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Abstract Insulin secretion inhibitors (ISI) such as adrena-
line and somatostatin act on the pancreatic (3-cell by a
number of mechanisms, one of which is plasma membrane
hyperpolarization. Despite the ample evidence for this
effect, the principal underlying channels have not been
identified thus far. The G protein-gated inwardly rectifying
potassium (Kir3.x/GIRK) channels, which are responsible
for hyperpolarization in other excitable tissues, are likely
candidates. In this paper, we show that GIRK channels are
expressed and functional in mouse pancreatic islet cells.
Reverse transcription polymerase chain reaction analysis
revealed all four GIRK gene products in islet tissue.
Immunofluorescent labeling of pancreatic sections demon-
strated exclusive islet localization of all GIRK subunits, in
part within insulin-expressing cells. Using the whole-cell
configuration of the patch clamp technique, we found that
the application of tertiapin-Q, a selective inhibitor of the
GIRK channels, abolishes adrenaline-mediated inward
currents and strongly attenuates adrenaline-induced hyper-
polarization in a reversible manner. These results imply that
GIRK channels are responsible for a major part of the
electrical response to adrenaline in islet cells and suggest a
role for these channels in pancreatic physiology.

Keywords G protein-coupled inwardly rectifying potassium
channels - Epinephrine - Pancreatic (3-cells -
Islets of Langerhans - Whole-cell recordings - Patch clamp
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Introduction

Glucose-stimulated insulin secretion (GSIS) is mediated by
plasma membrane depolarization resulting from the closure
of ATP-sensitive K channels (Karp) by ATP/ADP ratio
increase following glucose metabolism. This depolarization
leads to the opening of L-type calcium channels, a rise in
cytoplasmic calcium levels, and a consequent fusion of
insulin granules to the plasma membrane and insulin
release (reviewed in [46]). Several Gy, protein-coupled
receptor (Gj,PCR)-activating ligands, most notably cate-
cholamines, somatostatin, and galanin, are known as GSIS
inhibitors (ISIs). These agents act on the pancreatic (3-cell
through a number of mechanisms [50], one of which is the
hyperpolarization of membrane potential through an in-
crease in K™ conductance [1, 45, 51, 53]

The G protein-gated inwardly rectifying K potassium
channel (GIRK) is activated in response to many PTX-
sensitive G protein-coupled receptor ligands [62], including
noradrenaline [5], somatostatin [31], and galanin [52]. The
GIRK channel is expressed mainly in excitable cells, where
it serves to reduce electrical activity in response to neuro-
transmitters and hormones. The channel is a tetramer
constructed of various combinations of the four GIRK
family subunits (GIRK1-4). While GIRKI is expressed
virtually ubiquitously in GIRK-expressing tissues, GIRK2
and GIRK3 are expressed primarily in neuronal tissues, and
GIRK4 is expressed mainly in cardiac cells [62]. Although
GIRK subunit gene expression has been detected in a
variety of tissues [13, 62], little work has been published to
date regarding GIRK functionality and roles in cells other
than neuronal and cardiac. Evidence for GIRK subunit
expression in the pancreas [23, 25, 49, 56, 58] and
pancreatic islets [18, 64] of various organisms and in
insulinoma [4, 11, 13, 54, 55, 57] is particularly ample.
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The identity of the G protein reactive channels in 3-cells
is still unknown. While some evidence point to the
reactivation of Karp channels [2, 8, 9, 15, 16, 19, 43, 48,
65], other findings contradict this notion [45] or suggest
additional or alternative channel targets [1, 10, 21, 51, 53].
Rorsman et al. ascribed a low unitary conductance to the
clonidine-activated outward current at —20 mV holding
potential, which is in agreement with the strong inward
rectification of GIRK [45], while the work of Smith et al.
demonstrated that somatostatin activates a channel with
kinetics and conductance similar to those attributed to
GIRK in the MIN-6 insulinoma line [53]. These two reports
argue in favor of GIRK channel activation in response to
the respective stimuli in (3-cells. In addition, two reports
have noted similar single-channel properties of somatostatin-
activated currents in pancreatic x-cells [20, 64].

