(Rorsman and Trube, 1985). Under zero intraceliular ATP, how-
ever, the input conductance only increased to 0.9 nS, >90% of
which was attributed to Kypp conductance. This value was much
smaller than the experimental measurements. However, we failed
to improve Ggarp of the original model of Igsrr (Magnus and
Keizer, 1998), and this problem was left for future work.

Ca?*-activated K* current (lxcasky). In islet preparations, Gopel
et al. (1999a) recorded a novel K current component (Ixgow),
which was activated with a slow time constant of ~2.5 s during a
train of depolarizing pulses and deactivated with a time constant
of 6.5 s after the pulses. An analogous current was also recorded
in dispersed mouse B cells in several studies (Gopel et al., 1999a;
Goforth et al.,, 2002; Zhang et al., 2005; Diifer et al., 2009). The
pharmacological and gene knockout studies have suggested that
small-conductance K¢, (SK) channels might contribute substan-
tally to Ixqow (Zhang et al., 2005; Difer et al., 2009). Supporting
this view, isoforms of SK —1 to —4 were found to be expressed at
the level of mRNA and protein in mouse § cells (Tamarina et al.,
2003; Difer et al., 2009). Interestingly, Kanno et al. (2002) as-
cribed ~50% of the experimental Iggow to Igare. Thus, we imple-
mented the SK channel current as Igeask) i our new model
separately from Ixxrp. The Ca™ dependency for activation of Ixcask)
was adopted from Hirschberg et al. (1998) (Eq. $38). 1t seems
that the activation by Ca® of SK current is almost instantaneous,
but slow changes in [Ca*7, and/or the contaminated Ixyrp com-
ponentmight result in the slow time course of Ixse, in experimen-
tal recordings.

Background nonselective cation current (lynsc). Henquin and
Meissner (1984a) showed that the resting membrane potential of
B cells is less negative than the K* equilibrium potential. They
attributed this depolarizing effect to a basal membrane Na' con-
ductance (see also Ashcroft and Rorsman, 1989). It is now well es-
tablished that this background Na* conductance includes several
types of currents. Nevertheless, a background cation current is
still required to establish the resting potential, especially when
Teran is largely inactivated. Thus, we added such a current, Linsc,
of an unspecified nature. Note that many previous B-cell models
also included a background current component (Chay and Keizer,
1983; Chay, 1996; Magnus and Keizer, 1998; Meyer-Hermann,
2007; Fridlyand et al., 2009). Ijnsc in this model is permeable to
Na* and K* with a reversal potential at approximately —20 mV
(Eqs. S40-842). The conductance was adjusted to give both the
resting membrane potential and input impedance consistent with
experimental measurements at a low [G] (Rorsman et al., 1986;
Rorsman and Trube, 1986).

Plasma membrane Ca?* pump (PMCA) and Na*/Ca?* exchange
(NCX) currents (lpmca, Inacs)- Ca®* influx through I,y is balanced
with Ca® efflux via Ipmca (PMCAL, 2, and 3) and Iy, (NCX1)
(Varadi et al., 1995; Herchuelz et al., 2007). PMCA has one Ca™-
binding site and 1:1 Ca/ATP stoichiometry (Brini and Carafoli,
2009). PMCA2 has an apparent Hill coefficient of ~2 (Caride
et al., 2001) and the halfmaximal concentration of ~0.1 pM
[Ca®]; in the presence of calmodulin (Enyedi et al., 1991; Elwess
etal., 1997). Based on these findings, Ipyca is expressed by a Hill
equation (Eq. 895). In addition, itis known that PMCA exchanges
one intracellular Ca* for one extracellular H* (Hao et al., 1994),
and we assumed that the excess H was instantaneously removed
by Na*/H" exchange. Because Na’/H" exchange was not included
in the present model, the resultant Na* influx by the functional
coupling of PMCA and Na*/H* exchange was directly included in
calculating d[Na*];/dt (Eq. $3).

The description of Iy,c, was adopted from a cardiac myocyte
model (Takeuchi et al., 2006), which describes time-dependent
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transitions between different functional states of the NCX mole-
cule (Egs. $75-894). The slope conductance of Inyc, near the
reversal potential was 25.5 pS pF “1at 14 pM [Ca?']; and 30 mM
[Na’]; in the present model, which is about half of the experimen-
tal value (53 pS pF"l) (Gall et al,, 1999). This difference seems to
fall within the range of experimental variations because of the
limited intracellular perfusion with pipette solutions through the
ruptured patch.

NaK current (Ina). The Ik model was adopted from Oka et al.
(2010), in which the turnover rate was precisely described in terms
of V,,,, intracellular, and extracellular compositions of Na*" and K,
and the free energy of ATP hydrolysis (AGyrp) based on thermo-
dynamics (Eqs. $54-874). Although this model was developed
with reference to experimental measurements in cardiac myo-
cytes, we assumed for convenience that the basic characteristics of
the pump activity would be common in § cells. In addition, the
inhibition of the pump activity by glucose via intracellular signal-
ing (Owada et al., 1999) was implemented (Fy; Eq. S55). The
amplitude factor of Inak (Pnax) was determined to satisfy Na® ho-
meostasis in both quiescent and bursting activities. Finally, the K
balance between efflux through K' channels and the active influx
via NaK was calculated, rather than fixing [K]; as in the original
FP model.

Modeling intracellular Ca?* dynamics

A precise description of ER Ca® dynamics is critical for modeling
B-cell function. Uptake of Ca®* into the ER is mediated by ER Ca*
ATPase (SERCA), and approximately equal amounts of SERCA
2b and 3 are expressed in pancreatic islets (Varadi et al., 1996).
The apparent affinity for cytosolic Ca®* was determined with a
half-activation concentration (K ) of 0.27 and 1.1 pM, and a Hill
coefficient (n') of 1.7 and 1.8 for SERCA 2b and 3, respectively
(Lytton et al,, 1992). The SERCA activity in the present study was
represented with a Hill equation of Ky 9= 0.5 pM and n" = 2, com-
promised for the whole cell simulation (Eq. $96). Ca™ release
from ER is a critical determinant for reconstructing the slow
decay phase of [Ca®*]; observed after action potential burst.
Although an application of IP; facilitates Ca** release (Tengholm
et al., 2001), the slow Ca® decay during the interburst did not
seem to be triggered by IPs, depolarization-, nor Ca*-induced
Ca® release (Gilon et al., 1999). Therefore, ER Ca?* release (J,a)
was described as a passive flux down a concentration gradient in
this study (Eq. $97).

ER volume (volgr), maximum velocity of SERCA (Pggrea;
Eq. S96), nor the permeability of the Ca® release channel (P,
Eq. S97) has been fully measured to provide definite values of
these parameters. Thus, they were adjusted based on the fol-
lowing experimental findings. (a) The physiological level of
[Ca®]; hardly exceeds 0.5 pM during glucose stimulation
(Rorsman et al., 1984). (b) The resting [Ca*7; is 60-100 nM
(Rorsman et al., 1992; Chow et al., 1995). (¢) Onset and offset
time courses of Ca® transient were recorded, which were
evoked by the action potential burst, a voltage-clamp pulse, or
K*induced depolarization (Gall etal., 1999; Gilon etal., 1999).
(d) Direct measurement of [Ca*]gy using a low affinity Ca®
fluorescent dye revealed that [Ca* g is maximally increased
up to ~200 pM by Ca?* uptake through SERCA in the absence
of IP; (Tengholm et al,, 2001). It was consistent with [Ca*]gr
of 60-200 pM suggested previously (Tse etal., 1994). (e) At 12 mM
[G], Ca*-stimulated ATPase activity of SERCA was comparable
to that of PMCA in B cells (Roe et al., 1994). In the present
B-cell model, the ratio of ATP consumption by SERCA and
PMCA was approximately 1:1 at 12 mM [G], ranging from 1:3
in a quiescent state at 6 mM [G] to 4:3 during continuous firing
at 20 mM [G].
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Modeling energy metabolism

Fridlyand et al. (2005) elaborated a set of equations for ATP pro-
duction through glycolysis and oxidative phosphorylation, and
for ATP consumption based on a wide range of biochemical stud-
ies. We used their model with a few modifications as follows. First,
we changed the glucose dependency of glycolysis (fc) (Eq. S100)
to reproduce the experimental finding that the burst duration is
prolonged with increasing [G] in B cells. Our revision might be
appropriate because fy, reflects the [G] dependency of all the re-
action steps including glycolysis and TCA cycle in our model.
Note that the original values in the FP model were determined
under the assumption that glucose phosphorylation by gluco-
kinase was the only limiting step in glycolysis. Second, we calcu-
lated ATP production via 3 oxidation of fatty acid (Jg . Eq. $99),
in addition to glycolysis (Jge; Eq. S98). This modification pre-
vented the system from a metabolic collapse at a low [G] (<2 mM),
which actually occurred in the FP model. Third, in the produc-
tion of reduced metabolic compounds (Re), we took account of
the total amount of pyridine nucleotides ([Rey,]) by adding a
term of ([Rew] — [Re]) in Jyc and Jgox (Egs. S98 and S99). This
term was crucial to avoid an unlimited increase of [Re] at a high
[G] (>15 mM), observed in the FP model. Under the assumption
that most Re consists of NADH in the mitochondria, [Re,,] of 10 mM
was used (Cortassa et al., 2003). The consumption of [Re] by oxi-
dative phosphorylation was calculated using a stoichiometry of
2.5 between ATP and NADH, and with a volume ratio (2.5) be-
tween the cytosol and mitochondria (Eq. $102).

