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OBJECTIVE—The therapeutic potential of exendin-4, an agonist
of the glucagon-like peptide-1 receptor (GLP-1R), on diabetic poly-
neuropathy (DPN) in streptozotocin (STZ)-induced diabetic mice
was investigated.

RESEARCH DESIGN AND METHODS-—The presence of the
GLP-1R in lumbar dorsal root ganglion (DRG) was evaluated by
immunohistochemical analyses. DRG neurons were dissected
from C57BL6/J mice and cultured with or without Schwann cell-
conditioned media in the presence or absence of GLP-1 (7-37) or
exendin4. Then neurite outgrowth was determined. In animal-
model experiments, mice were made diabetic by STZ administra-
tion, and after 12 weeks of diabetes, exendin4 (10 nmol/kg) was
intraperitoneally administered once daily for 4 weeks. Peripheral
nerve function was determined by the current perception thresh-
old and motor and sensory nerve conduction velocity (MNCV and
SNCYV, respectively). Sciatic nerve blood flow (SNBF) and intra-
epidermal nerve fiber densities (IENFDs) also were evaluated.

RESULTS—The expression of the GLP-1R in DRG neurons was
confirmed. GLP-1 (7-37) and exendin4 significantly promoted
neurite outgrowth of DRG neurons. Both GLP-1R agonists accel-
erated the impaired neurite outgrowth of DRG neurons cultured
with Schwann cell-conditioned media that mimicked the diabetic
condition. At the doses used, exendin-4 had no effect on blood
glucose or HbA,, levels. Hypoalgesia and delayed MNCV and SNCV
in diabetic mice were improved by exendin4 without affecting
the reduced SNBF. The decreased IENFDs in sole skins of di-
abetic mice were ameliorated by exendin4.

CONCLUSIONS—Our findings indicate that exendin4 amelio-
rates the severity of DPN, which may be achieved by its direct
actions on DRG neurons and their axons. Diabetes 60:2397-
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iabetes is the most common cause of peripheral

neuropathy encompassing both mononeuropathy

and polyneuropathy (1,2). In general, diabetic

polyneuropathy (DPN) develops symmetrically
in a nerve length-dependent fashion, with dying-back de-
generation of both myelinated and unmyelinated fibers.
Diabetic patients may exhibit various symptoms of DPN, such
as spontaneous pain, hyperalgesia, and diminished sensation
(3). It has been shown that tight glycemic control is effective
in slowing the progression of DPN but cannot completely
prevent it (4). We have focused on the role of reduced nerve
blood flow in the development and the progression of DPN
(6-7). In addition to the hemodynamic deterioration of di-
abetic nerves, previous studies have described a number of
pathogenic mechanisms suggesting favorable treatments
of DPN, but these treatments have generally failed in
clinical trials (2). Thus, at this time, there are few ef-
fective therapies for DPN. Because the etiology of DPN
seems to be multifactorial, a multitargeted intervention
may be necessary.

An incretin hormone, glucagon-like peptide (GLP)-1, is
released from the L cells of the small intestine (8). GLP-1
and a GLP-1 receptor (GLP-1R) agonist, exendin4, poten-
tiate glucose-stimulated insulin secretion after a meal, and
GLP-1R agonists have been used as therapeutic agents for
type 2 diabetes (9-11). In addition to this antihyperglycemic
effect, GLP-1R agonists have been shown to have several
actions, such as slowing gastric emptying (11) and reducing
food intake (12), that are independent of insulin secretion
(13). Many reports have suggested that GLP-1R agonists
have neurotrophic and neuroprotective properties in some
neurons and neural cells (14-18). It has been revealed that
prolonged neurite extension is induced by mechanisms
involving cAMP (19), which also is involved in the cascade
mechanisms of insulin secretion induced by GLP-1R ago-
nists. In addition, the therapeutic effects of GLP-1R agonists
on stroke, Parkinsonism, and pyridoxine-induced peripheral
sensory neuropathy (18-20) using animal models have been
reported.

Although several beneficial effects of GLP-1 or the GLP-
1R agonist on central and peripheral nervous systems have
been reported, their effects under the diabetic condition
have not yet been evaluated. Here, we investigated the ef-
fects of the GLP-1R agonist exendin-4 on DPN by both in
vitro and in vivo experiments.

RESEARCH DESIGN AND METHODS

Schwann cell culture and preparation of Schwann cell-conditioned
media. Immortalized Schwann cells (IMS32), established by long-term cul-
ture of adult mouse dorsal root ganglions (DRGs) and peripheral nerves (21),
were a gift from Dr. Kazuhiro Watabe. IMS32 were cultured in Dulbecco’s
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FIG. 1. Expression of GLP-1R in DRGs and sciatic nerves. A, C, D, and F: Inmunohistochemically, GLP-1R (green) in DRG was detected with anti—
GLP-1R antibody (sc-66911). Both DRG neurons, indicated by NF70 antibody (red) (E and F), and satellite glia cells, indicated by S100b antibody
(red) (B and C), expressed GLP-1R. C, F, and G: Nuclei (blue) were stained with diaminido phenyl indol. A—F: White arrowheads indicate satellite
glia cells. White arrows indicate neurons. G: GLP-1R protein (red) was not detected in DRG neurons of glpIr~'" mice. H: The transcript levels of
glpIr in DRGs and sciatic nerves of diabetic mice were not significantly different from those of normal mice (DRG: normal mice [N] [r = 6], 1 + 0.54,
threshold cycle value [C] of glpIr 34.8 = 2.3, C; of 18S rRNA 11.2 + 1.0 and diabetic mice [DM] [n = 7], 0.65 *+ 0.23, C, of glpIr 34.0 = 1.5, C, of 18S
TRNA 11.0 + 1.4, P = 0.544; sciatic nerves: normal mice [n = 4], 1 + 0.34, C, of glpIr 33.6 = 1.6, C, of 18S rRNA 14.7 + 1.1 and diabetic mice [n = 5],
1.95 £ 1.29, C; of glpIr 34.5 *+ 1.3, C; of 18S rRNA 12.5 + 2.8, P = 0.606). I: There were no significant differences in the protein levels of GLP-1R
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FIG. 2. Neurite outgrowth of DRG neurons by GLP-1 (7-37) and exendin-4 (Ex4). Representative fluorescence micrograph of DRG neurons cul-
tured in the absence (A) or presence (B) of GLP-1 (7-37) (GLP-1) (10 nmoV/L). GLP-1 (7-37) (10 nmoV/L) or exendin-4 (0.1, 1, 10, and 100 nmol/L)
increased the total neurite length (C) and joint number (D) of neurites. Results are means = SD. CON, control medium. *P < 0.05 vs. control
medium (n = 10-20). Control medium, joint number 23.5 + 17.2 per cell, total length 833 * 462 pm per cell, 10 nmol/L GLP-1 (7-37); joint number
54.8 = 58.3, total length 2,786 + 2,976, 0.1 nmol/L exendin-4; joint number 19.81 * 29.59, total length 1,056.3 = 904.5, 1 nmol/L exendin-4; joint
number 32.23 * 29.35, total length 761.9 + 414.7, 10 nmol/L exendin-4; joint number 78.1 + 58.4, total length 2,035 + 1,162, 100 nmoV/L exendin-4;
and joint number 63.1 = 33.8, total length 2,329 * 1,104. (A high-quality digital representation of this figure is available in the online issue.)

modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) containing
5.6 mmol/L p-glucose, penicillin (100 units/mL)-streptomycin (100 mg/mL), and
5% FBS (Moregate Biotech, Bulimba QLD, Australia). When the cells reached
~T70% confluency, they were maintained in DMEM with 2% FBS containing 5.5
mmol/L p-glucose (normal glucose [NG]) or 30 mmol/L p-glucose (high glucose
[HG]). After a 3-day culture, the cells were maintained in serum-free DMEM
containing NG or HG. After 24 h, culture media were collected, concentrated
10 times using 10 kD centrifugal filters (Amicom Ultra-15; Nihon Millipore,
Tokyo, Japan), and frozen at —80°C until use. We defined these media as NG-
IMS media or HG-IMS media.