In this work, we perform systematic reverse transcription
polymerase chain reaction (RT-PCR) and immunofluores-
cence studies, and present pharmacological evidence for the
functionality of the GIRK channel in pancreatic islet cells.
We show that all four GIRK subunits are transcribed in the
islets, and demonstrate, for the first time, that the GIRK1
and GIRK3 subunits are present in these cells at the protein
level, with GIRKI1 localized mostly intracellularly. In
addition, we show that GIRK channels are responsible for
the major part of adrenaline action on both potassium
conductance and membrane potential changes in islet cells.
Our data may indicate that the importance of GIRK
channels is not limited to neural and cardiac systems, and
suggest that defects in GIRK subunits may be involved in
certain types of 3-cells abnormal function.

Materials and methods

All animal procedures were approved by the Institutional
Animal Care and Use Committee of the Weizmann Institute
of Science.

RT-PCR Total RNA was extracted from a 10-week-old male
NMRI mouse freshly isolated islets and from INS-1E and
MIN-6 insulinoma lines using the RNeasy mini kit (Qiagen,
Hilden, Germany). RT-PCR reactions were performed using
the OneStep RT-PCR kit (Qiagen). Following calibration
experiments using actin primer sets, 20 ng of islet RNA
(equivalent to 0.5 islets) and 5 ng of each cell-line RNA
were used as templates in each reaction. As positive and
negative controls, cerebellum RNA (10 ng) and no RNA
containing reactions were used, respectively. An additional
control using exocrine pancreas RNA (100 ng) from the
same mouse was also included to examine the possibility
that products in the islet samples arise from exocrine tissue
contamination. For GIRK1 and GIRK2c, ten times lower
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RNA concentrations of each specimen were used. Reaction
conditions were 30 min at 50°C (55°C for GIRKI and
GIRK2c), 15 min at 94°C, [30 s at 94°C, 30 s at 55°C
(58°C for GIRK1 and GIRK2c), 60 s at 72°C] for 35 cycles
and 10 min at 72°C. For the GIRK3 reaction, a second,
nested PCR was performed, using 1 pl of the first reaction
product, primers as specified below, a ReddyMix PCR
master mix (ABgene, Epsom, UK), and reaction conditions
of [30 s at 94°C, 30 s at 55°C, 60 s at 72°C] for 15 cycles
and 10 min in 72°C. RT-PCR product locations (from CDS
start) for the different gene products were: GIRK1, 435—
1,100; GIRK2a, 914-1,431; GIRK2¢, 914-1,282; GIRK3,
692-973; GIRK4, 739-1270. All expected products were
designed to span introns in their corresponding genomic
DNA sequences to avoid genomic DNA contamination
artifacts. Primer sequences were (CEx., number of coding
exon; nt, primer position from coding sequence start;
length, length of major expected product):

— GIRKI: sense, CTATGGCTACCGCTACATCACCG
(CEx. 1, nt 435); antisense, ATGAGAAGCAT
TTCTTCCTGCTC (CEx. 3, nt 1,100); length 666 bp.

— GIRK2a: sense, AGATTGTGGTCATCCTGGAG
(CEx. 2, nt 914); antisense, CCCCGACTTTAAG
TAAATTAT (CEx. 4, nt 1,431); length 518 bp.

—  GIRK2c: sense, AGATTGTGGTCATCCTGGAG
(CEx. 2, nt 914); antisense, GGGCCTATACTTTGG
ATTCA (CEx. 3, nt 1,282); length 369 bp.

— GIRK3: sense, CCATCCGAGCCAAGCTCATC (CEx.
1, nt 611); antisense, CTGCTGGGGATGGACCAGTA
(CEx. 2, nt 1,067); nested sense, GCTTTGACA
CGGGGGACG (CEx. 1, nt 692); nested antisense,
TTTCGTGGAAGCTGGCGTAG (CEx. 2, nt 973);
length 282 bp.

— GIRK4: sense, GAGAATTCATCCCCTTGAACC
(CEx. 1, nt 739); antisense, GCACACAGACTTCACA
TTGAGC (CEx. 2, nt 1,270); length 532 bp.