Lead potential (V|) analysis

To clarify the ionic mechanisms underlying burst—interburst
rhythm in our new B-cell model, we applied the Vi analysis devel-
oped by Cha et al. (2009). The method quantifies the contri-

butions of individual membrane currents to changes in V, by -

calculating an equilibrium potential at each moment (V;) using
the time-varying conductance (Gx), reversal potential (Ex), and
V-independent transporter current (Iy),

ZGXEX ‘ZIY
- X Y

v, = )
X6k
X

Also refer to Eq. S108. Vy, always moves in advance of V,,, and its
time derivative (dVy/dt) drives the automatic change of V,,. The
relative contribution (7) of a current component of interest
(i) is defined by a relative change in dV;/dt when the time-
dependent change of i is selectively fixed. The total sum of r, for
all components equals unity at each time point, and is used to vali-
date the calculations,

v, _ fijﬁjﬁi
oAt dt . @)
Tei av, and Zifm L
dt

This method has been verified in various cardiac cell models
(Cha et al,, 2009; Himeno et al., 2011). In the present study, the
contribution ¢ (mV s™) was used, instead of 7. ¢ was newly de-
fined by the following equation:

G= T Bimsi ppg g, o 3)
dt dt - dt

¢ with a positive sign indicates that the corresponding compo-

nent contributes to membrane depolarization, and vice versa.
Among the three electrogenic ion transporters, V-independent

Ipmca was treated as a current source (Eq. S108). Ik and Iy,

were expressed with Egs. 4 and 5, where Gyug and Gy,c, are the
slopes of tangential lines fitted to the instantaneous I-V relation at
each moment, and E, y,x and E, yac., the intersections of the tan-
gential lines with the x axis:

Inak = Gax (Vm - Ex_NaK) (4)

INaCa = GNaCa (Vm -Ex_NaCa)' (5)

The contribution of Ik or Inac, in Fig. 5 was a summation of
¢ evaluated by fixing Guak and Ey nax, 0T Graca and Ey nacas respec-
tively. Because Gyax and Ey yax are functions of [Na'};, [K'];, [ATP]
or [MgADP], and V,, the contribution of each concentration
change was also evaluated in the bottom panels of Fig. 5.

Online supplemental material

Equations, parameters, and the definition of symbols of the B-cell
model are provided in the supplemental material. Table S1 lists
the initial values of the 18 variables in this model. Figs. S1 and $2
show reconstructions of Iy and Igp, in voltage-clamp experi-
ments, respectively. Fig. S3 shows the effect of thapsigargin on the
Ca™ transients induced by applying high K* pulses to the model.
Fig. S4 is Vi, diagram of the FP model for comparison to our
model (Fig. 5). The supplemental material is available at http://
www.jgp.org/cgi/content/full/jgp.201110611/DC1.

RESULTS

Electrical activity and intracellular concentrations of ions
and metabolites in pancreatic B cells

Burst of action potentials evoked by various glucose concen-
trations. Fig. 2 shows the time-dependent changes in V,,,
[ATP], [MgADP], [Na'];, and [Ca®]; evoked by different
[G] in the new B-cell model. At [G] < 6 mM, the mem-
brane was quiescent, and the concentrations of intracel-
lular ions and metabolites remained at various steady-state
levels depending on [G]. The resting potential decreased
from —70 mV at 0 mM [G] (not depicted) to —58 mV at
6 mM [G], accompanied by an increase in the input
impedance from 4 to 15 GQ. This input impedance is
comparable to experimental measurements of 3-30 G()
(Rorsman and Trube, 1986), 1-10 GQ) (Rorsman et al.,
1986), or 3 GQ (Smith et al., 1990a). In the simulation,
the increase in input impedance largely resulted from
the progressive closure of Iyyrp channels. At 7 mM [G], a
typical burst of action potentials appeared. The burst du-
ration was elongated as [G] increased, and finally the
burst was transformed to a continuous firing at [G] >
19 mM (Ashcroft et al., 1984; Henquin and Meissner,
1984b). The interburst phase is also elongated at a higher
[G] in the present study because more time was required
to recover from ion accumulation during the preceding
burst period of longer duration. This simulation result is
in agreement with the experimental data from mouse
islets showing longer burst and interburst periods at a
higher [G] (Antunes et al., 2000). Our model, however,
failed to reconstruct gradual shortening of the interburst
period with [G] (Meissner and Schmelz, 1974).
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The action potential in the model is in good agree-
ment with the representative burst activity recorded in
asingle B cellin the presence of 2.6 mM [Ca**], and 10 mM
[G] at 31°C (see Fig. 1 B in Smith et al., 1990a). The
maximum rate of rise was 2-3 Vs~ ! in the model, com-
parable to 3.2 Vs~! (Rorsman and Trube, 1986) or 3.5
Vs™! (Dean et al., 1975). The peak potential was about
—4 mV in the model versus —8.3 mV experimentally
(Smith et al., 1990a), the plateau potential was about
—50 versus —53.7 mV, and the maximum negative po-
tential during the interburst period was about —68 versus
—76.4 mV. The maintenance of the plateau potential
was mainly attributable to Icy conductance remaining
at the end of the action potentials. It was supported by
a simulation showing that the burst was interrupted if
Icav was instantaneously deactivated by applying a brief
hyperpolarizing voltage pulse (not depicted). The Ca*-
activated inward currents, Itgpy and Iy,c,, also contrib-
uted to the maintenance of the plateau potential.

Slow fluctuations in [ATP], [MgADP], [Na*], and [Ca®*]; dur-
ing burst-interburst rhythm. In our model, [ATP] and
[MgADP] changed in synchrony with electrical events
at [G] > 7 mM (Fig. 2, second row). That is, [MgADP]
increased at the expense of ATP during the burst and in
turn decreased during the subsequent quiescent period
when the cell was relieved from the extra Cag*{lependent
ATP consumption. These typical responses were observed

6 mM 8 mM

@

12 mM

at 8 mM [G]. At 12 or 16 mM [G], however, the ATP
consumption was compensated for to a greater extent
byincreased ATP production. Thus, [MgADP] increased
much slower during the burst, and its maximum level at
the end of burst was lower in spite of the elongated burst
duration. On the other hand, the fluctuation in [Na'],
was enlarged with an increase in burst duration, and
finally [Na']; remained elevated at [G] > 19 mM (Fig. 2).
Accumulation of [Na']; was mostly a result of Na* influx
through NCX, which compensated for the large Ca* in-
flux through I¢,yv. Based on the opposite changes in the
fluctuations of [ATP] and [Na']; by increasing [G], our
B-cell model predicted that the activation of Iy, by the
accumulation of [Na‘]; might take over the role of Igxrp
in terminating the burst at a higher [G].

Fluctuation in [Ca®'], during the burst-interburst
rhythm also has profound effects on the electrical activ-
ity. As demonstrated in Fig. 2, [Ca?; jumped from a
resting level of ~100 to ~400 nM at the onset of the
burst, and then the plateau level of the oscillation (fast
Ca* ripple) slowly decreased during the burst, because
of the slow inactivation of I,y. At [G] > 12 mM, a brief
oscillation in the plateau level of the Ca®* ripple pre-
ceded the final termination of the burst, which has not
been described by experimental studies. We found that
this oscillation was sensitive to the amplitude of Ixc, sk
but failed to clarify the underlying mechanisms in the
present study. After cessation of the burst, a slow decay
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Figure 2. Activities of the B-cell model at various [G]. Each row indicates steady cyclic changes in Vy,, [ATP] (black), [MgADP] (red),
[Na*];, and [Ca**],in the presence of 8, 12, and 16 mM [G], or a quiescent state at 6 mM [G] and continuous firing of the action po-
tentials at 20 mM [G]. All records were obtained with initial values in Table S1 after the rhythm of the cyclic events became stable after

switching [G].
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phase (or Ca®" tail) was observed at 12 and 16 mM [G],
but hardly at 8 mM [G]. This Ca®" tail is caused by re-
lease of Ca® from the ER, which has accumulated during
the preceding burst. The increase in the Ca®* fluctua-
tion at a higher [G] has complex influences on mem-
brane ion channels or transporters, that is, activation of
outward-going Ipyca or Ixcask), as well as inward-going
Inaca OT Itrpy. The overall effects of [Ca® ], will be evalu-
ated mathematically later.

Role of ER Ca?* dynamics in glucose-induced
burst—interburst rhythm

Ca® dynamics in the new B-cell model were validated
before we analyzed the ionic mechanisms. In control
conditions, a regular burst-interburst rhythm and the
accompanying Ca®" transients were generated with a
cycle length of ~40 s at 11 mM [G] (Fig. 3, the left
half). At the onset of a burst, most Ca*" influx through
Icov was instantaneously captured by cytosolic Ca*'-
binding proteins (f; in Eq. S5). Then, during the initial
1 s of the burst, the Ca*" influx was compensated for
by the ER GSERCAJI’(‘I; 44%), PMCA (26%), and NCX
(34%) (Fig. 3, bottom), which was in good agreement
with experimental results (Gall et al., 1999). As the
burst progressed, Ca®* gradually accumulated in the
ER, and thus the ER Ca*-buffering capacity became
less effective because of an increase in Ca®* release
from the ER. Importantly, 97% of the Ca®" accumu-
lated during the whole burst was taken up by the ER,
and only 3% remained in the cytosol. After cessation of
the burst, the accumulated Ca* in the ER was slowly
released into the cytosol (Fig. 3, bottom), which is a
main contributor of the long-lasting Ca®* tail. This sim-
ulation result is in line with experimental responses
(Gilon et al., 1999).

