects model. This conclusion is confirmed
statistically, since a likelihood-ratio test shows that inclusion of random-
effects leads to a significantly better fit to the data (p<0.0001). The random
deviations of the cell responses (full lines) from the group responses (dashed
lines) is also evident in Fig. 1. Finally, inclusion of a quadratic term Q? does
not improve the goodness-of-fit significantly, showing that the linear relation
between AC,, and @) provides a sufficiently good model for our data. Thus,
there is no evidence of pool depletion in this data set.

In summary, we find that the cAMP-elevating agent forskolin significantly
increases the efficacy of Ca?* on exocytosis, as has been suggested earlier
(Amméla et al., 1993a; Gillis and Misler, 1993). This might be due to an
increase in pool size, likely controlled by PKA (Renstréom et al., 1997), or
a direct effect on the exocytotic machinery, likely acting via Epac 2 (Elias-
son et al., 2003). However, we find no sign of pool depletion, indicating
that previous analyses (Eliasson et al., 2003) underestimated the number of
immediately releasable granules.

3.2. Mathematical modeling of granule dynamics in rodent [-cells

Mathematical models of granule pools and insulin secretion go back at
least to Grodsky (1972), who explained biphasic insulin secretion and the
secretory response to the so-called staircase protocol with a model that in
modern terminology includes a reserve pool and an RRP. Readily releasable
granules are assumed to have different thresholds with respect to glucose.
Once the glucose concentration rises above the threshold of a granule, it
releases its content. The assumption of granules having different glucose
thresholds has not been confirmed experimentally. Recently, it was argued
using an update of Grodsky’s model that threshold behavior on the cellular
level (Jonkers and Henquin, 2001), rather than on the levels of granules, can
explain the staircase experiments (Pedersen et al., 2008). This model was
used (Pedersen et al., 2010) to show how cell heterogeneity might underlie
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Figure 1: Mixed-effect analysis of AC), versus @ in mouse 3-cells. Panel names indicate
cell number and group (Ctrl: control; fsk: 2 uM forskolin). Fits to the original data
(circles) within each cell are given by the solid lines, while the dashed lines show the fit
within each group.
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the fact that the pancreas senses not only the plasma glucose concentration,
but also how rapid the glucose concentration increases (Breda et al., 2001,
2002).

Other models describe the dynamics of granules as they move between
different pools, and the control of exocytosis by Ca?* (Bertuzzi et al., 2007;
Chen et al., 2008; Pedersen and Sherman, 2009). Using such a model it
was suggested (Pedersen and Sherman, 2009) that a highly Ca**-sensitive
pool, described by capacitance measurements (Wan et al., 2004; Yang and
Gillis, 2004) could correspond to newcomer granules seen in TIRF microscopy
experiments (Ohara-Imaizumi et al., 2004), illustrating how mathematical
models can be used to integrate data obtained with different techniques and
on different timescales. This link between Ca?*-sensitivity and fusion mode
was partly confirmed experimentally (Ohara-Imaizumi et al., 2009).

A variation of these models was recently (Pedersen, 2010b) used to study
the effect of palmitate exposure on Ca?" and exocytosis (Hoppa et al., 2009).
The question was whether palmitate disrupted Ca®"-channel clustering or,
possibly in addition, moved granules away from Ca?*-channels. Modeling
simulations showed that no clear conclusion could be drawn from capacitance
measurements alone, but it was argued that imaging data (Hoppa et al., 2009)
favored the interpretation that palmitate exposure dissociated granules from
Ca?*-channels.

3.3. Exocytosis in human [3-cells

As outlined in the previous sections, rodent [3-cells have been a subject of
intense study, both experimentally and theoretically. However, the interest
in rodent [-cells lies in the quest for understanding the defects in insulin
secretion, and eventually for treatment and cure, of the human disease, di-
abetes mellitus. Thus, currently a major effort is devoted to the study of
[-cells from human donors.

Human [-cells differ from their rodent counterparts in several aspects,
for example with respect to their organization within the pancreatic islets
(Brissova et al., 2005; Cabrera et al., 2006; Bosco et al., 2010) and the ex-
pression, regulation and role of various ion channels (Pressel and Misler,
1990; Barnett et al., 1995; Braun et al., 2008). The kinetics and control
of exocytosis are also different. While short depolarizations (< 50 ms) are
sufficient to trigger exocytosis in rodent f-cells (Barg et al., 2001; Eliasson
et al., 2003; Wan et al., 2004; Vikman et al., 2006; Rose et al., 2007), longer
depolarization (> 100 ms) are needed to evoke exocytosis in human [-cells
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(Misler et al., 1992; Braun et al., 2008, 2009). Moreover, exocytosis stops
immediately upon repolarization in rodent S-cells (Ammala et al., 1993b;
Eliasson et al., 2003; Wan et al., 2004), in contrast to the situation in human
[-cells where the capacitance trace continues to increase after termination of
the voltage pulse (Misler et al., 1992; Braun et al., 2008, 2009).