Immunofluorescence For immunofluorescence studies of
pancreatic sections, NMRI mice were killed by cervical
dislocation; the pancreas was removed, fixed in 4%
paraformaldehyde in PBS for 2 h at 4°C, and transferred
into 30% sucrose in PBS for overnight cryoprotection at 4°C.
After embedding in Tissue-TEK O.C.T compound (Sakura,
Tokyo, Japan), 8 pm sections were cut using a cryostat and
thaw mounted on SuperFrost Plus microscope slides (Menzel-
Glaser, Germany). Blocking was done with 10% FCS
(Biological Industries Israel, Beit Haemek) in TBST
(150 mM NaCl, 0.1% triton X-100, and 50 mM Tris—Cl
pH 7.4). Following an overnight incubation with primary
antibody at 4°C, wash in TBST, and 1 h incubation with
secondary antibody at room temperature, slides were mounted
with Vectashield (Vector Laboratories, Burlingame, CA,



Pflugers Arch - Eur J Physiol (2008) 456:1097-1108

1099

USA) or GEL/MOUNT™ (Bigmeda, Foster City, CA, USA)
and covered with glass coverslips. For immunofluorescence
studies of the INS-1E line, cells were grown on poly-L-lysine-
coated glass coverslips, washed in PBS, and fixed in 4%
PFA in PBS for 20 min. After 30 min in blocking solution
(1% glycine, 2% BSA, 10% FCS, 0.1% triton X-100,
150 mM NaCl, 10 mM Tris—Cl, pH 7.5), samples were
incubated for 1 h with primary antibody in blocking solution,
washed three times in PBS, incubated for 1 h in 1:100
secondary antibody in blocking solution, washed again in
PBS, and coverslips were placed on slides overlaid with
mowiol. GIRK subunit staining was performed with rabbit
polyclonal anti-GIRK subunit-specific antibodies (Alomone,
Jerusalem, Israel; 1:66 from the concentration specified by
the manufacturer) and cyanine Cy3 conjugated donkey anti-
rabbit IgG (1:200; Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). For double staining of GIRK subunits
and islet hormones, guinea pig anti-human insulin (1:200),
guinea pig anti-rat pancreatic polypeptide (PP; 1:500; both
from LINCO Research, St. Charles, MO, USA), goat anti-
human glucagon (1:100), and goat anti-human somatostatin
(SS; 1:50; both from Santa Cruz Biotechnology, Santa Cruz,
CA, USA) were used. As secondary antibodies in colabeling
experiments, cyanine Cy5 (for costaining with insulin) or Cy2
(for costaining with other hormones) donkey anti-rabbit IgG
and either cyanine Cy3 conjugated bovine anti-goat or
rhodamine RX conjugated donkey anti-guinea pig IgG (all
from Jackson) were used. All secondary antibodies were used
in 1:200 dilutions. Activities and specificities of the x-GIRK
antibodies were verified by immunostaining of subunit-
specific transfected HEK293 cells (data not shown). Appro-
priate controls were set to ensure no cross-reactivities and
cross-signaling. The samples were examined with a Zeiss
LSM 510 confocal microscope.

Islet isolation and cell dispersion Islets were isolated by
enzymatic digestion. NMRI mice (6—10 weeks) were killed
by cervical dislocation, and HBSS containing Liberase RI
(0.25 ug ml™'; Roche, Indianapolis, IN, USA) and DNAsel
(10 ug ml™'; Roche) was injected to the common duct.
Following removal and incubation at 37°C, the pancreas
was disrupted by a blunted Pasteur pipette, washed three
times in HBSS+DNAsel, and islets were handpicked twice
into HBSS and dispersed into single cells immediately.
Dispersion was performed using Dispase II (0.6 U ml™";
Roche) essentially as described by Josefsen et al. [28], and
cells were plated on coverslips and maintained in
RPMI1640 containing 10% fetal calf serum and 1:100
Pen-Strep solution (both from Biological Industries Israel,
Beit Haemek).