For further examination of the relevance of the Ca*
dynamics in the model, the effects of blocking SERCA
by thapsigargin were simulated. In the right half of Fig. 3
indicated by a gray horizontal bar, the activity of SERCA
was reduced to 20% of the control. As a result, the Ca*-
buffering capacity of ER decreased, and in the steady
state, the amplitude of Ca* oscillation was increased by
nearly two times. In addition, the Ca* tail disappeared
from the interburst period and the electrical rhythm be-
came about two times faster through the shortening of
both interburst and burst periods. These findings are in
good agreement with several experimental recordings
(Miura et al., 1997; Gilon et al., 1999; Fridlyand et al.,
2003) and previous simulation results (Fridlyand et al.,
2003; Bertram and Sherman, 2004). The rate of depo-
larization during the interburst was accelerated by the
activation of inward Ig as a result of ER depletion. The
burst duration was also reduced because the opening of
Ixarp was accelerated by the enhanced Ca2+-dependent
ATP consumption. Increased outward Ixc,sk) Or Ipyca by
the amplified Ca®" transient might also help the early

termination of the burst, whereas inward Iy,c, and Irgpy
have the opposite effects.

We also simulated Ca* transients induced by applying
45 mM of K' solution (Fig. S3). The Ca*" tail observed
after the high K* pulse was well reconstructed (Gilon
etal., 1999). The simulation predicted that [Ca*gy was
accumulated up to ~60 pM via I,y activated through
high K*-induced depolarization (approximately —25 mV).
In the presence of thapsigargin, the amplitude of Ca*"
transients was increased with a large initial peak, and the
slow Ca* tail disappeared. The slow inactivation of I¢,y
caused the marked decrease in [Ca*]; during the initial
10 s of the pulse, as well as the temporal depression after
washing out the high K* solution.

lonic mechanisms underlying the electrical

activity of B cells

Current profile during the burst and interburst periods. The
findings in Fig. 2 suggested that the burst rhythm is de-
termined by the balance among current components
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Figure 3. Dynamics underlying spontaneous Ca** oscillations
before and after inhibition of SERCA. Time-dependent
changes in V,, (top), and [Ca®']; and [Ca*]gg (middle), and Ca?*
fluxes through Jre1, Jserca, Inacas and Ipyca (bottom) at 11 mM [G]
are illustrated with different colors, as indicated in each panel.
The scale of [Ca® R is represented on the right y axis (middle),
and the zero flux level is indicated by a dotted line (bottom). From
130 s (gray horizontal bar), Pggrcs was reduced to 20% of its
control value (from 0.096 to 0.0192 amole ms ') to simulate
the blocking effect of SERCA by thapsigargin. The net Ca*" flux
through the ER was calculated by subtracting J,e from Jsgrea.
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that are modulated by slow changes in [ATP] and
[MgADP], as well as those in [Na']; and [Ca*'];. We
measured the amplitudes of all these currents, includ-
ing Ixare, Inak> INacas Ipmcas Itrem, and Tkcaesk)> at 8 and
16 mM [G], in addition to V-dependent I,y and Igp,
(Fig. 4). During the burst period, the current levels
were measured at the most negative potential between
successive action potentials. The plateau potential grad-
ually shifted negative toward the threshold for the full
repolarization of the burst termination. At both [G],
Ixp: was of minimum size because of almost complete
deactivation at the end of individual action potentials,
and its contribution to changing the plateau potential
seemed to be negligible. In contrast, I,y had the largest
amplitude, suggesting that it is the major current main-
taining the plateau potential or driving the interburst
depolarization to trigger the subsequent action poten-
tial burst. Ixarp provided a sizable outward current dur-
ing the interburst at 8 mM [G] but was much decreased
at 16 mM [G]. In contrast, outward Iy, and Ixc,sk), and
inward Iy,c, and Itgpy, were substantially increased at
16 mM [G] by the accumulation of [Na']; and [Ca®'],
during the prolonged burst period. The amplitude of
Isoc was negligibly small throughout the records in Fig. 4
atboth 8 and 16 mM [G] (not depicted). These current
profiles, however, only give clues as to the contribution
of individual currents underlying the generation of
electrical bursting activity. A quantitative understanding
of the ionic mechanisms requires further mathematical

[G]=8 mM

B

analysis, such as Vy analysis in the next section or bifur-
cation analysis as described in our companion paper
(see Cha et al. in this issue).

V| analysis of interburst ionic mechanisms. To measure the
contribution of each current component to automatic
change in V,,, V| analysis was applied to the simulation
results (Egs. 1, 3, and S108). The magnitudes of the
contribution (¢in mV s™'; see Materials and methods)
of individual ion channels and transporters were cal-
culated over the interburst period, as indicated with
horizontal gray bars in Fig. 4 (A and B). ¢ was plotted
in a cumulative manner at 8 and 16 mM [G] (Fig. 5,
middle panels).

At 8 mM [G], V-dependent activation of I,y (dcaw),
albeit a tiny change from 0.03 to 0.05, provided the larg-
est positive contribution during the entire course of
slow depolarization (Fig. 5 A). In contrast, the contribu-
tion of ultraslow inactivation of I,y (f,s) was trivial. Igarp,
an outward current, also provided a positive contribu-
tion to the depolarization (¢~ 0.1-0.2 mV s™!) because
its open probability was gradually reduced by both in-
creasing [ATP] and decreasing [MgADP]. In the late
phase, the contribution of Igsrp became smaller by grad-
ual equilibration of [ATP] and [MgADP]. The positive
contribution of inward In,c, (¢< 0.1 mV s™!) was mainly
attributable to increased turnover rate by the gradual
decrease of [Na']; after cessation of the burst. Iy,
Ikca@k), and Itgpy hindered the slow depolarization, as

[G]=16 mM
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Figure 4. Ionic currents during burst and interburst activity at 8 mM [G] (A) and 16 mM [G] (B). Top panels show V,, and bottom
panels show individual ionic currents, with the different colors as indicated on the right. The amplitudes of individual currents were
measured at the plateau potential (the most negative potential between successive action potentials) during the burst period. Note that
different time scales are used in A and B. The zero current level is indicated by dotted lines. Gray bars indicate the interburst period,

where the Vi, analysis was applied in Fig. 5.
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represented by their negative contributions (less than
—0.2mVs™).

At 16 mM [G], the ionic mechanisms changed mark-
edly (Fig. 5 B). The contribution of Ig,rp almost disap-
peared from the Vi diagram, but the contribution of
Ca2+—dependent currents (Ipyca, Inacas and Irgpy) notice-
ably increased in compared with those at 8 mM [G].
The V,, change showed two phases during the inter-
burst period: early hyperpolarization and late depolar-
ization. During the early phase, the hyperpolarization
was mainly attributed to decreases in inward Iy,c, and
Irrpy as a result of the slow decay of [Ca®'];. The sum of
these hyperpolarizing effects was larger than the depo-
larizing effect caused by the decrease in outward Ipyca.
In the late phase, the decay rate of [Ca?']; slowed down,
the contribution of Iy,c, was reversed by the decrease in
[Na'];, and the negative contribution of Ippy was also
reduced. Furthermore, the decrease in [Na']; gradually
reduced outward Iy, and contributed to depolariza-
tion. As a consequence, the membrane started to depo-
larize at the late phase.

Comparison of the Vi, diagrams in Fig. 5 (A and B) re-
veals that a metabolic-dependent mechanism (Igyrp) at
a lower [G] was replaced by an ion-dependent mecha-
nism (Ipyca, Inaca, and Itgpy) at a higher [G] in generat-
ing the burst-interburst rhythm. This replacement of
mechanism was further exemplified by separating the
contribution of Iy, into metabolism- and ion-dependent
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mechanisms (Fig. 5, bottom panels). At 8 mM [G], a
negative contribution of Iy,x was caused by rapid re-
covery of the ATP/MgADP composition, whereas at
16 mM [G], the metabolic effects almost disappeared,
and the decrease in [Na*]; dominated the time course
of ¢ of Iy.x.