The long delay between Ca?" influx and exocytosis in human [3-cells
suggests that the granules are located some distance away from the Ca?*-
channels, so that the delay is because of the time required for Ca?* to diffuse
to the exocytotic machinery. Alternatively, the delay in human [-cell exo-
cytosis could be due to an inherent delay in the exocytotic process, which
would show up as a delayed increase in capacitance after flash-release of
caged-Ca?*. Flash-release experiments have still not been performed in hu-
man (-cells, but we find it unlikely that they will reveal such long inherent
delays, since exocytosis occurs < 15 ms after flash-release of caged-Ca?* in
other endocrine cells (Barg et al., 2001; Thomas et al., 1993; Heinemann
et al., 1994).

We have developed a simple model of Ca?"-dynamics and exocytosis in
human S-cells. The cell is divided into five Ca**-compartments (Fig. 2): bulk
cytosolic Ca*" with concentration [Ca?"]., denoted mathematically by Ca;, a
submembrane compartment with concentration |[Ca?*]em, denoted Cdpem,
and microdomains located below T-, L- and P/Q-type Ca*"-channels. Cal-
cium current of T-, L. and P/Q-type are described as in a recent model of
electrical activity in human -cells (Pedersen, 2010a), and the resulting Ca?*-
flux is assumed to enter the corresponding microdomains. As in the analysis
of the mouse data, we assume that microdomain Ca? is proportional to the
corresponding types of Ca?'-currents (Sherman et al., 1990) and is therefore
not modeled explicitly. The submembrane compartment was distinguish from
the general intracellular compartment in order to get a sufficiently rapid rise
in the Ca?T-concentration after the onset of the depolarization. In this way,
a behavior resembling TIRFM-imaging of [Ca?"|,em (Hoppa et al., 2009)
was obtained. The Ca®"-dynamics is described following (Chen et al., 2008;
Pedersen and Sherman, 2009; Pedersen, 2010b), based on data from mouse
B-cells (Chen et al., 2003). Exocytosis was assumed to be triggered from
the submembrane Ca?t-compartment, and its rate was modelled as a Hill-
function of [Ca?"]em with relative high Ca*"-sensitivity (Kp = 2 uM) and
modest cooperativity (n = 3), mimicking the highly Ca?*-sensitive pool de-
scribed in rat S-cells (Wan et al., 2004). Motivated from the results of the
analysis of mouse data in section 3.1, we assumed pool depletion not to occur.
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Figure 2: Overview of ion channels and granules in the model of human [-cells. Mi-
crodomain Ca?*t is supposed to be in equilibrium with the respective types of Ca?*
currents, while the dynamics of [Ca?*]em and [Ca?T]. are simulated.

All expressions and parameters can be found in the Methods section.
Simulations of a 500 ms depolarization, which triggers Ca?*-currents
(Fig. 3A), showed that the Ca?'-concentrations in the submembrane com-
partment [Ca?"]em builds up slowly (Fig. 3B, full curve), as a result of the
delay caused by diffusion. Because of the time required to reach triggering
levels of [Ca*"]em, virtually no exocytosis is seen until ~ 50 ms, where-
after exocytosis proceeds linearly as function of time (Fig. 3C, full curve),
in good agreement with experimental data (Braun et al., 2008, 2009). After
the voltage-clamp is returned to the holding potential of -70 mV, exocytosis
proceeds for some time [Fig. 3C, full curve; Braun et al. (2008, 2009)| until
[Ca?"]mem has fallen sufficiently (Fig. 3B, full curve). Thus, the slow dynam-
ics of [Ca?"]pem gives rise to a delayed onset of exocytosis, and a continued
increase in membrane capacitance after termination of the depolarizing pulse.
When L-type Ca?*-channels are blocked, the onset of exocytosis is further
delayed, but proceeds in parallel to the control case after this delay, both in
the model (Fig. 3C, dotted curve) and in experiments (Braun et al., 2009).
Moreover, as for the control case, exocytosis proceeds after the end of pulse
(Fig. 3C, dotted curve) as observed experimentally (Braun et al., 2008).
Because of their relatively fast inactivation kinetics, blockage of L-type Ca?*-
channels slows down the build-up of [Ca?'],em, but has little effect of the
level reached at the end of the 500 ms depolarization, which means that
the dynamics of [Ca®"|em after termination of the pulse is similar to the
control case (Fig. 3B). These facts explain the slower onset of exocytosis,
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but unchanged post-depolarization capacitance increase.