Primary culture of DRG neurons and evaluation of neurite outgrowth.
DRG neuron cultures were prepared from 5-week-old male C57BL/6 mice
(Chubu Kagaku Shizai, Nagoya, Japan), as previously described (22). In brief,
DRGs were collected, dissociated by collagenase (Wako Pure Chemical, Osaka,
Japan), and diluted in a medium consisting of F-12 media, 10 mmoV/L glucose,
and 30 nmol/L selenium. Isolated DRG neurons were seeded on glass cover-
slips coated with poly-L-lysine. DRG neurons were cultured with or without
10 nmol/L. GLP-1 (7-37) (Bachem Bioscience, Torrance, CA) or exendin-4

(Sigma-Aldrich) (0.1, 1, 10, and 100 nmoV/L). To evaluate the effects of GLP-1R
agonists on impaired neurite outgrowth under the diabetic condition, DRG
neurons were cultured in HG-IMS media that was diluted one-tenth with F-12
media.

After a 24-h culture, DRG neurons fixed with 4% paraformaldehyde were
immunostained with rabbit polyclonal antineurofilament heavy-chain antibody
(1:5,000; Nihon Millipore) and visualized with Alexa Fluor 488-coupled goat
anti-rabbit IgG antibody (1:200; Invitrogen, Carlsbad, CA). Coverslips were
counterstained with 4’,6-Diamidine-2’-phenylindole dihydrochloride (Merck,
Tokyo, Japan). Images were captured by a charge-coupled device camera
(DP70; Olympus Optical, Tokyo, Japan) using a fluorescence microscope
(BX51; Olympus Optical). Neurite outgrowth was observed in 10-20 neurons
per coverslip and evaluated by a computed image analysis system (Angio-
genesis Image Analyzer version 2; KURABO Industries, Osaka, Japan).
Animals and induction of diabetes. Five-week-old male C57BL/6 mice
(Chubu Kagaku Shizai) were used. Diabetes was induced by intraperitoneal
injection of streptozotocin (STZ) (150 mg/kg; Sigma-Aldrich). Control mice re-
ceived an equal volume of citric acid buffer. One week after STZ administration,

evaluated by Western blotting analyses between diabetic and normal mice (DRG: normal mice [n = 4], 1 =+ 0.09 and diabetic mice [n = 4], 1.02 * 0.20,
P = 0.875; sciatic nerves: normal mice [n = 4], 1 = 0.17 and diabetic mice [n = 4], 1.09 + 1.35, P = 0.438). (A high-quality digital representation of

this figure is available in the online issue.)
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FIG. 3. Neurite outgrowth of DRG neurons in IMS media with or with-
out exendin-4 (Ex4). Total length (4) and joint number (B) of DRG
neurons cultured in IMS media were measured. Decreased total length
and joint number of DRG neurites cultured in HG were ameliorated by
Ex4 in a dose-dependent fashion. Results are means + SD. @, Neurite
cultured in HG-IMS media; O, neurite cultured in NG-IMS media.
NG-IMS media were obtained from IMS cultured in F-12 media with
5.5 mmol/L p-glucose; HG-IMS media were obtained from IMS cul-
tured in F-12 media with 30 mmol/L p-glucose. **P < 0.005 vs. NG-
IMS media without exendin-4; {fP < 0.005 vs. HG-IMS media without
exendin-4. n = 10-20. Total length: NG 1,635 = 1,014 pm per cell and
HG 684 + 410; joint number: NG 79.2 = 52.5 per cell and HG 24.2 =
23.8. Total length: HG with 10 nmoV/L. exendin-4 1,278 * 457 and HG
with 100 nmol/L exendin-4 2,045 = 1,029. Joint number: HG with
10 nmol/L exendin-4 32.3 + 12.0 and HG with 100 nmol/L exendin-4
55.1 = 28.8. Total length: NG with 10 nmol/L exendin-4 1,839 + 915
and NG with 100 nmoV/L exendin-4 1,614 + 821. Joint number: NG with
10 nmol/L exendin-4 72.7 + 36.3 and NG with 100 nmol/L exendin-4
49.3 + 22.3.

the mice with plasma glucose concentrations >16 mmol/L were selected as
diabetic mice. Twelve weeks after the induction of diabetes, mice were
treated once daily with exendin-4 (10 nmol/kg in 0.1 mL of water i.p.) or
vehicle (saline) over 4 weeks (n = 10 in each group). Before and after exendin4
treatment, fasting blood glucose levels and HbA, . were examined by a FreeStyle
Freedom Glucose Meter (Nipro, Osaka, Japan) and a RAPIDIA Auto HbAlc-L
assay Kit using latex agglutination (Fujirebio, Tokyo, Japan), respectively. After
the exendin-4 treatment, intraperitoneal glucose tolerance tests (IPGTTs) were
performed on the mice. Serum insulin and glucagon levels also were measured
in fasted mice by an insulin ELISA kit (Morinaga Institute of Biological Science,
Yokohama, Japan) and a glucagon enzyme immune assay kit (Yanaihara In-
stitute, Fujinomiya, Japan), respectively. The Nagoya University Institutional
Animal Care and Use Committee approved the protocols of this experiment.

Measurement of current perception threshold using a neurometer. To
determine a nociceptive threshold, the current perception threshold (CPT) was
measured in 12- and 16-week diabetic and age-matched normal mice using
a CPT/laboratory neurometer (Neurotron, Denver, CO). The electrodes (SRE-
0405-8; Neurotron) for stimulation were attached to plantar surfaces. Each
mouse was kept in a Ballman cage (Natsume Seisakusho, Tokyo, Japan) suitable
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for light restraint to keep awake. Three transcutaneous-sine-wave stimuli with
different frequencies (2,000, 250, and 5 Hz) were applied to the plantar
surfaces. The intensity of each stimulation was gradually increased automati-
cally (increments of 0.01 mA for 5 and 250 Hz and increments of 0.02 mA for
2,000 Hz). The minimum intensity at which the mouse withdrew its paw was
defined as the CPT. Six consecutive measurements were conducted at each
frequency.

Nerve conduction velocity. Mice anesthetized with pentobarbital were
placed on a heated pad in a room maintained at 25°C to ensure a constant rectal
temperature of 37°C. Motor nerve conduction velocity (MNCV) was deter-
mined between the sciatic notch and ankle with a Neuropak NEM-3102 instru-
ment (Nihon-Koden, Osaka, Japan), as previously described (5,6,23). The
sensory nerve conduction velocity (SNCV) was measured between the knee
and ankle with retrograde stimulation.

Sciatic nerve blood flow. Sciatic nerve blood flow (SNBF) was measured by
laser-Doppler flowmetry (FLO-N1; Omegawave, Tokyo, Japan). The thigh skin
of an anesthetized mouse was cut along the femur and then an incision through
the fascia was carefully made to expose the sciatic nerve. Five minutes after this
procedure, the blood flow was measured by a laser-Doppler probe placed 1 mm
above the nerve. During this measurement, the mouse was placed on a heated
pad in a room maintained at 25°C to ensure a constant rectal temperature of
37°C.

Tissue collection. Four weeks after the treatment with exendin-4, mice were
killed by an overdose of pentobarbital or perfusion with 50 mL of 4% para-
formaldehyde. DRGs and sciatic nerves were obtained from normal and dia-
betic mice. Some of the tissues were snap frozen in liquid nitrogen, followed by
preservation at ~80°C until use, and others were transferred to RNAlater so-
lution (Invitrogen), followed by freezing preservation for RT-PCR. For immu-
nohistochemistry, DRGs, pancreas, and sole skin were excised, fixed in 4%
paraformaldehyde, and frozen in optimal cutting temperature compound (Sakura
Finetechnical, Tokyo, Japan) after cryoprotection.

GLP-1R mRNA expression in DRGs and sciatic nerves. RNAs were extracted
from frozen samples of DRGs and sciatic nerves using Isogen (Nippon Gene,
Toyama, Japan) and were quantified spectrophotometrically. Starting from 1 ug
of RNA, cDNA was synthesized using ReverTra Ace (Toyobo, Osaka, Japan).
TagMan gene expression assays (Applied Biosystems, Foster City, CA) were
used for GLP-IR and 18S rRNA for the endogenous control. Real-time quanti-
tative RT-PCR was performed using the Mx3000P QPCR System (Stratagene,
La Jolla, CA). Relative quantity was calculated by the AAC, method with
normalization to 18S rRNA (24).