V| analysis of repetitive action potentials. The result of V.
analysis is presented in Fig. 6 for two successive action
potentials during the burst. The V;, (Fig. 6, red line)
leads the time-dependent change in V,, (black line) in
advance and intersects the V,, curve when dV,,/dt (or
L,1) equals zero. The V; diagram (Fig. 6, bottom) indi-
cates that the time course of the action potential is largely
determined by I,y. In the rising phase of the sponta-
neous action potential, the progressive V-dependent
activation of I,y plays the major role; likewise, the
V-dependent deactivation of Ic,y is mainly responsible
for repolarization. The activation of Igc,mk) partially
counteracts I,y to reduce the maximum rate of rise
or decay of the action potential. Surprisingly, the de-
layed activation of outward Igp, provided a negative
contribution only at the beginning of the repolarizing
phase, but then reversed its contribution to retard the
repolarizing influence of I,y. This retarding effect of Igp,
is a result of V-dependent removal of activation (pgp,).
The contributions of the other substrate-dependent
currents, IKATP: IPMCA) INaCa: ITRPM, and IN;\K: are barely
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Figure 5. V| diagrams show the contribution of major currents during the interburst period at 8 mM [G] (A) and 16 mM [G] (B).
(Top) Time-dependent changes in Vi, (red) and V,, (black). The V,, trace is overlapped by V;. (Middle) Time-dependent changes in
the contribution (¢) of individual currents indicated with different colors. A positive ¢ indicates that the time-dependent change in the
corresponding current contributes to depolarization (in mV s™'), and vice versa. The contribution of Ic,y was divided into ¢ of dc,y and
c of fi,;. The rest for I,y was negligibly small (not depicted). (Bottom) Separation of the contribution of Iy, into [ATP]- and [MgADP]-
dependent components (dark yellow) and [Na‘];-dependent component (gray). Effects of other factors on Iy, such as time-dependent
changes in [K']; or V,,, were negligibly small (not depicted). The time scales refer to those for the gray bars in Fig. 4 (A and B).
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visible because the concentrations of ions or meta-
bolites changed minimally over the time span of an
action potential.

An extra effect of [G] on the bursting activity through
direct inhibition of NaK

Owada et al. (1999) demonstrated that applying glu-
cose to B cells inhibited Na'/K" ATPase in a dose-
dependent and reversible manner via a distinct signal
transduction pathway. Because this inhibition was of
considerable magnitude (up to 55%), they suggested
that the inhibition of Iy,x might promote insulin se-
cretion at a high [G]. We tested this hypothesis by
switching on the inhibitory action of glucose on Iy.x
(Fgi; Eq. Sb5) after a steady rhythm was established
(Fig. 7). Immediately after Iy,x was reduced by intro-
ducing the glucose inhibition (Fig. 7, gray bar), an
action potential burst of longer duration was evoked
accompanied by a larger Ca* transient, in agreement
with the experimental observations using an NaK
blocker (Bozem and Henquin, 1988). Contrary to the
expectation of Owada et al. (1999), the burst interval
returned to control at the next burst and remained
constant. The amplitude of Iy,gx was almost restored
because [Na']; gradually increased until I, exactly
matched the Na' influx. The basal level of [Ca®*]; was
initially increased by the intervention but slowly re-
covered over the next 100 s. Similar results were sim-
ulated at 12 mM [G]. The simulation suggests that
the partial inhibition of Iy,x by glucose might in-
crease insulin secretion at 8 mM [G], but the effect is
only transitory.
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Figure 6. 'V diagram for two successive action potentials within
the burst at 8 mM [G]. (Top) Time-dependent changes of Vi,
(red) and V,, (black). Note that V; always changes in advance
of V. (Bottom) Time-dependent changes in contributions (¢) of
Tcav, Ikor Ikcagsk), and Inaca. The ¢ of other currents was also plotted
in the diagram but is barely visible because of its minor contribu-
tions. The time scale on the x axis refers to that in Fig. 4 A.
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DISCUSSION

By integrating a broad range of electrophysiological
findings into a mathematical model, the response of
pancreatic B cells to extracellular glucose was well re-
constructed, and the underlying mechanisms were elu-
cidated in a comprehensive manner. The new B-cell
model showed a series of responses to varying [G], that
is, the intermittent burst of action potentials accompa-
nied by Ca? transients at [G] > 7 mM, the elongation of
the burst duration with increasing [G], and the contin-
uous firing of action potentials at [G] > 19 mM. V;, analy-
sis of the model successfully quantified contributions of
ion channels and transporters to the slow interburst de-
polarization. It was concluded that alternating burst
and interburst events at the physiological range of [G]
is regulated mainly by Ixarp channels, which transduce
signals from varying [ATP] or [MgADP] to membrane
excitability. The novel prediction is that the role of Ixxrp
is taken over by electrogenic ion transporters, such as
Inacas Inags Ipmica, and a Ca®*-activated ion channel, Iyppy,
at a higher [G].

Comparison with the FP model

To our knowledge, the B-cell model developed by
Fridlyand et al. (2003, 2005) provided the first descrip-
tion of individual channels and transporters on a plasma
membrane at a molecular level. Our model is based on
the structure of this FP model to couple membrane excita-
tion with energy metabolism. We revised most of the ionic
current components with reference to more extensive
electrophysiological findings. In the FP model, a high K*
external solution induces continuous Ca* influx through
Icay (about —30 to —50 pA) and eventually causes a meta-
bolic collapse by a rapid depletion of cytosolic ATP. Rele-
vant simulations to experimental findings were obtained
when both Ca*-mediated inactivation and V-dependent
ultraslow inactivation were included in the new model of
Ic.v- Moreover, we added new currents, Itgpy and Ixca k),
based on recent experimental findings. We found that
Itppy Is an important current to maintain the plateau po-
tential around —50 mV during an action potential burst,
whereas a full repolarization between action potentials
was observed in the FP model. Ixc,pg, is important in the
regulation of action potential amplitude.

For self-consistency of the model, we included all ion
transports across the cell membrane in calculating both
Vi, and intracellular ion concentrations, according to
charge conservation law (see Cha et al., 2011). (a) We took
account of the H' influx via Ca*/H" exchange through
PMCA. This H" flux was assumed to be completely con-
verted to equivalent Na* flux by a fast Na*/H" exchange
(see Materials and methods). (b) [K']; was not fixed in
our model, but the time-dependent change was cal-
culated by K' fluxes through NaK and ion channels.
These modifications were prerequisite for examining
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the roles of ion transporters, which are greatly affected
by ion concentrations.

The model of Iy in the FP model was largely modi-
fied from the original model of Chapman et al. (1983)
by omitting state transitions of the carrier protein. This
simplification resulted in no saturation of the turnover
rate by [Na'];. Moreover, Iy, in the FP model is a V-in-
dependent current in the range from —80 to 0 mV. We
implemented a new kinetic model of Iy,x with the state
transitions (Oka et al., 2010). It shows properties well
established in experimental studies, such as dependen-
cies on Na* and K, the free energy of ATP hydrolysis
(AGyarp), and the membrane potental. Thereby, the
present study reliably predicted that Iy took a pivotal
role in terminating the burst when [Na']; was accumu-
lated during a long-lasting burst at a high [G] (Fig. 5).
For comparison with the present study, we applied

/L analysis to the slow interburst depolarization in the
FP model (Fig. S4). At a relatively low [G] (8.5 mM), a VL
diagram demonstrated that the time-dependent de-
crease of outward Iy, takes the major role in determin-
ing the depolarization rate (¢~ 0.25 mV s™'), whereas
the contribution of Igsrp was negligibly small (¢~ 0.025
mV s™!). It is because of a relatively rapid production of
ATP in the FP model, resulting in a long-lasting burst
even at relatively lower [G], accompanied by [Na'];
oscillation with an amplitude of ~2 mM.

Mechanisms to generate the bursting activity in

modeling studies

Complex patterns of electrical activity in B cells with
varying [G] has been one of the interesting targets in

the field of mathematical physiology, and several ex-
plicit hypotheses have been putforward in various forms
of mathematical models. Importantly, however, the fun-
damental question still remained as to what the slowly
varying factor underlying the time course of burst—
interburst rhythm in 8 cells is. Here, we discuss the mul-
tiple key membrane components suggested in relation
to the slow intracellular factors hypothesized in previ-
ous modeling studies, that is, [Ca®'];, [Ca* ], [ATP)
and/or [ADP], and [Na*],.

[Ca®*] and the Ca®**-activated K* currents. One of the
major hypotheses assumed a gradual activation of Ca*-
dependent K currents during an action potential burst.
For example, early Chay-Keizer models adopted the
BK channel (Chay and Keizer, 1983; Sherman et al., 1988),
and they predicted that an accumulation of intracellu-
lar Ca™ via repetitive spikes increased the outward BK
current and terminated the burst. In turn, the burst was
resumed when the BK channels were sufficiently deacti-
vated during the interburst period. Distinct from the
expectation in their models, however, the progressive
accumulation of Ca™ has not been established experi-
mentally, but rather, a rapid rise of the Ca? transient
leveled off to the plateau level within the initial several
seconds of the burst (Santos et al., 1991; Worley et al,,
1994a), or [Ca®7; slightly rose (Gilon and Henquin, 1992;
Zhang et al., 2003) or decayed (Miura et al., 1997;
Henquin et al., 2009; Merrins et al., 2010) thereafter. In
recent studies, an existence of a different type of Ca™-
dependent K* channel, Ixgo. has been reported (Gopel
et al., 1999a; Goforth et al., 2002; Zhang et al., 2005).

Figure 7. Effects of the inhibition of Na'/K*
ATPase by glucose. The inhibition of NaK by
glucose was introduced from 80 s (gray bar) by
changing Fy, (Eq. $55) from 1 to 0.552 at 8 mM
[G]. The panels show time courses of V,,, [Na'];,

[Ca*};. Tnake and Inae,. Dotted lines indicate the
initial basal level of [Ca™]; (third panel) and zero
current levels (bottom panel).
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The important role of Ixge, in terminating the burst via
[Ca*] accumulation was suggested by two mathemati-
cal models (Goforth et al., 2002; Fridlyand et al., 2009).
To simulate the expected slow kinetics of Iggoy, Goforth
et al. (2002) assumed a localized subspace with a sub-
stantial volume (occupying ~30% of the cytosolic vol-
ume), in which the Ca** concentration activating Igow
varies in parallel to changes in [Ca®*]gg, rather than the
more rapid variation of [Ca?*];. However, such kinetic
changes in Igyq during the bursting activity nor any his-
tological evidence to justify the diffusion barrier have
been found experimentally. Alternatively, Fridlyand
et al. (2010) assumed Igc,s with an extremely slow time
constant of 2.3 s for activation to represent Iggow. How-
ever, SK channels, one of the candidates contributing to
the experimental Igg,,., show very fast gating kinetics
(Hirschberg et al., 1998).