Electrophysiology Patch clamp studies were performed on
1- to 3-day-old cultured cells. To maximize the (-cells

fraction among recorded cells, only cells with diameter
>11 um were selected for clamping. Patch pipettes were
fabricated from borosilicate glass capillaries and fire
polished. Pipette resistance using the solutions specified
below ranged from 2 to 5 M(). Currents were recorded
using an Axopatch 200B (Axon Instruments) patch clamp
amplifier. Signals were analog filtered using a 1-kHz low
pass Bessel filter. For membrane potential measurements
and current clamp studies under the standard whole-cell
configuration, we used a bath solution containing (in mM):
140 NacCl, 5.6 KCl, 1.2 MgCl,, 2.6 CaCl,, 11 p-glucose, 10
HEPES (pH 7.4 with NaOH). The pipette filling solution
contained (in mM): 107 KCI, 1.2 MgCl,, 1 CaCl,, 5
HEPES (pH 7.2) 2 Na,ATP, 0.3 LiGTP. For current
measurements in the perforated patch configuration, the
bath solution contained (in mM): 140 KCl, 1.2 MgCl,, 2.6
CaCl,, 11 p-glucose, 5 HEPES (pH 7.4 with KOH) and the
pipette solution was (in mM): 30 KCl, 95 K-gluconate,
1 MgCl,, 1.6 NaH,PO,, 4.8 Na,HPO, (pH 7.2), nystatin
120 g ml~". To keep the cells in a native ionic environment
as long as possible, seal was established in the low potassium
bath solution mentioned above, and switching to high
potassium was performed following the perforated patch
formation usually within 5-10 min. Current—voltage (/-V)
studies were performed on the same cells following the
steady voltage recordings. The I~V protocol consisted of
120 ms voltage steps from —120 to +50 mV in 10 mV
increments, from a holding potential of =90 mV with 1 s
interval between steps. All measurements were performed
at room temperature. Data acquisition and analysis were
done using the pCLAMPS8.2 software package (Axon
Instruments). Values in text and graphs are presented as
the mean+SE.

Results

To examine the expression of GIRK channel subunits in
pancreatic islet cells, we applied both RT-PCR and
immunofluorescence studies. RT-PCR analysis was per-
formed on mouse islets and two insulinoma lines, the rat-
derived INS-1E [3, 35] and the mouse-derived MIN-6 [37].
Products of the expected sizes for all four GIRK subunit
transcripts were found in mouse islets (Fig. 1a) and their
identity confirmed by either an additional, nested reaction
or by sequencing. In the case of GIRK1, where sense and
antisense primers were located on coding exons 1 and 3,
respectively, three products were evident in both the
cerebellum and islets samples. In addition to a major band
of the expected main GIRK1 transcript size, shorter faint
bands were consistently obtained. Sequencing revealed that
the shortest product lacks the entire GIRK1 second coding
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exon and may correspond to a previously described
alternative GIRKI1 splice variant [38, 66], while an
additional band of intermediate size lacks only a part of
the exon and may represent a novel, less abundant splice
variant (Fig. 1b). This novel variant, termed GIRKIf,
results from the splicing out of a novel intron within the
second coding exon, whose boundaries are in agreement
with splice site consensus sequences. GIRKI1f is expected
to yield a truncated protein of 270 amino acids, differing
from the full GIRK1 form in its last 30 amino acids, with an
N-glycosylation site at amino acids 254-257. Only the full-
length product was evident in the INS-1E and, faintly, in
the MIN-6 samples.

A number of GIRK2 splice variants, differing in their
tissue distribution and physiological characteristics, have
been described to date [24, 59]. We analyzed the two major

Fig. 1 a RT-PCR analysis of
GIRK subunits in mouse islets,
insulinoma cell lines, and con-
trols. Numbers in parentheses
denote the expected product size
for each primer set. C cerebel-
lum, e exocrine pancreas, is
islets, in INS-1E cells, m MIN-6
cells, 0 no RNA template. b
Partial structures of GIRK1
(top) and GIRK2 (bottom) splice
variants in islets and cerebellum.
Upper and lower case letters,
respectively, mark exon and in-
tron sequences of the novel
variant boundaries. Numbers c
below the GIRKIf structure