Western blotting. DRGs and sciatic nerves were used for Western blotting.
Samples were lysed in detergent lysis buffer (Cell Lysis Buffer; Cell Signaling
Technology, Boston, MA) adding 1 mmol/L phenylmethanesulfonylfluoride
(Sigma-Aldrich), following centrifugation. Proteins were quantitated the con-
centrations with a bicinchoninic acid assay (Sigma Chemical) and were trans-
ferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA) after
SDS-PAGE. Membranes were blocked and incubated with rabbit polyclonal
anti-GLP-1R antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA) and
rabbit polyclonal anti-B-actin antibody (1:10,000; Abcam, Cambridge, MA).
Antigen detection was performed using ECL Plus Western Blotting Detection
Reagents (Amersham Pharmacia Biotech, Piscataway, NJ) with horseradish
peroxidase-conjugated anti-rabbit IgG antibody (1:6,000; Cell Signaling Tech-
nology). Images were scanned and their densities were determined by ImageJ
(National Institutes of Health, Bethesda, MD). The expression of the GLP-1R
protein was corrected by B-actin density, and the expression in tissues of
normal mice was arbitrarily set at 1.0.

Immunocytochemistry and frozen section staining. After a 24-h culture,
DRG cells, as indicated above, were fixed with 4% paraformaldehyde. The cells
were blocked with 3% goat serum, and the following primary antibodies were
applied to the glass coverslips at 4°C overnight: rabbit polyclonal anti-GLP-1R
antibody (1:200, sc-66911; Santa Cruz Biotechnology); mouse monoclonal anti-
neurofilament 70 kDa (NF70) antibody (1:1,000, MAB1615; Millipore); and
mouse monoclonal anti-S100b antibody (1:300, S2532; Sigma-Aldrich). After
washing, the following secondary antibodies were loaded for 1 h at room
temperature in a dark box: Alexa Fluor 488-coupled goat anti-rabbit IgG
antibody (1:200; Invitrogen) and Alexa Fluor 594-coupled goat anti-mouse an-
tibody (1:300; Invitrogen).

For immunohistochemistry, after the microwave irradiation in citrate buffer
(pH 6.0), cryostat sections were blocked with 5% skim milk (Meiji Milk, Tokyo,
Japan) and the following primary antibodies were applied to the sections at 4°C
overnight: rabbit polyclonal anti-protein-gene-product 9.5 (PGP 9.5) antibody
(1:500; Millipore); guinea-pig polyclonal anti-insulin antibody (1:500, Ab7842-
500; Abcam); rabbit polyclonal anti~-GLP-1R antibody (1:200, sc-66911, Santa
Cruz Biotechnology; LS-A1205 and LS-A1206, MBL International, Woburn, MA);
mouse monoclonal NF70 antibody (1:1,000; Millipore); and mouse monoclonal
anti-S100b antibody (1:300; Sigma-Aldrich). After washing, the secondary
antibodies, as indicated above, were loaded for 1 h at room temperature.
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TABLE 1

Body weight, blood glucose, and HbA, . levels in normal and diabetic mice

Normal mice

Diabetic mice

Posttreatment Posttreatment
Pretreatment Saline Exendin4 Pretreatment Saline Exendin4
n 8 5 6-8 9-10 8 9
Blood glucose (mmol/L) 9116 9.1+ 16 8.7 x24 23.1 + 2.8 26.6 = 2.9% 23.9 = 2.3%
HbA,;. (%) 4.0 = 0.1 4.1 * 0.2 3.9 *0.1 7.6 £ 1.2% 7.7 £ 2.1% 6.9 + 2.1*
Body weight (g) 313 31 +3 27 + 2¢ 26 = 3* 24 *+ 4% 23 + 2%

Data are means = SD. *P < (.05 vs. pretreatment normal mice. 1P < 0.05 vs. normal mice treated with saline.

Coverslips and tissues were counterstained with diaminido phenyl indol
(Merck). Images were captured by a chargecoupled device camera (DP70;
Olympus Optical) using a fluorescence microscope (BX51; Olympus Optical).
Measurement of intraepidermal nerve fiber densities. Nerve fibers stained
with anti-PGP 9.5 antibody were counted as previously reported (25). In brief,
each individual nerve fiber with branching inside the epidermis was counted as
one, and a nerve fiber with branching in the dermis was counted separately. Six
fields from each section were randomly selected for the intraepidermal nerve
fiber (JENF) densities (IENFDs). IENFDs were derived and expressed as epi-
dermal nerve fiber numbers per length of the epidermal basement membrane
(fibers per millimeter).

Statistical analysis. All the group values were expressed as means * SD.
Statistical analyses were made by one-way ANOVA, with the Bonferroni cor-
rection for multiple comparisons. All analyses were performed by personnel
who were unaware of the animal identities.

RESULTS

DRG neurons and satellite cells expressed GLP-1Rs.
To confirm the quality of GLP-1R antibody, we stained
the islets of glpIr~'~ mice. GLP-1R antibody obtained
from Santa Cruz (sc-66911) detected the B-cells of wild-type
mice but not those of glpIr~'~ mice. In contrast, GLP-1R
antibodies from MBL International (LS-A1205 and LS-
A1206) nonspecifically stained the islets of glpIr~'~ mice
(Supplementary Fig. 1). In addition to immunohistochem-
istry, GLP-1R protein in the pancreas of wild-type mice was
specifically detected and that of glpIr~’~ mice was un-
detected with the GLP-1R antibody from Santa Cruz by
Western blotting methods (Supplementary Fig. 2). There-
fore, in this study, we used sc-66911 as a primary antibody
to detect the expression of GLP-1R in DRGs. GLP-1R ex-
pression was detected in both DRG neurons indicated by
NF70 and satellite cells indicated by S100b antibody
(Fig. 1A-F). In contrast to these wild-type mice DRGs,
GLP-1R expression was not detected in the DRGs of
glpIr™"" mice (Fig. 1G). To further evaluate the localization
of GLP-1R, we stained enzymatically dissociated DRG cells
with GLP-1R antibody in addition to S100b or NF70 an-
tibody. GLP-1R proteins also were expressed in both DRG
neurons and satellite cells by this immucytochemical method
(Supplementary Fig. 3).
GLP-1R agonists promoted neurite outgrowth of DRG
neurons. In our DRG culture system, GLP-1R protein was
expressed in all neurons and in about two-thirds of glia
cells (data not shown). Therefore, we used our DRG culture
system to evaluate the impact of the GLP-1R agonist on the
sensory nervous system, especially sensory neurons.
Neurite outgrowth of DRG neurons was increased in the
presence of GLP-1 (7-37) or exendin4 (Fig. 24 and B).
Total length and joint number of neurites were significantly
increased by GLP-1 (7-37) or exendin4 (joint number:
control vs. 10 nmol/L exendin4, P = 0.0002; control vs. 100
nmol/LL exendin4, P = 0.0093; and control vs. 10 nmol/L
GLP-1 (7-37), P < 0.0001; total length: control vs. 10 nmol/L
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exendin4, P = 0.0003; control vs. 100 nmol/L. exendin-4,
P < 0.0001; and control vs. 10 nmol/L. GLP-1 (7-37), P <
0.0001) (Fig. 2C and D).

Exendin-4 ameliorated high glucose-induced reduction
in neurite outgrowth of DRG neurons. DRG neurons
cultured with HG-IMS media, which mimicked the diabetic
state, had shorter neurites and smaller joint numbers com-
pared with those cultured with NG-IMS media, which mim-
icked the nondiabetic normal state (total length: P = 0.0205,
joint number: P = 0.0006) (Fig. 3). The impaired neurite
outgrowth of DRG neurons cultured with HG-IMS media was
improved by exendin4 (total length: HG with 10 nmol/L
exendin4, P = 0.1620, and HG with 100 nmol/L. exendin-4,
P = 0.0012; joint number: HG with 10 nmol/L: exendin4, P =
0.5871, and HG with 100 nmol/L. exendin4, P = 0.0433). In
contrast, exendin4 did not promote the neurite outgrowth of
DRG neurons cultured with NG-IMS media.

Levels of GLP-1R in DRGs and sciatic nerves were not
impaired in diabetic mice. To ascertain the levels of
glplr mRNA and protein, we carried out real-time PCR
analyses and Western blotting analyses in the DRGs and sci-
atic nerves of normal and diabetic mice before the exendin4
treatment. The levels of gipIr transcript in DRGs and sci-
atic nerves of diabetic mice were not significantly different
between those of normal mice (DRG: P = 0.544, sciatic
nerves: P = 0.606) (Fig. 1H). Furthermore, there were no
significant differences in GLP-1R protein contents between
diabetic and normal mice (DRG: P = 0.875, sciatic nerves:
P =0438) (Fig. 1.