The slow decay phase of [Ca™]; after the burst might
lead to slow changes in membrane conductances of
several Ca**-activated channels or transporters. Indeed,
the present study suggests that [Ca™]; might play a sig-
nificant role in driving slow interburst depolarization
through IPM(_}A) INaCa’ and ITRPM7 as well as IKQ,(SK) (Flg 5) .
Unfortunately, only a few indirect measurements of
these currents have been reported experimentally. As a
result, the contribution of Itgpy was only considered in
our model, and In,c, and Ipycs were implemented in a
few previous models (Fridlyand et al., 2003; Diederichs,
2006; Meyer-Hermann, 2007).

[Ca?*Jer and Isoc. Repetitive empting and refilling of ER is
closely related to bursting rhythm by modulating Ca®*-
activated currents. Among them, a store-operated in-
ward current, Isoc (sometimes termed Iecrac OF Icran),
would be a primary candidate to generate the bursting
rhythm. Gilon et al. (1999) suggested that ER fills with
Ca?" during the burst, and the gradual deactivation of
Isoc may lead to termination of the burst. Conversely,
the subsequent emptying of the ER after the burst might
then reactivate Isoc to trigger a new burst. This mecha-
nism has been tested in several models (Bertram et al.,
1995a; Chay, 1996, 1997; Mears et al., 1997; Fridlyand
et al., 2003). However, the half-activation concentration
of [Ca®*]er (Kyszr) has not been measured experimen-
tally, and thus the predicted contributions of Isoc are
different among studies. For example, in the models of
Chay (1996, 1997) using a Ky 5 zr of 50 or 70 uM, the gat-
ing of Isoc took a central role in determining the burst
rhythm. On the other hand, in the other models Isoc
contributed little because the channel remained closed
as a result of the assumption of a relatively low Ky ser
(3 pM; Bertram et al., 1995a, and the present model),
or was always open because of an assumed high Koszr
(200 pM; Fridlyand et al., 2003). Therefore, it is impor-
tant for Ky5zr to be determined experimentally to decide
the role of Isoc in generating glucose-induced bursting
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rhythm under normal conditions. Interestingly, rather
consistent effects (the prolongation of the spike burst
or the acceleration of the bursting rhythm) were recon-
structed with these differing models when Isoc was max-
imally activated by ER depletion under thapsigargin,
muscarinic antagonist, or low glucose (Bertram et al.,
1995a; Mears et al.,, 1997; Fridlyand et al., 2003; the
present model).

[ATP] and [ADP] and lxare. [ATP] and/or [ADP] have been
considered as key slow factors, and several B-cell models
examined the time-dependent gating of Kyrp channels.
However, quantitative estimation of the contribution of
Ikare to burst activity is highly dependent on the formu-
lation of both Ixare and the metabolic components of
each model. For example, Magnus and Keizer (1998)
developed a detailed Ixarp model and concluded it was
a major factor, whereas simulations using the FP model
and the same Igarp formulation concluded that Ixarp was
not of major significance. This is because the two mod-
els adopted radically different schemes describing the
production of [ATP] and [MgADP].

In addition, it should be noted that ATP-consuming
transporters, such as PMCA, SERCA, and NaK, should
influence the bursting rhythm by modulating their ac-
tivities according to the intracellular energy level. How-
ever, few studies have dealt with this subject, except the
present model by incorporating the detailed kinetic
model of Iy, with AGarp dependency.

[Na*]; and Inx. As demonstrated here and in previous
modeling studies (Miwa and Imai, 1999; Fridlyand et al.,
2003; Meyer-Hermann, 2007), glucose-induced fluctua-
tions of I,y results in rhythmical Na® entry through the
action of NCX. Increased [Na'l; will activate In,g and
lead to termination of the burst; in turn, a slow decay of
[Na']; leads to a decrease in In,x during the interburst
period. Experimentally, Grapengiesser (1996, 1998) ob-
served distinct oscillations of [Na*]; under a partial sup-
pression of NaK in mouse B cells. In support of this
idea, these oscillations disappeared after inhibition of
Ic.v or under a lower glucose, but they were insensitive

to a blocker of V-dependent Na* channels.

[Na']; also modulates the turnover rate of the NCX
exchanger. Thus, a proper Na* dependency of Inac. is
essential for examination of the role of [Na']; in gener-
ating bursting activity. The kinetic scheme of In.c. used
in this study was developed in cardiac cells and has been
well tested experimentally. In addition, the tetrodo-
toxin-sensitive Na* current (In,) might also contribute
to intracellular Na™ accumulation. In preliminary studies,
we implemented Iy, based on recordings in pancreatic
B cells from rat (Hiriart and Matteson, 1988), mouse
(Gopel et al., 1999b; Vignali et al., 2006), and human
(Braun et al., 2008). However, because Iy, was almost
completely inactivated at the physiological Vi, the
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generated flux was trivial. Vi analysis also revealed that
Ina made a very minor contribution to the slow depolar-
ization. Thus, Iy, was deleted from the present model.

The [Na']; of 10~14 mM recorded by Grapengiesser
(1996) is much higher than the 5.5~7.5 mM in our sim-
ulations. When examined with our model, however,
10~14 M [Na*]; resulted in the reverse mode of the NCX
all through the normal burst activity because the Na*
driving force is much reduced. Furthermore, the amp-
litude of the oscillation of [Na*]; and the corresponding
effect on Iyx were reliably estimated in our study. This
is because the average Na® influx through the NCX was
determined by the amplitude of I, and the action po-
tential frequency, both of which were consistent with
experimental data.

Is a single B cell capable of generating full-sized

action potentials?

Remarkably, the action potential parameters in our
model are quite comparable to experimental measure-
ments in isolated mouse B cells obtained by Smith et al.
(1990a) (see Slow fluctuations in [ATP]... in Results).
In most papers, however, the amplitude of action po-
tentials was smaller and the quiescent potential less
negative when recorded in single B-cell preparations
(Rorsman and Trube, 1986; Santos et al., 1991; Kinard
et al,, 1999; Bertram et al., 2000). It is conceivable that
the action potentials might be damped under the patch-
clamp recording because the current leak through the
gigaseal (~10 GQ) between the patch electrode and the
cell membrane is comparable to the whole cell mem-
brane cwrrent (input resistance of ~10-30 GQ). The
membrane capacitance of ~6 pF of small 8 cells is also
in the same order as the floating capacitance of the
electrode tip. Moreover, recovery from dissociation in-
jury might be incomplete in culture medium, or action
potential generation might be depressed at room tem-
perature or by the rundown of I¢,y. It should be noted
that mouse or human B cells contain a relatively high
density of I,y ranging over 6 to 11.4 pA pF“, with an
apparent reversal potential of ~50 mV at physiological
[Ca™], (see Table I for references). The current densi-
ties of I,y guarantee a fast rising phase and a full size of
the action potential in an intact cell before patch-clamp
recording. In the present model, the action potential
peak was shifted to positive potentials when the mem-
brane K’ conductance was partially blocked, in agree-
ment with experiments (Atwater etal., 1979; Santos and
Rojas, 1989; Rorsman et al., 1992; Houamed et al.,
2010). In addition to the action potential amplitude, it
should also be noted that the burst duration in single-
cell preparations might be affected by the leak conduc-
tance and floating capacitance during patch recordings.
The difference between electrical activities in single
cells and those of islets might be caused by the above re-
cording artifacts.

Further considerations and limitations of the study

The V; diagram in Fig. 5 indicated prominently large
contributions of I,y during the whole interburst period
at both 8 and 16 mM [G]. These contributions are
mainly attributable to the increase or decrease in deay,
which is a pure voltage-dependent gate of e,y From the
viewpoint that burst-interburst rhythm is principally
generated by slow changes in cytosolic substrate con-
centrations, the role of de.y is to magnify changes in V,,
in the same direction as those induced by other mem-
brane currents under the influence of cytosolic factors.
Namely, at 8 mM [G], the slow depolarization induced
by changes in Ixarp and Inac, increases de,y, which results
in further depolarization. In the early half of the inter-
burst period at 16 mM [G], de.y is decreased as a result
of the negative shift of V,,,, which is primarily induced by
a decrease in Ix,ca or Itgpy via the progressive decay of
[Ca™],. During the late phase, the gradual positive shift
in V,, induced by a decrease in Ipyea or Ingg increases
deav to enhance the depolarization. If these secondary
contributions of Iy are excluded from comparison of
the membrane currents, the Vy, diagram indicates that
Ixare and Inge, at 8 mM [G], and Inuca Ipmcas Irrew, and
Inax 2t 16 mM [G], play major roles in converting varia-
tions in the slow cytosolic factors into the V,, change in
our model.