692

500
404

404

mark the positions of the exon— 331
intron boundaries from the con-

. 242
sensus GIRK1 starting codon. foi
Thﬁ? stop codon (.)f the GIRK2¢ GIRK3 (288 bp)
variant is boxed in the sequence
below GIRK2c-1 b

GIRK1d

GIRK1f

GIRK2

GIRK2¢c-1
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GIRK2a (518 bp)
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variants GIRK2a and GIRK2c [24] separately using
different primer sets. Both GIRK2a and GIRK2c transcripts
were detected in islets and in both insulinoma cell lines, but
not in the exocrine pancreas. For GIRK2a, an additional,
weaker band, 48-bp longer than the main, expected product,
could be seen in the cerebellum, islet, and MIN-6 samples,
but not in the INS-1E sample. Sequencing revealed that this
product is probably a novel splice variant carrying an
extension of exon 6a into exon 6b [59] terminated at a
splice site consensus sequence, and resulting in a protein
product similar to GIRK2c in that region (Fig. 1b). GIRK3
and GIRK4 transcripts were found in the islets but could
not be detected in both cell lines even following a second
round of PCR using the same or nested primers.
Immunofluorescence studies were performed on mouse
pancreatic sections and on Ins-1E cells. In pancreatic
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sections, islet-specific staining was observed for all four
GIRK subunits (Fig. 2 and Supplementary Figs. 1, 2, and
3). The immunofluorescent signal appeared to prevail
throughout most, but not all, islet cells for all subunits, and
signal intensities varied between cells. In the «-GIRK2,
«-GIRK3, and «-GIRK4 samples, some cells appeared to
have a clearly more intense signal than the general population.
«-GIRK 1 immunoreactivity was interestingly concentrated in
an intracellular compartment (Fig. 3b). Antibody preabsorp-
tion with the respective immunogens led to the complete loss
of the islet-specific signal for all subunits (data not shown).

The pancreatic islet is composed of four cell types. In
addition to the insulin-producing {3-cells, which constitute
the majority of the islet cell population, three other cell
types, mainly located at the periphery of the islet, are
distinguished by the production of different hormones: the
glucagon-producing «-cells, the somatostatin (SS)-producing
d-cells, and the pancreatic polypeptide-producing PP cells.
The uneven o-GIRK staining patterns prompted us to
investigate the correlation between GIRK staining and
different islet cell types by double immunolabeling of each
channel subunit versus each islet hormone. Observations of
the staining patterns indicated a rather different expression
pattern for each subunit and each cells type, and are
concluded in Table 1.

Although o-GIRK1 immunoreactivity was evident in
most cells, double staining with islet hormones indicated
that GIRK1 expression is almost exclusively restricted to

Fig. 2 Colocalization of GIRK
subunits (red) and insulin
(green) in mouse pancreatic
islets. Bar=20 pum

GIRK1

insulin GIRK

merged

insulin-labeled cells (Fig. 2 and Supplementary Figs. 1, 2,
and 3). Immunolabeling of the other subunits, however,
revealed more complex patterns, and strongly labeled cells
appeared to correlate with x-glucagon and «-somatostatin
in different patterns: «-glucagon-labeled cells appeared to
colocalize almost completely with strong «-GIRK2 staining
and to a high degree with strong «-GIRK3 and «-GIRK4
staining (Supplementary Fig. 1). «-Somatostatin labeling
almost completely colocalized with strong «-GIRK4 staining
and partially colocalized with strong o-GIRK?2 staining, but
not with strong «-GIRK3 staining (Supplementary Fig. 2).
o-Insulin labeling usually corresponded with a weaker
«-GIRK2, «-GIRK3, and «-GIRK4 staining (Fig. 2). In
«-PP-labeled cells, no labeling of any «~-GIRK subunit anti-
bodies could be observed (Supplementary Fig. 3).