Body weights, blood glucose levels, and HbA .. At 12
weeks, diabetic mice showed severe hyperglycemia (P =
0.0003) and significantly reduced body weight gain (P =
0.003). Random blood glucose levels measured during the
experimental period were not significantly different in any
group. Exendin4 treatment for 4 weeks did not alter body
weight, blood glucose, or HbA |, levels in the diabetic groups
(Table 1).

Serum insulin and glucagon levels and IPGTTSs. After
the exendin4 treatment, serum insulin levels were signif-
icantly decreased in diabetic mice, and exendin-4 admin-
istration provided no significant improvement in both
diabetic and normal mice (Supplementary Fig. 44). In
IPGTT, blood glucose levels in diabetic mice after 15 min
of glucose injection were significantly elevated compared
with those in normal mice. These elevations were not sig-
nificantly decreased by exendin-4 treatment (Supplemen-
tary Fig. 40).

Although serum glucagon concentrations were not in-
cremented in diabetic mice compared with those in normal
mice, the concentrations in diabetic mice had a high pro-
pensity to be decreased by exendin4 treatment (Supple-
mentary Fig. 4B).
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FIG. 4. Evaluation of sensory nerve functions. Measurements of CPTs
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before and at the end of exendin-4 (Ex4) administration. CPTs for all
pulses were significantly increased in the diabetic group (DM), and
these deficits were significantly prevented by exendin-4. N, normal
mice; S, saline. Results are means x SD. #P < 0.05 vs. pretreatment
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Reduced sensory perception in diabetic mice was
ameliorated by exendin-4 administration. After 12
weeks of diabetes, CPTs at 5, 250, and 2,000 Hz were
significantly increased compared with those in normal mice
(56 Hz: P = 0.015, 250 Hz: P = 0.019, and 2,000 Hz: P = 0.028),
representing hypoalgesia in diabetic mice. After the 4 weeks
of exendin-4 administration, these deficits in sensation
were significantly improved in diabetic mice compared
with saline-treated diabetic controls (5 Hz: P = 0.0161,
250 Hz: P = 0.0012, and 2,000 Hz: P = 0.0011). The injection
of exendin-4 into normal mice did not induce significant
changes in CPTs (Fig. 4A-C).

Exendin-4 improved delayed NCVs in diabetic mice.
MNCVs and SNCVs of diabetic mice were significantly
delayed compared with those of normal mice (MNCV: P =
0.0341, SNCV: P = 0.0489). The delay in MNCVs and SNCVs
was significantly restored by exendin-4 treatment (MNCV:
P = 0.0289, SNCV: P = 0.0201) (Fig. bA and B). However,
exendin-4 administration did not alter NCVs in normal mice.
Nerve fibers in epidermis were preserved by exendin-4.
IENFDs were evident in both the epidermis and the dermis
of the foot skin by the fluorescent imaging (Fig. 64).
Although IENFDs were decreased in diabetic mice (P =
0.0011), this decrement was significantly ameliorated by
exendin-4 (P = 0.0007) (Fig. 6B). Administration of exendin-4
did not change IENFDs in normal mice (P = 0.2212).
Exendin-4 had no effects on SNBF. SNBF in diabetic
mice was significantly decreased compared with those in
normal mice (P = 0.0203), and the decrease was not ame-
liorated by exendin4 (P = 0.7407) (Fig. 7).

DISCUSSION

In this study, we investigated whether GLP-1R agonists have
therapeutic effects on DPN. First, we confirmed the ex-
pression of the GLP-1R on DRG neurons by immunohis-
tochemical analyses. Second, we observed that both GLP-1
(7-37) and exendin-4 promoted neurite outgrowth of DRG
neurons, and exendin4 ameliorated the impaired neurite
outgrowth of DRG neurons in conditioned media obtained
from Schwann cell cultures under high-glucose conditions.
We then demonstrated that administration of exendin4
improved the reduced sensory perception of the plantar
pedis, delayed NCVs of hindlimbs, and decreased IENFDs
of the plantar skin in diabetic mice. However, neither the
hyperglycemic state nor decreased SNBF were improved
by exendin4. These results indicate that exendin4 has di-
rect effects on peripheral nerves that are independent of its
antihyperglycemic and hemodynamic effects.

Several antibodies against the GLP-1R are commercially
available. GLP-1R antibodies, LS-A1205 and LS-A1206, pro-
duced by MBL International, have recently been used in
some studies (26-28). To confirm the reliability of these
antibodies, we stained islet cells in which the presence of
the GLP-1R has repeatedly been demonstrated (29,30). LS-
A1205 and LS-A1206 distinctively reacted with p-cells that
also were clearly stained with anti-insulin antibody, but these
antisera also reacted with B-cells or perhaps a-cells in
Glplr™" mice. We then tested another antibody for GLP-
1R, sc-66911 (Santa Cruz). This antiserum detected B-cells

normal mice; *P < 0.05 vs. saline-treated normal mice; P < 0.05 vs.
saline-treated diabetic mice. Saline-treated normal mice, n = 8; exendin-4-
treated normal mice, n = 8; saline-treated diabetic mice, r = 9; exendin-4-
treated diabetic mice, n = 9.
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FIG. 5. NCVs. MNCV (4) and SNCV (B) were measured before and after the treatment with exendin-4 (Ex4). DM, diabetic mice; N, normal mice;
S, saline. Before the treatment: MNCV for normal mice 45.2 * 2.7 m/s and diabetic mice 37.5 + 8.2, P = 0.0341; SNCV for normal mice 33.0 = 4.6 and
diabetic mice 28.6 = 7.2, P = 0.0489. After the treatment: MNCV for saline-treated diabetic mice 34.5 = 8.1 and exendin-4-treated diabetic mice
43.3 = 7.9, P = 0.0289; SNCV for saline-treated diabetic mice 28.6 = 5.6 and exendin-4-treated diabetic mice 38.0 + 8.5, P = 0.0201. Results are
means =+ SD. #P < 0.05 vs. pretreatment normal mice. *P < 0.05 vs. saline-treated normal mice. {P < 0.05 vs. saline-treated diabetic mice. Saline-
treated normal mice, n = 7; exendin-4-treated normal mice, n = 8; saline-treated diabetic mice, n = 8; exendin-4-treated diabetic mice, n = 8.

of wild-type mice but did not react with those of glpl'r_/ B
mice (Supplementary Fig. 1). Furthermore, the antiserum
detected GLP-1R proteins in the pancreata of wild-type mice
but not in that of glpIr~'~ mice, using immunoblotting
assay. We confirmed the expression of GLP-1R in DRG
neurons and glia cells with a GLP-1R antibody, sc-66911.

GLP-1 and exendin-4 previously have been shown to pro-
mote neurite outgrowth of rat pheochromocytoma cells
(19,31) and to protect rat primary hippocampal neurons
from cell death (14). It has been reported that exogenous
GLP-1R activation significantly reduces glucose-dependent
reactive oxygen species generation in hypothalamus (32).
These antioxidative effects of GLP-1R agonists might yield
benefits to central and peripheral nervous systems.

The dipeptidyl peptidase (DPP)-IV inhibitor (vildagliptin)
recently has been shown to prevent peripheral nerve de-
generation in STZ-induced diabetic mice (33). Although
GLP-1 is one of the substrates of DPP-IV, several bioactive
peptides, such as neuropeptide Y, substance P, glucagon-
like peptide-2, and stromal cell-derived factor-la also have
been reported as substrates of DPP-IV (34,35). Among these
peptides, neuropeptide Y and substance P are known as
neurotransmitters or modulators of peripheral nervous sys-
tems (36,37), and it also has been demonstrated that stromal
cell-derived factor-la released from DRG glia regulates
leukocyte chemotaxis and modulates neuropathic pain be-
havior (38). Therefore, the preventive effects of the DPP-IV
inhibitor on DPN may be attributed to its protective effects
on these neurotrophic peptides and mediated through in-
creased levels of GLP-1.