The effects of thapsigargin on [Ca*]; have been exam-
ined in several experiments using islet preparations, be-
cause blocking the ER might provide important clues as
to the role of Ca®* buffering by the ER in the bursting
rhythm. Unfortunately, there have been no experimental
data showing the effects of thapsigargin on the electrical
activity or on Ca* fluctuations in isolated individual
B cells. In our single-cell model, the simulation of applying
thapsigarin (Fig. 3) was consistent with the accelerated
rhythm of the Ca* fluctuations recorded in several ex-
perimental observations in pancreatic islets (Miura et al.,
1997; Gilon et al., 1999; Fridlyand et al., 2003), provided
that the rhythm of Ca* transient reflects the electrical

TABLE |
Measurements of the peak of I,y

Amplitude of Iy External  Species Reference
solution

(mM Ca™)
51 pA (8.28 pA pF ') 2.6 mouse  Rorsman etal.,, 1992
37 pA (6.00 pA pF™™) 2.6 mouse Islam et al., 1995
70 pA (11.37 pA pF™'®) 2.6 mouse  Vignali et al., 2006
93 pA 2.6 mouse  Gopel et al., 1999b
135 pA (21.92 pA pF™'%) 10 mouse Gilon etal., 1997
16 pA pF™! 10 mouse Arkhammar etal,, 1994
16 pA pF™! 10 mouse  Ammald etal., 1992
17 pA pF™! 10.2 mouse  Bokvist et al., 1991
6.5 pA pF™! 5 human Kelly et al., 1991
7 pApF! 2.6 human  Braun etal., 2008

*Carrent density.
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bursting activity even in the islet preparations. However,
it should be noted that in other islet studies, thapsigargin
induced 2 sustained increase in [Ca*]; (Worley et al.,
1994b; Gilon et al., 1999; Kanno et al.,, 2002), accompa-
nied by a continuous firing of action potentials (Worley
etal., 1994b). Furthermore, both of these responses have
been observed in the same experimental study (Miura
et al., 1997). At present, it might be speculated that our
cell model represents only a given population of § cells,
or that the cell-to-cell electrical coupling among differ-
ent populations of cell types within the islet can produce
different patterns in the thapsigargin response.

Although the current system was much improved
compared with the previous B-cell models by adding
individual current components in the molecular level,
further refinement of the formulation will be necessary
according to new experimental data in future, especially
in respect to temperature effects on channel kinetics.
Furthermore, compared with the electrophysiological
formulations, the description of energy metabolism is
quite simplified in our B-cell model. Therefore, it is be-
yond the scope of this study to reproduce an ultraslow
bursting rhythm with periods >5 min, which have been
suspected to be of metabolic origin (Henquin et al,,
1982; Bertram et al., 2004). Moreover, the effect of
[Ca*]; on ATP production was not considered in our
model. Keizer and Magnus (1989) assumed that Ca**
entry into the mitochondria depolarized the matrix
membrane to inhibit ATP production. However, the op-
posite effect has also been proposed, namely that an in-
crease in [Ca®]; might facilitate ATP production by
activating dehydrogenases within the TCA cycle (Cortassa
et al., 2003). The net effect of [Ca*]; on ATP produc-
tion is not quantitatively known at present. Therefore, it
will be important to include more precise models for
glycolysis (Smolen, 1995; Bertram et al., 2004), TCA cycle,
and oxidative phosphorylation (Dzbek and Korzeniewski,
2008) in future formulations.
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ABSTRACT

Aims/Introduction: Type 2 diabetes is progressive in that therapy must be altered over time, which is partly as a result of the
progressive loss of pancreatic B-cell function. To elucidate the relationship between residual endogenous insulin secretion and the
necessity of insulin therapy to achieve good glycemic control, indices using serum C-peptide immunoreactivity (CPR) were analyzed

in patients with type 2 diabetes.

Materials and Methods: The data of 201 Japanese patients with type 2 diabetes who achieved the target of glycemic control
during admission were analyzed retrospectively. Indices using CPR including fasting CPR (FCPR), CPR 6 min after intravenous injection
of glucagon (CPR-6 min), increment of CPR (ACPR), secretory unit of islet in transplantation index (SUIT) and C-peptide index (CPI)
were compared between the group requiring insulin (insulin group) and the group not requiring insulfin (non-insulin group). A
receiver-operator characteristic (ROC) curve was made, and optimal cut-off point and likelihood ratio were determined for each

index.

Results: All indices of CPR were lower in the insulin group compared with those in the non-insulin group. Likelihood ratios at the
optimal point of FCPR, CPR-6 min, ACPR, SUIT, and CPI were 20, 2.1, 16, 2.3 and 2.8, respectively. Optimal cut-off point of CPI was
1.1 ng/mg. Sensitivity and specificity at optimal point of CPl were 61 and 78%, respectively.

Conclusions: The advantage of CPI of the indices of CPR to select insulin therapy to achieve good glycemic control was shown,
but limitations of the predictive abilities of the indices using CPR should be taken into account. (J Diabetes Invest, doi: 10.1111/

j.2040-1124.2010.00096.x, 2011)

KEY WORDS: C-peptide, Insulin therapy, Glycemic control

INTRODUCTION

Type 2 diabetes is a heterogeneous disease characterized by
insulin resistance and defective insulin secretion', and is pro-
gressive in that therapy must be altered over time. Initially on
diagnosis, diet and exercise are generally adequate to achieve
good glycemic control; oral hypoglycemic agents (OHA) are
required later, when patients cannot achieve control with diet
and exercise alone. Daily insulin injection is indicated when
patients are unable to achieve control with a combination of oral
agents, diet and exercise™. Insulin therapy is required in these
patients not for survival, as is found in type 1 diabetes, but for
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good glycemic control®, This requirement is, at least in part, as a
result of the progressive loss of pancreatic B-cell function. The
results of the United Kingdom Progressive Diabetes Study
(UKPDS) shows that pancreatic B-cell function (%), assessed
by Homeostasis Model Assessment (HOMA) in patients allo-
cated to diet or OHA, decreased approximately 25% in 5 years’.
A decline in endogenous insulin secretion over more than sev-
eral decades of diabetes was observed in a cross-sectional study®.

Determination of fasting serum C-peptide level and stimu-
lated serum C-peptide level by intravenous glucagon is used
widely to assess endogenous insulin secretory reserves’'°. There
are several reports regarding the correlation between levels of
residual endogenous insulin secretion and the choice of insulin
therapy to achieve glycemic control'’™**. However, in these stud-
ies, because the glycemic goal was not described clearly or was
inappropriate, patients with insufficient glycemic control by the
selected mode of therapy were sometimes included.
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In the present study, to evaluate the clinical significance of
measures of serum C-peptide in achieving good glycemic con-
trol, we retrospectively analyzed the use of indices of endo-
genous insulin secretion in type 2 diabetes patients admitted to
our hospital. Using data of patients who achieved the target of
glycemic control during the period of admission, the patients
were divided into two groups: one that achieved good control
without the use of insulin (non-insulin group) and the other
that required the use of insulin (insulin group), and the indices
using serum C-peptide were compared between them. Optimal
values and the utility of indices using serum C-peptide to select
insulin therapy to achieve good glycemic control were analyzed.

MATERIALS AND METHODS

Subjects

A total of 746 Japanese patients with type 2 diabetes admitted
between 2003 and 2009 to Kyoto University Hospital for poor
glycemic control were enrolled in the present study. Type 2
diabetes mellitus was diagnosed based on the criteria of
the American Diabetes Association (ADA)'. As indicated in
Figure S1, 76 patients including those with pancreatic disease
and liver disease, those taking diabetogenic medication and preg-
nant women were excluded. A total of 40 patients with incom-
plete clinical examinations also were excluded, and 66 patients
with serum creatinine 21.3 mg/dL were excluded, as serum
C-peptide immunoreactivity (CPR) is elevated by decreased
renal function'. The data of 90 patients taking oral hypogly-
cemic agents (OHA) plus insulin at discharge were excluded.
Good control was defined as mean preprandial capillary plasma
glucose level <130 mg/dL, according to the glycemic control rec-
ommendation of ADAY. The 474 patients were divided into
two groups: 201 patients who achieved good glycemic control
(achieved group) and 273 patients who did not (non-achieved
group). As shown in Figure S2, of the 201 patients in the
achieved group, 47, 107, 38 and nine patients were treated with
diet alone, OHA, insulin and insulin plus OHA at admission,
respectively. At discharge, 24, 95 and 82 patients were treated
with diet alone, OHA and insulin, respectively. Patients treated
with diet alone and OHA at discharge comprised the non-
insulin group; patients treated with insulin at discharge com-
prised the insulin group. A total of 166 patients of the 474
patients in the achieved or non-achieved group at discharge
who could be confirmed within 6 months after discharge to
achieve <7.4% in HbA,, which excludes ‘not good” and ‘poor’
for assessment of glycemic control in the treatment guide
for diabetes of the Japan Diabetes Society (JDS guide)'®, were
re-analyzed to determine the cut-off point for C-peptide index
(CPY) for longer duration of glycemic control. Of the 201
patients in the achieved group at discharge, 85 were excluded as
a result of readmission or alteration to the mode of therapy,
or were not followed as outpatients due to a change of hospital.
Of the remaining 116 patients, 90 showed <7.4% HbA,.
within 6 months after discharge. Of the 273 patients in the
non-achieved group at discharge, 137 were excluded as a result

of readmission or alteration to the mode of therapy, or were not
followed as outpatients due to a change of hospital. In the remain-
ing 136 patients, 76 achieved <7.4% HbA,. within 6 months
after discharge. In these 166 patients, analysis of optimal values
and the utility of CPI during admission was carried out.