In contrast, P/Q-type Ca?"-channels inactivate very little during a 500 ms
pulse (Braun et al., 2008), and are here assumed not to inactivate at all
(Pedersen, 2010a). Therefore, antagonists of P /Q-channels will not only slow
down the increase in [Ca*"] e during the first part of the depolarization,
but will also lower [Ca?'],cm through out the 500 ms pulse significantly
(Fig. 3B, dashed curve). These changes lead to a delay in exocytosis, as
well as a lower exocytotic rate after the onset, compared to the control case
(Fig. 3C), in agreement with experiments (Braun et al., 2009). Moreover,
exocytosis does not continue after repolarization when P/Q-type channels
are blocked |Fig. 3C, dashed curve; Braun et al. (2008)]. Note that these
results are not a consequence of closer association of P/Q-type channels to
granules, compared to other Ca?*-channel types, but is merely reflecting
the major contribution of the P/Q-type Ca?"-current to total Ca**-influx
during a 500 ms depolarization caused by the much slower inactivation of
P/Q-type channels compared to T- and L-type channels. During the last
300-400 ms of a 500 ms pulse, almost all Ca?"-entry is through P/Q-type
channels (Fig. 3A). Thus, blocking this channel type will lower [Ca*"]em
much more than blocking any other Ca?"-channel type (Fig. 3B), resulting in
significantly less exocytosis (Fig. 3C), even though granules were not assumed
to be located near P/Q-type Ca®"-channels. To reproduce the experimental
data (Braun et al., 2009), it was necessary to assume only partial (~70%)
block of the P/Q-type current, to allow some Ca*"-influx even when T- and
L-type channels had inactivated. This remaining Ca?* flux could be due to
voltage-dependent Ca?"-channels not included in model (Braun et al., 2008),
or to Ca?T-induced Ca?*-release from intracellular stores. Alternatively, it
might simply be due to incomplete channel block. Indeed, the combined
Ca?*-channel antagonist-evoked reduction in Ca?*-charge entry is only ~90%
(Braun et al., 2008).

To investigate the contribution of different Ca?"-channel types during
electrical activity, we imposed a voltage-trace simulated using a recent model
(Pedersen, 2010a) on the exocytosis model described above. This allowed us
to separate the effect of Ca?T-channel blockage on electrical activity from its
effect on exocytosis. We found that [Ca*"|,.m and exocytosis are lowered
to a similar extent by blockage of either L- or P/Q-type channels (Fig. 4),
both during spiking and rapid bursting electrical activity. In contrast with
the response to the long (500 ms) depolarizations, L-type channels do not
inactivate significantly during an action potential. Moreover, the action po-
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Figure 3: Ca?*-currents and capacitance trace in response to a depolarization to 0 mV
for 0.5 s in human [-cells reproducing results by Braun et al. (2009). A: Inactivation
and magnitude of Ca?*-currents of T- (grey), L- (dotted) and P/Q-type (dashed) were
modeled as in Pedersen (2010a). B: Submembrane Ca?*-concentration under control
condition (full) or with blockage of L-type (dotted) or P/Q-type (70 % block; dashed)
Ca?t-channels. The horizontal dot-dashed line indicates the Kp-value of exocytosis of
2 pM. C: Cumulative capacitance change under control condition (full) or with blockage
of L-type (dotted) or P/Q-type (dashed) Ca?*-channels. Experimental data from Braun
et al. (2009) are given for comparison under control conditions (circles), or in the presence
of L-type (squares) or P/Q-type (triangles) antagonists. Capacitance increases have been
scaled relative to the amount exocytosis evoked by a 500 ms depolarization under control
conditions (Braun et al., 2009). In all panels, the vertical dashed lines indicates the end
of the depolarization at 0.5 s after which the membrane potential was stepped back to
-70 mV.
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tentials peak at =~ —10 mV, less than the 0 mV of imposed voltage-clamp
depolarizations, which means that L-type, but not P/Q-type, channels get
fully activated during electrical activity. This contributes to counteract the
modest inactivation of L-type channels.

4. Conclusions

It is becoming evident that rodent and human [-cells differ in several
aspects [see e.g. (Brissova et al., 2005; Braun et al., 2008)|. Mathematical
modeling of electrical acitivity (Pedersen, 2010a) and exocytosis (subsection
3.3) in [-cells are beginning to take these differences into account. Such
models based on human data will potentially be useful in the search for new
anti-diabetic drugs, and for translating research performed on rodents to
humans. Linking these cellular models to minimal models of insulin secretion
(Breda et al., 2001), for example following Pedersen et al. (2010), might
provide further insight in the pathophysiolology of diabetes.