Although we cannot infer the precise site(s) of action of
exendin4 in our diabetic mice that ameliorated DPN in vivo,
our data using cellular models of DPN in vitro implicate
a direct role for GLP-1 and the GLP-1R agonist exendin-4.
We previously reported that conditioned media obtained
from Schwann cell cultures under high-glhucose conditions
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impaired neurite outgrowth of DRG neurons, likely medi-
ated through a decrease in nerve growth factor pro-
duction (21). In our current study, the impaired neurite
outgrowth induced by hyperglycemia-conditioned IMS
media was improved by exendin4. In contrast, under the
normal glucose—conditioned IMS media, which mimicked
the nondiabetic normal state, exendin-4 did not exert any
changes in neurite outgrowth because of basal enhance-
ment of neurite outgrowth by various growth factors,
such as nerve growth factor secreted from Schwann cells
(21). These results indicate that GLP-1R agonists exert re-
generative effects on peripheral sensory neurons under ex-
perimental conditions, mimicking diabetes in vitro. Additional
studies on the effect on the role of downstream neurotrophic
factors, such as nerve growth factor, will be required to
evaluate the mechanism of action of GLP-1R agonists.

We also demonstrated the effects of exendin-4 on DPN
in STZ-induced diabetic mice. We evaluated sensory nerve
functions using a CPT/laboratory neurometer. The neuro-
meter is now widely and clinically used to evaluate the ef-
fects of analgesic drugs and peripheral nerve functions in
various painful neuropathies, including DPN (39-42). In
this study, after 12 weeks of diabetes, hypoalgesia at 2,000,
250, and 5 Hz was observed in the diabetic mice, and in-
jection of exendin4 improved these abnormalities. In addi-
tion, exendin4 ameliorated the decreased IENFDs in diabetic
mice. The restoration of sensory functions by exendin4 was
confirmed by the improvement of IENFDs.

In addition, we measured MNCVs and SNCVs that rep-
resent relatively large axonal functions. Both the delayed
MNCVs and SNCVs in diabetic mice were improved by
exendin-4, indicating that exendin4 had therapeutic effects
on impaired motor and sensory nerve functions. These data
also are consistent with previous reports (14,16,18,19) that
revealed the plausible effects of GLP-1 or GLP-IR agonists
on central and peripheral nerve disorders.
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FIG. 6. IENFDs after the treatment with exendin-4 (Ex4). A: IENFs
indicated by white arrowheads were detected by immunofluorescence
assay with anti-PGP 9.5 antibody (red). B: Quantification of the density
revealed a significant decrement in untreated diabetic mice and the
significant amelioration by exendin-4 treatment. DM, diabetic mice; N,
normal mice; S, saline. Bar: 20 pm. Saline-treated normal mice 38.5 +
3.9, saline-treated diabetic mice 27.7 + 1.9, exendin-4-treated normal
mice 42.1 *+ 2.4, and exendin-4-treated diabetic mice 40.2 + 3.1 fibers
per mm. Results are means = SD. #P < 0.05 vs. pretreatment normal
mice. *P < 0.05 vs. saline-treated normal mice. 1P < 0.05 vs. saline-
treated diabetic mice. Saline-treated normal mice, n = 4; exendin-4—
treated normal mice, n = 3; saline-treated diabetic mice, n = 4;
exendin-4-treated diabetic mice, n = 3. (A high-quality digital rep-
resentation of this figure is available in the online issue.)

Decreased nerve blood flow has been recognized as one
of the most important mechanisms in the development of
DPN. Recently, GLP-1R has been detected in blood ves-
sels, and the beneficial effects of GLP-1 or GLP-1R agonists
on vascular functions have been reported (28,43,44). In our
experimental study, however, exendin4 did not alter nor-
mal nerve blood flow in normal mice nor did it improve
the reduced nerve blood flow in diabetic mice. One of the
reasons for this discrepancy is that the vasodilatory
actions of GLP-1 agonists are likely mediated mainly
through a GLP-1R-independent pathway, which depends
on a GLP-1 metabolite, GLP-1 (9-36) (28). In our present
study, therefore, exendin-4 could not exert vasoregulatory
effects. Another reason is that the central-peripheral sym-
pathetic nervous system function would likely be impaired
in the diabetic state. It has been reported that GLP-1 in the
central nervous system regulates sympathetic outflow,
resulting in increases in blood pressure and heart rate in-
dependent of the peripheral actions of GLP-1 on gluco-
regulation (43,44). As mice with a long duration of diabetes
in the current study might have developed sympathetic
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FIG. 7. SNBF treated with or without exendin-4 (Ex4) in normal (N) or
diabetic (DM) mice. S, saline. Saline-treated normal mice 19.4 + 2.4,
saline-treated diabetic mice 14.4 + 3.6, and exendin-4-treated diabetic
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saline-treated normal mice. Saline-treated normal mice, n = 9; exendin-
4-treated normal mice, n = 8; saline-treated diabetic mice, n = 8;
exendin-4-treated diabetic mice, n = 9.

nerve dysfunction, exendin-4 may have been unable to
modulate nerve blood flow after prolonged experimental
diabetes. Although the precise mechanisms remain unclear,
the effects of exendin-4 on DPN may be attributed to its
direct actions on DRG neurons and their axons.

Because GLP-1R agonists possess glucose-lowering
effects, we used a dosing regimen that did not produce sus-
tained reductions in blood glucose or body weight. Although
trends toward reduced levels of HbA;. and glucagon were
observed in exendin-4—treated diabetic mice (Table 1 and
Supplementary Fig. 4), there were no significant differences
in the glucose levels, insulin concentrations, or IPGTTs
between exendin-4-treated and untreated mice. In pre-
vious studies (45,46), exendin-4 was administrated at the
same time as or before STZ injection. On the other hand,
we started exendin-4 injections 12 weeks after the onset of
diabetes. Because HbA,;. in diabetic mice treated with
exendin4 tended to decrease (Table 1), longer treatment
or larger doses of exendin4 might have significantly im-
proved hyperglycemia, indirectly contributing to the ame-
lioration of DPN. In the current study, however, it is
conceivable that the effectiveness of exendin-4 on DPN
may be independent of the glucose-lowering effects.

Miki et al. (47) previously reported that glucose-
responsive neurons in the hypothalamus regulate the secre-
tion of glucagon and govern the glucose homeostasis. In
addition, it was shown in a recent study that GLP-1R ago-
nists had a glucagon-lowering effect (48), which is consistent
with the present observation that glucagon concentrations
tended to be decreased by the administration of exendin-4
in diabetic mice. It remains to be evaluated whether the glu-
cagon levels influence the pathophysiology of DPN through
mechanisms independent of hyperglycemia.

In conclusion, we demonstrated the beneficial effects
of GLP-1R agonist on DPN. GLP-1 analogs and GLP-1R
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agonists have been broadly used as antihyperglycemic agents
in type 2 diabetic patients. In addition to the established use
of these agents to control blood glucose, there currently is
little data demonstrating an effect of GLP-1R agonists on
peripheral nerve functions. Our data demonstrating the
improvement of experimental DPN after administration of
GLP-1 and exendin4 suggest that additional clinical inves-
tigation with attention to whether therapy with GLP-1R
agonists produce changes in DPN may be warranted.
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To clarify the mechanisms underlying the pancreatic B-cell response to varying glucose concentrations ([G]), electro-
physiological findings were integrated into a mathematical cell model. The Ca® dynamics of the endoplasmic
reticulum (ER) were also improved. The model was validated by demonstrating quiescent potential, burst-interburst
electrical events accompanied by Ca* transients, and continuous firing of action potentials over [G] ranges of 0-6,
7-18, and >19 mM, respectively. These responses to glucose were completely reversible. The action potential, input
impedance, and Ca™ transients were in good agreement with experimental measurements. The ionic mechanisms
underlying the burst-interburst rhythm were investigated by lead potential analysis, which quantified the contribu-
tions of individual current components. This analysis demonstrated that slow potential changes during the inter-
burst period were attributable to modifications of ion channels or transporters by intracellular ions and/or
metabolites to different degrees depending on [G]. The predominant role of adenosine triphosphate-sensitive
K current in switching on and off the repetitve firing of action potentials at 8 mM [G] was taken over ata higher [G]
by Ca*™- or Na™-dependent currents, which were generated by the plasma membrane Ca®* pump, Na*/K* pump,
Na*/Ca% exchanger, and TRPM channel. Accumulation and release of Ca** by the ER also had a strong influence
on the slow electrical rhythm. We conclude that the present mathematical model is useful for quantifying the role

of individual functional components in the whole cell responses based on experimental findings.