Methods

On the first day in hospital, medical history, physical examina-
tion and laboratory evaluation including glycosylated hemoglo-
bin were carried out. HbA,. was measured using HPLC
(HA-8180; Arcray, Kyoto, Japan). The HbA . (%) value was
estimated as an National Glycohemoglobin Standardization
Program equivalent (%) calculated by the formula: HbA,. (%) =
HbA,. (JDS) (%) + 0.4%, considering the relational expression
of HbA,. (JDS) (%) measured by the previous Japanese standard
substance and measurement methods and HbA,. (National
Glycohemoglobin Standardization Program)'®. B-cell function
was evaluated within 1 week after overnight fast by glucagon
test measuring CPR before (fasting CPR [FCPR]) and 6 min
aftter i.v. injection of 1 mg glucagon (CPR-6 min)’, as this test is
valid in patients taking insulin therapy. Increment of CPR
(ACPR) was obtained by subtracting FCPR from CPR-6 min.
SUIT index (SUIT) (%) was calculated by the formula:
1500 X FCPR (ng/mL)/(fasting plasma glucose [FPG; mg/dL] —
61.7)%. CPI (ng/mg) was calculated by the formula: 100 x
FCPR (ng/mL)/FPG (mg/dL). Serum CPR was measured by
immunoenzymometric assay (EIA; ST AIA-PACK C-Peptide,
Toso corporation, Tokyo, Japan). In patients taking OHA, medi-
cation was stopped for the glucagon test, but was maintained
until 1 day before to prevent hyperglycemia during the test®.
Fasting plasma glucose was measured by the glucose oxidase
method when the glucagon test was carried out. Patients were
treated according to the JDS guide'®, Treatment policy including
diet therapy, exercise therapy, pharmacotherapy and education
for each patient was determined by Japanese Board Certified
Diabetologists certified by the Japan Diabetes Society. Patients
took medical nutritional therapy (25-30 keal/kg of standard
bodyweight/day consisting of 58% carbohydrate, 18% protein
and 24% fat energy intake percentages) with counseling by a
registered dietitian. Preprandial capillary plasma glucose levels
were monitored three tid. during hospitalization. The study
protocol was approved by the ethics committee of Kyoto
University.

Statistical analysis

Statistical analysis was carried out with the Stat View 5.0 system
(SAS institute, Cary, NC, USA). Data are presented as
mean + SE unless otherwise stated. Clinical parameters among
the two groups were compared by Mann-Whitney U-test.
P-values <0.01 were considered statistically significant. Histo-
grams and receiver-operator characteristic (ROC) curve were
made for FCPR, CPR-6 min, ACPR, SUIT and CPI respectively,
and sensitivity, specificity, cut-off values, area under the ROC
curve (AUC) and the likelihood ratio were calculated.
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RESULTS

Clinical profiles of patients with mean preprandial capillary
plasma glucose levels at discharge of <130 mg/dL (achieved
group) and 2130 mg/dL (non-achieved group), respectively, are
shown in Table 1. Patients of the non-achieved group were
older, had lower body mass index at admission, higher mean
preprandial capillary plasma glucose level both at admission and
at discharge, longer years from diagnosis and lower endogenous
insulin secretion indices than those of the achieved group. The
clinical stages of diabetic nephropathy and retinopathy were
more progressed in the non-achieved group than those in the
achieved group. The relationships between indices using serum
C-peptide and selected modes of therapy at discharge were ana-
lyzed based on the data of the achieved group.

The clinical profiles of patients not requiring insulin for good
glycemic control (non-insulin group) and those requiring insulin
(insulin group) are shown in Table 2. The patients of the insulin
group were older, has lower body mass index, higher HbA,. at
admission, higher mean preprandial capillary plasma glucose
level at admission, longer years from diagnosis and lower
endogenous insulin secretion indices compared with those of
the non-insulin group. As shown in Figure S2, the mode of
therapy in 41 patients was altered from diet alone or OHA to
insulin during admission. The average number of hospital days
before altering the therapeutic mode of these patients was

Table 1 | Clinical profiles of patients who achieved good glycemic control

3.1 + 3.4 (mean + SD). The reasons for the change to insulin
therapy were the necessity of tight glycemic control before oper-
ation in five patients, marked hyperglycemia (a fasting plasma
glucose level of 250 mg/dL or above, or a causal plasma glucose
of 350 mg/dL or above)*! or both the presence of hyperglycemia
and ketosis in 11 patients, and persistent hyperglycemia with
OHA in 25 patients. HbA, at admission of these patients was
10.2 + 2.2% (mean + SD). In five patients, the mode of therapy
was altered from insulin to OHA. The average number of hospi-
tal days before this change was 7.6 + 4.3 (mean + SD); the rea-
son was improved glycemic control despite a decrease in the
required dosage of insulin. HbA, at admission of these patients
was 10.1 + 44% (mean + SD). Another patient treated with
OHA plus insulin at admission was changed to OHA alone after
nine hospital days because of improved glycemic control. Of the
113 patients with therapy of diet alone or OHA both at admis-
sion and at discharge, 19 transiently used insulin during the per-
iod of admission.

The category of OHA at discharge is shown in Table Sla. In
95 patients treated with OHA, 60 and 29 patients were pre-
scribed sulfonylurea alone or in combination, and biguanide
alone or in combination, respectively. In the insulin group, 50 of
86 patients were given premixed insulin b.id. at discharge. As
shown in Table S1b, the prescribed daily dosages of gliclazide,
glimepiride and metformin required were <80, 4 and 750 mg,

Achieved Non-achieved P
No. subjects 201 273
Duration of hospitalization (days) 220+ 07 236+ 07 0.1115
Age (years) 602 + 09 645 + 0.7% 0.0002
Male/female 127/74 159/114
Systolic blood pressure (mmHg) 1245 £ 10 1269 + 1.1 0.1076
Diastolic blood pressure (mmHg) 746 £ 07 736 £ 06 02653
BMI (kg/m?) 252+ 03 238 £ 03* 00005
HbA ¢ at admission (%) 95+ 0.1 98 + 0.1 00776
PG at admission (mg/dL) 181.1 £ 47 2095 + 39* <0.0001
PG at discharge (mg/dL) 1122 £ 09 1632 £ 19* <0.0001
Years from diagnosis 91 £06 135 + 06* <0.0001
FCPR (ng/mb) 187 £ 006 165 + 005* 0.0054
CPR-6 min (ng/mb) 399 £ 0.14 341 + 0.10% 0.0006
ACPR (ng/mL) 212 £ 009 176 + 007* 0.0011
SUIT (90 406+ 19 324 + 20% 00043
CPl (ng/mg) 134 £ 005 109 + 0.04* <0.0001
Clinical stage of nephropathy 129/56/16 (64/28/8) 133/80/60 (49/29/22)

(normal/microalbuminuria/macroalbuminuria)
Clinical stage of retinopathy
(NDR/mild NPDR/moderate NPDR/severe NPDR/PDR)

141/25/26/4/5 (71/12/13/2/2)

112/53/45/22/41 (41/20/16/8/15)

Data are presented as mean = SE. *P < 001 versus achieved. Achieved group: mean preprandial capillary plasma glucose levels at discharge
<130 mg/dL compared with those who did not achieve good glycemic control (non-achieved group =130 mg/dL). BMI, body mass index; CPl,
C-peptide index; ACPR, increment of C-peptide immunoreactivity; CPR-6 min, C-peptide immunoreactivity 6 min after intravenous injection of
glucagon; FCPR, fasting C-peptide immunoreactivity; NDR, no diabetic retinopathy; NPDR, non-proliferative diabetic retinopathy; PDR, profiferative
diabetic retinopathy; PG, mean preprandial capillary plasma glucose level; SUIT, secretory unit of islet in transplantation index. Numbers in

parentheses indicate percentages.
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Table 2 | Clinical profiles of patients who achieved good glycemic
control without requiring the use of insulin and those requiring insulin
to achieve good glycemic control

Non-insulin Insulin P
No. subjects 119 82
Male/female 82/37 45/37
Age (years) 584 + 1.1 629 + 1.3* 00099
Systolic blood 1244 £ 14 1264 £ 17 0.3598
pressure (mmHg)
Diastolic blood 773 £10 733+13 00135
pressure (mmHg)
BMI (kg/m?) 260 + 04 240 + 04 00019
HbA;. at admission (%) 92+02 100 + 02* 0.0050
PG at admission (mg/dL) 1632 + 50 2069 + 80* <0.0001
PG at discharge (mg/dL) 1109 £ 12 1142 +£13 0.0602
Years from diagnosis 78+ 06 109 £ 10* 0.0052
FCPR (ng/mL) 206 £ 007 161 + 009* 0.0001
CPR-6 min (ng/mL) 448 + 0.18 329+ 019 <00001
ACPR (ng/mL) 243 £ 012 168 £ 012 <0000
SUIT (%) 472 +£25 311 £ 27% <0.0001
CPl (ng/mg) 157 £ 007 106 + 006* <0000

Data are presented as mean + SE. *P < 001 versus non-insulin. Good
glycemic control: mean preprandial capillary plasma glucose levels at
discharge <130 mg/dL.