Mathematical models of biological systems can be classified into two dif-
ferent groups, depending on their purpose (Cobelli et al., 2009). "Models-
to-simulate" are detailed describtions of the biology based on biophysical,
mechanistic hypotheses, while "models-to-measure" are used to extract oth-
erwise unknown information, for example from exocytosis data (Chow et al.,
1994; Pedersen, 2011). Such models are based on a simpler physiological
description of the system under investigation, and the model complexity is
minimal to assure more transparent conclusions. This latter modeling ap-
proach was used here for the study of exocytosis in human f-cells (subsection
3.3). The exocytosis model should be improved as new data emerges. In par-
ticular, studies of the Ca?*-sensitivity using flash-release of caged-Ca?* are
needed. We showed that the 500 ms protocol often used to study exocytosis
exaggerates the contribution from P/Q-type Ca®"-channels due to their slow
inactivation kinetics, and the model suggested that during electrical activity
L- and P/Q-type Ca?T-channels contribute to a similar degree to exocytosis.
Thus, pulse protocols mimicking electrical activity better should preferably
be applied when studying exocytosis in human S-cells.

The suggested loose coupling between Ca?*-channels and releasable gran-
ules in human fS-cells, and the resulting delayed and slow rate of release, is
physiologically of little importance. Insulin targets tissues located far away
from the [-cells, and the sub-second delay is therefore irrelevant compared to
the time needed for transportation of insulin in the blood stream. Moreover,
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Figure 4: Similar contribution of L- and P/Q-type Ca?*-channels to exocytosis during
electrical activity in human [S-cells. A: Spiking electrical activity simulated as in Fig. 2
of Pedersen (2010a) with the default parameters from Table 1 of that publication. B:
Simulated [Ca?*]yem with imposed spiking electrical activity (from panel A) under con-
trol condition (black curve), or with block of either P/Q-type (red curve) or L-type (blue,
dashed curve) Ca?*-channels in the model of Ca?*-dynamics and exocytosis. C: Simu-
lated capacitance increase resulting from exocytosis during spiking electrical activity under
control condition (black curve), or with block of either P/Q-type (red curve) or L-type
(blue, dashed curve) Ca?*-channels in the model of Ca?*-dynamics and exocytosis. D:
Rapid bursting electrical activity simulated using the model from Pedersen (2010a) with
its default parameters, except gxarp) = 0.010 nS/pF and V,,x, = 15 mV. E: Simu-
lated [Ca?*]em as in panel B, but during rapid bursting electrical activity. F: Simulated
capacitance increase as in panel C, but during rapid bursting electrical activity.

17



insulin signaling in target tissues to modify glucose handling is a relatively
slow process. In contrast, synaptic release must be fast since neurotransmit-
ters signals to receptors located adjacent to the site of release and precise
neuronal information transmission is crucial. On the contrary, a loose cou-
pling could have the advantage that erratic action potentials will not lead to
exocytosis, but only episodes of more intense electrical activity in response to
elevated plasma glucose levels will allow [Ca®"| e to build-up sufficiently to
trigger release, in this way reducing basal secretion during periods of fasting.

We performed a careful reanalysis of previously published data on the
Ca?*-control of exocytosis in mouse [-cells (Eliasson et al., 2003) using a
mixed-effects model to take into consideration within-cell correlation and
between-cell variation. The performed data-analysis is a good example of
how a minimal "model-to-measure" (Pedersen, 2011) allowed insight to be
obtained from a statistical analysis. Our results (subsection 3.1) revealed no
substantial pool depletion since the relationship between capacitance increase
and Ca?T-entry was linear, suggesting that the IRP constitutes most of the
RRP in mouse (-cells. In intact mouse islets, exocytosis in -cells shows no
sign of pool depletion (Gopel et al., 2004) in line with our finding. Also,
human f-cell-exocytosis does not plateau for depolarizations up to 500 ms
(Braun et al., 2008, 2009), again arguing against pool depletion. However,
this does not means that depletion of the RRP is irrelevant for biphasic
insulin secretion, indeed there is good evidence for a role of a finite pool of
granules (Daniel et al., 1999; Henquin et al., 2002; Olofsson et al., 2002), but
rather that short depolarizations of increasing lengths do not show evidence
of a smaller IRP. Finally, our results confirmed that cAMP-raising agents
such as forskolin increase the efficacy of Ca?" on exocytosis.
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