INTRODUCTION

The pancreatic § cell has a unique function of convert-
ing variations in the extracellular glucose concentration
([G]) to electrical activity, thereby controlling the level
of insulin secretion. This signal transduction is depen-
dent on the interaction between energy metabolism
and membrane excitation. Several mechanisms have
been suggested underlying this bilateral coupling in
pancreatic B cells. The gating of ATP-sensitive K* chan-
nels is regulated by fluctuations in the intracellular con-
centration of ATP or MgADP ([ATP] or [MgADP]),
resulting in a prolongation of the duration of the burst
of action potentials with increasing [G]. The activation
of L-type Ca* channels by an increase of [ATP] (Smith
etal., 1989), or the depression of Na*/K" pump (NaK)
activity up to 50% by increasing [G] (Owada et al,,
1999), may also favor burst prolongation. In addition,
variations in intracellular ion concentrations may have
varying influences on individual channels or transporters
depending on [G]. For example, it has been recently
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suggested that a K* current activated by intracellular
Ca” (Ixuow) may affect bursting activity (Gopel et al.,
1999a; Goforth et al., 2002). Finally, the electrical activ-
ity induces a significant increase in ion fluxes across the
surface membrane, which alters energy consumption
via active ion transport or Ca*-mediated processes, in-
cluding insulin secretion. These pathways are all linked
in a complex system, and one approach to aid the quan-
tification of the contribution to bursting activity of indi-
vidual pathways is the development of a mathematical
B-cell model.

Such models have been used for nearly 30 years to
elucidate the principle mechanisms underlying the
bursting activity in B cells. Early stage models used a
formulation consisting of a minimum number of com-
ponents: two or three K* currents, a Ca* current, and/or
a leak current (Chay and Keizer, 1983; Sherman et al.,
1988, 1990; Keizer and Magnus, 1989; Smolen and
Keizer, 1992; Bertram et al., 1995b). These model simu-
lations suggested consistently the critical role of a slowly
changing variable in generating the burst-interburst
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rhythm. Subsequent models elaborated metabolic com-
ponents by including details of glycolysis, tricarboxylic
acid (TCA) cycle, and oxidative phosphorylation (Magnus
and Keizer, 1998; Bertram et al., 2004; Diederichs, 2006)
to examine the gating of Igyre by time-dependent changes
in [ADP] or glycolytic oscillation. Several models with
detailed descriptions of many more membrane currents
and associated changes in intracellular ion concentra-
tions have also been published (Miwa and Imai, 1999;
Fridlyand et al., 2003; Meyer-Hermann, 2007).

The object of this study is to clarify quantitatively the
detailed ionic mechanisms underlying glucose-induced
electrical bursting activity observed in isolated 3 cells. To
achieve this aim, we have developed a comprehensive
model based on recent extensive experimental findings
on ion channels, transporters, and intracellular Ca* dy-
namics in f cells. If adequate mathematical analyses are
successfully applied to this detailed model, the role of
individual ion channels will be clarified in quantitative
terms, in relation to the principle mechanisms deduced
from the theoretical studies using simplified models, and
also in relation to the detailed experimental studies on
the role of individual functional molecules in real cells.

MATERIALS AND METHODS

The present model of a single B cell was constructed on the frame-
work developed by Fridlyand, Philipson, and their colleagues, the
FP model (Fridlyand et al., 2003, 2005), which was designed to ex-
amine interactions among glucose metabolism, Ca® dynamics in-
cluding ER, and membrane excitation. The metabolic elements of
the model were adopted after minor modifications, whereas the for-
mulations of individual ion channels and transporters were largely
revised to reproduce the detailed characteristics of electrical activ-
ities reported in the literature. The structure of the model is illus-
trated in Fig. 1. Because electrical activities or glucose sensitivities
vary diversely among different studies or species, we have concen-
trated on data obtained from dissociated mouse B cells at physio-
logical temperature (33-37°C). Experimental results from other
species, including ratand human, or obtained at room temperature
were also referred in the absence of relevant mouse data. All equa-
dons and parameters are presented in the supplemental material.

Cell dimensions and Ca?* buffer

Cytosolic (764 fl) and ER (280 fl) volumes and membrane capaci-
tance (6.158 pF) were defined as in the FP model (Fridlyand et al.,
2003). This capacitance is within the experimental range measured
in isolated B cells in mouse (5.4 = 0.9 pF) (Rorsman and Trube,
1986) and similar to that found in humans (6.2 + 0.8 or 7.3 + 0.4 pF)
(Kelly et al., 1991). The concentrations of free Ca® in the cytosol
([Ca™]);) and ER ([Ca®1gr) were calculated using the buffering
power coefficients f; and fig, respectively (see Eqs. S5 and 56 in the
supplemental material). The value of i was determined using the
decay time course of the Ca®™ transient evoked by a 45-mM K' pulse
(Gilon et al., 1999), assuming an ER Ca*-binding capacity of 98-
99% as found in gonadotropes (Tse et al., 1994).

Modeling ion channels and transporters

Plasma membrane ion transport comprised eight ion channels and
three ion transporters as indicated in Fig. 1. Modeling parameters
were based on voltage-clamp data obtained mainly in dissociated
B cells, as indicated.
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Voltage-dependent Ca?* current (Ic,y). It is well established that
the maximum rate of rise of action potential is determined by the
activation of voltage (V)-dependent Ca** currents in pancreatic
B cells (Ribalet and Beigelman, 1980; Rorsman and Trube, 1986;
Ashcroft and Rorsman, 1989). Several types of voltage-gated Ca®
channels (L, R, and possibly P/Q type) have been reported in
mouse B cells (Schulla et al., 2003). Braun et al. (2008) also dem-
onstrated that human B cells express L, T, and P/Q types, but not
R-type Ca™ channels. At present, it is not possible to describe
quantitatively each component because of the lack of detailed
voltage-clamp data from isolated cells. However, the whole cell
Ca® currents so far reported show common characteristics for
L-type Ca™ current established in other cell types. These include
Ca*-mediated inactivation (Plant, 1988; Satin and Cook, 1989;
Kelly et al., 1991), ultraslow V-dependent inactivation (Satin and
Cook, 1989; Kelly et al., 1991), and activation by intracellular ATP
(Smith et al., 1989) or “washout” with an ATP-free pipette solu-
tion (Hiriart and Matteson, 1988). All of these properties might
be heavily involved in modulation of membrane excitability. For
example, Henquin and Meissner (1984a) ascribed a gradual de-
crease in the amplitude and frequency of Ca®* spikes to Ca™-and
ultraslow V-dependent inactivation of Ig,y during the burst. As an
initial approximation, we have used a lumped Ca® current with
characteristics similar to those of L-type Ca* current described by
a formulation of I, developed in cardiac myocytes (Takeuchi etal.,
2006). The parameters were adjusted according to voltage-clamp
experiments in an insulin-secreting cell line (Satin and Cook,
1989; see Fig. S1) and in isolated mouse P cells (Houamed et al.,
2010). Because the kinetics of Ca* current of human B cells are

lcav  lkor ltrem  Isoc lkcagsk) lxcatsky Ikate lbnsc
A 4 Py A 4 4 4

T

J
ATP —<AB» ADP
A )

Jrel Jserca

Re+<——-i9-p—-— Re
mitochondria

\_ cytoplasm * ? é Jgic, Ip,ox Y,

lpmca

2+
Ca¥er R

Inaca  INak glucose
Figure 1. Schematic diagram of the new B-cell model. The model
includes ion fluxes through the plasma membrane, Ca dynam-
ics including the ER, and [G]-dependent ATP synthesis in mito-
chondria. The ion fluxes include voltage-dependent Ca* current
(Icay), delayed rectifier K* current (Igp,), Ca*activated nonselec-
tive cation current (Itren), store-operated current (Isoc), V- and
[Ca?*]rdependem transient outward K* current (Ixcasx)), ATP-
sensitive K* current (Igupp), Ca®"activated K current (Ixcasgy)s
background nonselective cation current (Ipnsc), PMCA current
(Ipsica), NCX current (Inaca), and NaK current (Iyg). ER Ga* dy-
namics consist of Ca** uptake by SERCA (Jsgrcs) and Ca™ release
(Jra)- In the ATP synthesis pathway, Re represents the reduced
form of pyridine nucleotide (NADH), and J. and Jg o represent
the glycolysis- and B oxidation—dependent Re production rates,
rvespectively. ATP is synthesized at the expense of Re through
oxidative phosphorylation (J,,) and is consumed via Ca*-
dependent/-independent pathways (Joare). The direction of
arrows indicates the positive sign of the values calculated by the
corresponding equations in the supplemental material.
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similar to those in rodent (Kelly et al., 1991), human data were
also used for determining the voltage-dependent activation curve
and the time course of ultraslow inactivation. Ca*-dependent in-
activation was described as a function of the single-channel current
(Egs. S18 and S19). For ultraslow inactivation, a noninactivating
fraction of 0.4 (Eq. S13) was assumed to reproduce the inactiva-
tion curve obtained with a 10s conditioning pulse (Fig. S1 F).
Ideally, all of these properties might better be systematically ana-
lyzed in a single study at the physiological temperature. Such a
study is awaited.