BMI, body mass index; CPI, C-peptide index; ACPR, increment of
C-peptide immunoreactivity; CPR-6 min, C-peptide immunoreactivity
6 min after intravenous injection of glucagon; FCPR, fasting C-peptide
immunoreactivity; PG, mean preprandial capillary plasma glucose level;
SUIT, secretory unit of islet in transplantation index.

respectively in almost all (more than 95%) patients. Daily insulin
dosage was 22.0 + 11.1 U (mean * SD) in the insulin group.

In Figure S3, peak relative frequency of indices using CPR of
patients with mean preprandial capillary plasma glucose levels
of <130 mg/dL at discharge in the insulin group and the non-
insulin group, respectively, is shown (FCPR: 1.50-1.75, 2.00-
2.25 ng/ml; CPR-6 min: 2.75-3.00, 4.00-4.25 ng/mL; ACPR:
1.25-1.50, 1.25-1.50 plus 2.25-2.50 ng/mL; SUIT: 15-20, 25-30
plus 35-40 plus 45-50%; and CPL 0.8-0.9, 1.5-1.6 ng/mg).
According to ROC curves of indices using CPR shown in
Figure 1, AUC, cut-off values and values at optimal cut-off
points including sensitivity, specificity and the likelihood ratio
were determined and shown in Table 3. CPI is the most relevant
of these indices for selecting insulin therapy to achieve good
glycemic control, because the likelihood ratio and AUC of CPI
is greatest.

The ROC curve of CPI of patients who achieved <7.4%
HbA,. within 6 months after discharge is shown in Figure 2.
According to ROC curves of CPI in Figure 2, the AUC (0.75),
cut-off values (optimal: 1.2; 90% specificity 0.8; 90% sensitivity
1.7 ng/mg), and values at optimal cut-off points including sensi-
tivity (73%), specificity (71%) and the likelihood ratio (2.5) were
determined.
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Figure 1 | Recelver-operator characteristic curves of (a) fasting
C-peptide immunoreactivity (FCPR), (b) CPR 6 min after intravenous
injection of glucagon (CPR-6 min), (c) increment of CPR (ACPR), (d)
secretory unit of islet in transplantation index (SUIT) and (e) C-peptide
index (CP)) of patients with mean preprandial capillary plasma glucose
levels of <130 mg/dL at discharge.

DISCUSSION

Medical nutritional therapy (MNT) improves glycemic control
in patients with type 2 diabetes regardless of their modes of
therapy including diet alone, OHA and insulin®**. Diet therapy
is the basis and starting point of treatment of all patients with
diabetes™, and failure of diet therapy alone might predict the
inability to attain optimal glycemic control by any of these
modes of therapy. To precisely analyze the relationship between
endogenous insulin secretion and the appropriate mode of ther-
apy for achieving good glycemic control, we used data of hospi-
talized patients under optimal therapy including proper MNT.
Thus, our results are more likely to be valid in patients with
appropriate care behaviors. Although inappropriate care behav-
ior is an obstacle to achieving good glycemic control over a
longer duration, our results suggest a basis for beginning insulin
therapy in patients who do not achieve good glycemic control
with diet alone or OHA despite the practice of appropriate care
behavior.
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Table 3 | Analysis of indices using serum C-peptide of patients with mean preprandial capillary plasma glucose levels of <130 mg/dL at discharge

FCPR CPR-6 min ACPR SUlT CPI

AUC 069 071 069 072 0.75
Cut-off values (ng/mL) (ng/mL) (ng/mbL) (%) (ng/mg)

Optimal 175 375 225 30 1.1

90% Specificity 1.00 225 1.00 20 07

90% Sensitivity 275 525 3.25 55 1.7
Values at optimal cut-off points

Sensitivity (%) 70 74 82 61 61

Specificity (96) 66 65 49 73 78

Likelihood ratio 20 21 16 23 28

AUC, area under receiver-operator characteristics curve; CPl, C-peptide index; ACPR, increment of C-peptide immunoreactivity; CPR-6 min,
C-peptide immunoreactivity 6 min after intravenous injection of glucagon; FCPR, fasting C-peptide immunoreactivity; SUIT, secretory unit of islet in

transplantation index

Sensitivity

04 -

1 - Specificity

Figure 2 | Receiver~operator characteristic curve of C-peptide index
(CPY) of patients who achieved <74% HbA; within 6 months after
discharge.

In the present study, just 42% of patients achieved good con-
trol during hospital admission, partly because the aim of admis-
sion was not necessarily to achieve good control during the
period of admission, but to establish a treatment policy for the
achievement of good control after discharge. The percentage of
patients treated with insulin at discharge was higher in the non-
achieved group than in the achieved group (non-achieved
group: 67%; achieved group: 41%). Of the patients treated with
OHA at admission in the achieved group, 39% had therapy
changed to insulin, whereas 73% of the patients treated with
OHA at admission in the non-achieved group had therapy
changed to insulin. These results might indicate more intensive
therapy in the case of the non-achieved group. Of the 136
patients in the non-achieved group at discharge, 76 showed

<7.4% HbA, within 6 months after discharge, showing fair gly-
cemic control in some of the patients of this group over the
longer term. As shown in Table 1, the non-achieved group had
more progressive diabetic complications and more years from
diagnosis compared with the achieved group. These factors
might prompt therapy that aims at a more gradual improve-
ment of glycemic control to prevent hypoglycemia. In addition,
the non-achieved group showed higher glycemic levels at admis-
sion than that of the achieved group, whereas the duration of
hospitalization was similar.

Although there have been several reports regarding the utility
of indices of endogenous insulin secretion to indicate initiation
of insulin therapy to improve glycemic control'"™", none has
compared the utility of the various indices. In the present study,
as shown by the likelihood ratio and by AUC, CPI is shown to
be the most useful among the five indices.

CPI was used as an index of endogenous insulin secretion in
several reports”® 2%, but its advantage over other indices and the
scientific basis was unclear. The SUIT index (SUIT) was devel-
oped using FCPR and plasma glucose level after islet transplan-
tation'®. The linear relationship between FCPR and FPG in
individual subjects shows a plasma glucose level (61.7 mg/dL)
assumed to suppress C-peptide to zero. Transplantation of
islets from non-diabetic donors increases the slope (FCPR/
[FPG — 61.7]), suggesting an index of transplanted B-cell
mass. Although a correlation between SUIT and CPR 6 min
after intravenous injection of 1 mg glucagon (CPR-6 min) is
observed in type 2 diabetes (r = 0.58), it is weaker than that in
patients after islet transplantation (r = 0.82)".

Autopsy reveals that B-cell mass is decreased in patients with
type 2 diabetes compared with that in healthy subjects®>".
Recently, in 33 subjects at various stages of glucose tolerance, a
correlation between B-cell areas of a sample obtained during
pancreatectomy, and serum levels of CPR and insulin before the
operation was analyzed™”. Interestingly, B-cell areas are positively
correlated with fasting insulin/FPG (r = 0.51, P = 0.0024) and
FCPR/FPG (r = 0.63, P < 0.0001), but are not significantly
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correlated with homeostasis model assessment B-cell function
(HOMA-B). Because SUIT resembles HOMA-B in that insulin
secretion is assumed to be suppressed to zero at approximately
60 mg/dL glucose in the formula, CPI might be a better index
of residual B-cell mass than SUIT in subjects with glucose intol-
erance. Furthermore, CPI is not affected by exogenous insulin®,
which might favor reproducibility of the results in patients with
insulin therapy. Determination of the index using a one-point
blood sample without the use of loading agents also favors CPL

In results derived from CPI of patients with mean preprandial
capillary plasma glucose levels of <130 mg/dL at discharge,
AUC was 0.75, optimal cut-off value was 1.1 ng/mg with 61%
sensitivity and 78% specificity, and values at 90% sensitivity and
at 90% specificity were 1.7 and 0.7 ng/mg, respectively. Interest-
ingly, in results derived from CPI of patients who achieved
<7.4% HbA,. within 6 months after discharge, AUC was 0.75,
optimal cut-off value was 1.2 ng/mg with 73% sensitivity and
71% specificity, and values at 90% sensitivity and at 90% speci-
ficity were 1.7 and 0.8 ng/mg, respectively, similar to the values
evaluated by mean preprandial glucose levels at discharge. These
values are also similar to those in a previous report in Japanese
using the data of 180 subjects from another institution (optimal
cut-off value: 1.0 with 62% sensitivity and 81% specificity; values
at 90% sensitivity: 1.8; 90% specificity: 0.7 ng/mg), although
good glycemic control was defined as 8.4% in HbA,, which is
somewhat inadequate'®. Thus, CPI might be a predictor of suit-
able therapy to achieve fair glycemic control not only for the
short-term, but also for longer duration.

The main limitation of the present study is that it is a retro-
spective analysis of inpatients at one hospital, and the protocol
for starting insulin therapy was not defined precisely. However,
in the achieved group analyzed as subjects, the decisions as to
whether to start insulin therapy made by Japanese Board Certi-
fied Diabetologists were confirmed retrospectively to have been
made according to the treatment guide for diabetes of the Japan
Diabetes Society, as discussed in the results section.

In conclusion, we have shown the advantage of CPI of indices
using CPR to select insulin therapy to achieve good glycemic
control. However, limitations of the predictive abilities of indices
using CPR generally and the importance of observation of the
clinical therapeutic course must be taken into consideration.
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