Delayed rectifier K* current (Ixp,). Pancreatic § cells show a
marked delayed outward K* current on depolarization (Cook and
Hales, 1984; Rorsman and Trube, 1986; Smith et al., 1990b). The
voltage-clamp record of Igp, in dissociated B cells of mouse
(Houamed et al., 2010) was reproduced (Fig. $2. A and B). For a
more precise description of the activation gate (Egs. $26 and
§27), the IV relationship and activation curve obtained from
human (Kelly et al., 1991) and mouse B cells (Rorsman and Trube,
1986) were also considered (Fig. $2 C). In addition, a slow inacti-
vation of Igp, has been observed in various studies (Rorsman and
Trube, 1986: Kelly et al., 1991; Houamed et al., 2010). Because
the inactivation kinetics were highly dependent on temperature
(MacDonald et al., 2003), a time constant of ~0.8 s at +10 mV at
32-35°C (Houamed et al., 2010) was used for model adjustment
(Eqgs. S29 and $30).

Ca’*-activated nonselective cation current (Irrps)- Sturgess et al.
(1987) recorded single-channel currents of a Ca*-activated non-
selective cation channel in the INS-1 cell line. Recently, an analo-
gous but more specific current has been described as a TRPM4
channel current, which might be involved in insulin secretion
(Cheng et al., 2007; Marigo et al., 2009). In spite of the recent
findings, this channel has not been implemented in previous
B-cell models. We described the activation by Ca®* (Eq. S48) with
a halfsaturation concentration (0.76 pM) and a Hill coefficient
(1.7), consistent with experimental recordings (Marigo et al.,
2009). The relative permeabilities of Na® and K* (Egs. S50 and
S51) were adjusted to give a reversal potential of ~0 mV (Colsoul
etal., 2010). The whole cell conductance of Itgpy was adjusted to
reconstruct the plateau potential of approximately —50 mV dur-
ing the burst.

Store-operated current (lsoc). Worley et al. (1994a,b) showed
that depletion of ER Ca® store by zero Ga® bath solution with
EGTA depolarized the membrane in freshly isolated mouse 8 cells.
They also demonstrated that a nonselective cation current was
activated by maitotoxin. Leech and Habener (1998) also recorded
a similar maitotoxin-sensitive current that showed a reversal po-
tential of —1.7 mV in insulinoma cell lines. The authors suggested
that this current might play a critical role in setting the mem-
brane potential (V) to be less negative than the K* equilibrium
potential. Unfortunately, it is still unknown if the store-operated
cation currents are attributable to a single class of ion channels at
the molecular level. Moreover, the critical level of ER Ca** deple-
tion for the half-activation of the store-operated currents (Ko er)
remains unclear in 8 cells. Although a Ca* release-activated non-
selective cation (CRAN) current has been implemented in previ-
ous B-cell models (Bertram et al., 1995a; Chay, 1996, 1997; Mears
et al.,, 1997; Fridlyand et al., 2003), different values of Kgsxr
ranging from 3 to 200 pM were used. In our model, the mini-
mum level of 8 pM [Ca® ]y is tentatively assumed for the half-
activation (Eq. S44). With this assumption, the amplitude of Isoc is
minimum under the physiological conditions, but itis activated
when the ER is almost completely depleted, for example, by ap-
plying thapsigargin.

Miura et al. (1997) demonstrated that depletion of Ca*" store by
thapsigargin triggered Ca® influx independent of Iy, which might
be attributed to a different type of current from lepan. Based on
their finding, Isoc in our model is partly carried by Ca*, and the
size of the current was determined by the steady-state level of [Ca®];
under thapsigargin and D, a blocker of I (Eq. S47). Itis consis-
tent with the fact that ubiquitous Ca™ release-activated Ca®'
(CRAC) channels are selective to Ca* under physiological jonic
conditions (Hoth and Penner, 1993: Prakriya and Lewis, 2002).
This Ca® entry prevents ER from a serious depletion at 0 mM [G]
in our model, and the Na® and K* conductance of I, sets the rest-
ing membrane potential at approximately —70 mV in competition
with the background of Ixarp (Eqgs. S45 and $46).

V- and [Ca®*]-dependent transient outward K* current (lcagx)-
A large-conductance Ca**-activated K* (BK) current has been re-
corded in single-channel recordings in insulin-secreting cell lines
and mouse B cells (Velasco and Petersen, 1987; Satin et al., 1989;
Kukuljan et al., 1991; Houamed et al., 2010). Smith et al. (1990b)
found that the amplitude of the whole cell outward current was
not affected by chelation of intracellular Ca®* by adding [EGTA]
to pipette solutions, but they observed that a transient compo-
nent was depressed by blocking Ig.y. Furthermore, single-channel
recordings demonstrated that this current was activated immedi-
ately after the onset of a depolarizing pulse. These findings sug-
gested that the channel might be functionally coupled to Ca®
channels rather than to bulk cytosolic [Ca®]. Similar transient
outward currents coupled with Ie,y have also been reported in
human B cells (Herrington et al., 2005; Braun et al., 2008). Because
it is difficult to estimate [Ca®*] near the BK channel molecule, this
current was tentatively represented as a V-dependent transient K*
current based on the above properties (Egs. $82~-S57). The rate
constants for activation and inactivation were determined based
on the measurement in dissociated mouse B cells at 33.5°C
(Houamed et al., 2010). It has been suggested that this current is
a major determinant of the action potential amplitude (Henquin,
1990; Braun etal., 2008; Houamed etal., 2010; Jacobson etal., 2010).
Thus, the conductance of Iy, k) was determined to set an action
potential peak from —10 to 0 mV (Eq. $31).

ATP-sensitive K* current (Igare). It has been well established that
the open probability of ATP-sensitive K channel changes depend-
ing on the intracellular energy status (Cook and Hales, 1984;
Rorsman and Trube, 1985), and thereby Igarp modulates mem-
brane excitability and subsequent insulin secretion in B cells
(Larsson et al., 1996). Hopkins et al. (1992) suggested that the
channel activity is dependent on ADP level over the concentra-
tion range of 10-100 pM, rather than on the ATP/ADP ratio
(Dunne and Petersen, 1986; Misler et al., 1986). Based on a reac-
tion scheme with two ADP-binding sites (Hopkins et al., 1992),
Magnus and Keizer (1998) proposed a detailed model of Igyrp. We
adopted this model after a minor modification of dissociation
constants for ATP and MgADP according to experimental data
(Ashcroft and Kakei, 1989; Hopkins et al., 1992).

Rorsman and Trube (1985) found that the input conductance
was ~0.05 nS (20 GQ in the input resistance) at 10 mM [G], but
it increased to 1.9 £ 0.1 nS/pF when ATP was omitted from the
intracellular solution. Subsequently, Smith et al. (1990a) observed a
similar increase of input conductance to 5.1 = 0.9 nS under 0 mM
[G], which was almost completely inhibited by tolbutamide, a se-
lective Kyrp channel blocker. Because these data could constrain
the maximum conductance of Ixxrp (Ggare; Eq. $53) in our model,
we simulated a corresponding measurement with a voltage-clamp
step from —70 to —80 mV. The whole cell input conductance
ranged from 0.048 to 0.068 nS during bursting rhythm at 10 mM
[G], which was in good agreement with the experimental value
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(Rorsman and Trube, 1985). Under zero intracellular ATP, how-
ever, the input conductance only increased to 0.9 nS, >90% of
which was attributed to Kyrp conductance. This value was much
smaller than the experimental measurements. However, we failed
to improve Ggarp of the original model of Ixay (Magnus and
Keizer, 1998), and this problem was left for future work.

Ca**-activated K* current (Ikcasc). In islet preparations, Gopel
et al. (1999a) recorded a novel K™ current component (Ixgow)
which was activated with a slow time constant of ~2.3 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., 19992a;
Goforth et al., 2002; Zhang et al., 2005; Difer et al., 2009). The
pharmacological and gene knockout studies have suggested that
small-conductance K¢, (SK) channels might contribute substan-
tially to Ixgow (Zhang et al., 2005; Diifer 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.,
2008; Dufer et al., 2009). Interestingly, Kanno et al. (2002) as-
cribed ~50% of the experimental Iggow to Iarp. Thus, we imple-
mented the SK channel current as Igcask) in our new model
separately from Igarp. The Ca* dependency for activation of Ixcysx)
was adopted from Hirschberg et al. (1998) (Eq. S38). It seems
that the activation by Ca® of SK current is almost instantaneous,
but slow changes in [Ca®]; and/or the contaminated Igyrp com-
ponent might result in the slow time course of Ixgo. in experimen-
tal recordings.

Background nonselective cation current (lnsc). Henquin and
Meissner (1984a) showed that the resting membrane potential of
B cells is less negative than the X' 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
Icran is largely inactivated. Thus, we added such a current, Lnsc,
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). Irxsc in this model is permeable to
Na' and K*' with a reversal potential at approximately —20 mV
(Eqgs. S40-542). 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 (lpyca, Inaca) Ca®* influx through Ie,y is balanced
with Ca®* efflux via Ipyca (PMCAL, 2, and 3) and Ly, (NCX1)
(Varadi et al., 1995; Herchuelz et al., 2007). PMCA has one Ca*-
binding site and 1:1 Ga® /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
et al., 1997). Based on these findings, Ipycs is expressed by a Hill
equation (Eq. $95). In addition, it is 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. S3).

The description of Iy, 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. S75-894). The slope conductance of In.c, near the
reversal potential was 25.5 pS pF™* at 14 pM [Ca™]; and 30 mM
[Na*]; in the present model, which is about half of the experimen-
tal value (53 pS pF') (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 Iy 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 K7,
and the free energy of ATP hydrolysis (AGare) based on thermo-
dynamics (Egs. S54-S74). 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 (Fg; Eq. $55). The
amplitude factor of Ik (Prax) 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®* dynamiics 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 ,2) 0of 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 K, 0= 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™7]; 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,q)
was described as a passive flux down a concentration gradient in
this study (Eq. $97).

ER volume (volgr), maximum velocity of SERCA (Pggreas
Eq. $96), 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®™]; 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 et al., 1999; Gilon etal., 1999).
(d) Direct measurement of [Ca*]gg using a low affinity Ca%
fluorescent dye revealed that [Ca®]gg 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® 1
of 60200 pM suggested previously (Tse et al,, 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 (fy.) (Eq. S100)
to reproduce the experimental finding that the burst duration is
prolonged with increasing [G] in 8 cells. Our revision might be
appropriate because f 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  oxidation of fatty acid (Jp..x Eq. S99),
in addition to glycolysis (Ja; Eq. $98). This modification pre-
vented the system from a metabolic collapse ata 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 ([Re,]) by adding a
term of ([Re] — [Rel) in Jye and Jg o (Egs. S98 and $99). 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. S102).

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 (Vi) using
the time-varying conductance (Gy), reversal potential (Ex), and
V-independent transporter current (Iy),

EGXEX _ZIY
— X Y .

= 1
v, sG M
X

Also refer to Eq. S108. V always moves in advance of V,,, and its
time derivative (dVy/dt) drives the automatic change of V,,. The
relative contribution (r) 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 . for
all components equals unity at each time point, and is used to vali-
date the calculations,

QY,L — ﬂLﬂi&i
-dt _de = (2)
T v, and Ei:rw 1.
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:

and ZQ =— (3)

cwith a positive sign indicates that the corresponding compo-

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

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

were expressed with Eqs. 4 and 5, where Gy, and Gy,c, are the
slopes of tangential lines fitted to the instantaneous IV relation at
each moment, and E, n,x and E, n.c., the intersections of the tan-
gential lines with the x axis:

Inak = Grax (Vm _Ex_NaK) )

INaCa = GNaCa (Vm —_Ex_NﬂCﬂ)' ®

The contribution of Ina or Inac, in Fig. 5 was a summation of
¢ evaluated by fixing Gyax and E_nag, 0 Graca and E, waca, TESpEC-
tively. Because Gy.x and E, vk 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. SI 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/DCI.

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 GQ
(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 Ixyrp channels. At 7mM [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 cell in the presence of 2.6 mM [Ca®*], and 10 mM
[G] at 831°C (see Fig. 1 B in Smith et al., 1990a). The
maximum rate of rise was 2-3 V s~! in the model, com-
parable to 3.2 Vs~ (Rorsman and Trube, 1986) or 8.5
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 I,y 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 Ca*-dependent
ATP consumption. These typical responses were observed

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¢,y. 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 Igyrp
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 Iy. 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

[G] 6 mM 8 mM 12 mM 16 mM 20 mM
0 4

g-m-
>§4o

60
_ ' — 1015 S
S 35 NN é
€ 30 r [ 0.10 &~
o
~ 25 H H r 0.05 g
< \/"L/"L/L =
et 2.0 1 e ~ 0.00 g
15 - : 1 '
= 6. NV
+mﬁs
Z 6.0 T~~~ A~ AAAAAA

5.5 ] i ] ] ,
S 04 | . | S
-~ 0.3 1
o 0.2 ] ]
© 01 ] ]

0 100 200 O 100 200 O 100 200 O 100 200 O 100 200
t(s) t(s) t(s) t(s) t(s)

Figure 2. Activities of the B-cell model at various [G]. Each row indicates steady cyclic changes in V,,,, [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 Ixca(sk), as well as inward-going
Inaca OF Itrpp. 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 (Jsgrca-Jre; 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 I 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 In,c, and Iigpy
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* ]z 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®*]sx (middle), and Ca?*
fluxes through Jre;, Jserca, Inacas @and Ipyca (bottom) at 11 mM [G]
are illustrated with different colors, as indicated in each panel.
The scale of [Ca®*]gy 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), Psgrcs 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; from Jsgrca-
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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 Ikares Inag> INacas Ipnmcas Itrens and IKCa(SK): at 8 and
16 mM [G], in addition to V-dependent I¢,y and Ikp,
(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],
Ixpr 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 In,g and Igc,sk), and
inward Inac, and Irrpy, 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

analysis, such as Vi, 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 Ic,y (dcav),
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. Ixarp,
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 Ixsrp became smaller by grad-
ual equilibration of [ATP] and [MgADP]. The positive
contribution of inward Iy, (¢< 0.1 mV s™!) was mainly
attributable to increased turnover rate by the gradual
decrease of [Na']; after cessation of the burst. In.x,
Ikca(sk), and Irgpy hindered the slow depolarization, as
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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 V| 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 Igrp almost disap-
peared from the Vi, diagram, but the contribution of
CaQ*—dependent currents (Ipyca, Inaca, 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
Itgrpnm 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 Itgpy 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 (Igarp) at
a lower [G] was replaced by an ion-dependent mecha-
nism (Ipmca, 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,k into metabolism- and ion-dependent
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mechanisms (Fig. 5, bottom panels). At 8 mM [G], a
negative contribution of In,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 Inuk.

V| analysis of repetitive action potentials. The result of Vi,
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)) 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 I,k partially
counteracts I¢,yv to reduce the maximum rate of rise
or decay of the action potential. Surprisingly, the de-
layed activation of outward Ikp, provided a negative
contribution only at the beginning of the repolarizing
phase, but then reversed its contribution to retard the
repolarizing influence of Ig,y. This retarding effect of Igp,
is a result of V-dependent removal of activation (pgp,).
The contributions of the other substrate-dependent
currents, Igare, Ipmca, Inacas Irrem, and Inag, are barely
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Figure 5. Vi 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 Ir,y was divided into ¢ of deay and
c of f,. 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).

Cha et al. 29

-97.-



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,
(Fgc; 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,x was almost restored
because [Na']; gradually increased until Iy, 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, by glucose might in-
crease insulin secretion at 8 mM [G], but the effect is
only transitory.
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Figure 6. Vi diagram for two successive action potentials within
the burst at 8 mM [G]. (Top) Time-dependent changes of V.
(red) and V,, (black). Note that V; always changes in advance
of V.. (Bottom) Time-dependent changes in contributions (¢) of
Tcavs Ikoo Ikca(k)s and Inyca. The cof 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 Igsrp
is taken over by electrogenic ion transporters, such as

INaCa: INZLK7 IPMCA; and a Ca2+—activated ion Channel, ITRPM:
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
Icav (@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
Icav- Moreover, we added new currents, Irgpy and Ixcamg),
based on recent experimental findings. We found that
Irrew 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,mg) 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 Chaetal., 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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