Specific GIRK1 and GIRK2 labeling could also be seen
in INS-1E cells (Fig. 3a). Similar to mouse islets, x-GIRK
immunoreactivity was restricted to perinuclear compart-
ments. GIRK?2 staining was scattered throughout most cells,
but stronger specific signals were occasionally detected on
the plasma membrane or in intracellular structures in a
pattern similar to that of «-GIRK1 immunoreactivity.
Specific weak x-GIRK3 staining was seen throughout the
cells. This signal was, however, sometimes difficult to
discriminate from nonspecific signal. A weak «-GIRK4
signal was evident only upon strong exposure in INS-1E
cells and appeared to be nonspecific as it existed also in the
antigen preabsorbed control sample (Fig. 3a).

GIRK2

GIRK3

GIRK4
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Fig. 3 a Anti-GIRK subunit
staining in INS-1E cells. For
GIRK?2, three different fields
demonstrating different intracel-
lular localizations are shown.
The bottom right field is a
magnification of the squared
area in the bottom left field.
Bar=10 um (5 pm in magnifi-
cation). b A magnification of a
region within an islet demon-
strating the perinuclear localiza-
tion of GIRK1. Bar=10 um

GIRK1

Table 1 Colocalization of GIRK subunits and islet hormones in pancreatic islet sections

GIRK2

Insulin Glucagon Somatostatin Pancreatic polypeptide
GIRK1 ++ 0 0 0
GIRK2 + - ++ 0
GIRK3 + ++ + 0
GIRK4 + ++ +++ 0

+: low or partial colocalization, ++: partial colocalization of x-hormone staining with strong «-GIRK signal, +++: complete colocalization of -
hormone staining with strong «-GIRK signal, 0: no indication for colocalization
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To study GIRK activity in pancreatic islet cells, we recorded
whole-cell plasma membrane currents under the perforated patch
configuration using 140 mM potassium in the extracellular
solution at a holding potential of =90 mV. To block residual K orp
currents and to eliminate a possible effect of adrenaline on
Karp channels, tolbutamide (100 uM) was applied to the cells
throughout the experiment. Under these conditions, current
density was 11.242.2 pA pF . This current was defined as
Ipasal- The application of adrenaline (5 uM) evoked an inward
current in 15 of 23 cells recorded (65%; Fig. 4a). Interestingly,
adrenaline caused a considerable current inhibition in four of
the eight remaining cells (data not shown). These cells were not
further studied. The mean adrenaline-induced current density
(Tnaren) in the positively responding cells was 6.6+£1.6 pA pF '
(n=15; Fig. 4b). Addition of the GIRK-selective toxin tertiapin-
Q (Tpn-Q) at 100 nM had a profound inhibitory effect on
both Iyasa and liora (i€., Ipasal™Ladren) Within seconds in all
cells recorded. Tpn-Q current density inhibition in the
positively responding cells in the presence of adrenaline
(total I1pn.q) was 8.0£2.0 pA pF ! (n=15). After subtraction

Fig. 4 Current response of dis- a
persed [3-cells to adrenaline and

Tpn-Q. a Current traces of two 7
adrenaline-responsive cells (pn -
Tpn-Q). Top a cell exhibiting
low basal currents, an incom-
plete inhibition of /,4en by Tpn-
Q, and no basal /I1p,.q. Bottom a
cell exhibiting both basal and 1

current (pA)

of basal Itpy.q, the calculated value for induced Iy Was
6.4+1.8 pA pF'. The average Tpn-Q percent inhibition of
the adrenaline induced current was  102+£10%. Tpn-Q
effects on both basal and induced currents were reversible
within seconds in all cells (Fig. 4a).

Tpn-Q has been shown to block other channels beside
GIRK with similar potency [27, 29]. To verify the origin of
Lgren and Itp,.g, We examined their voltage dependence
using a voltage step protocol. The adrenaline-activated
current appeared to be strongly inwardly rectifying. How-
ever, an additional, inhibitory voltage-dependent effect,
peaking at —20 to —10 mV, was evident and was sufficient
to reverse the total adrenaline effect to inhibitory at —10 mV
(Fig. 4c, top). Both basal and total Ity effects were
strongly inwardly rectifying. Interestingly, a voltage-depen-
dent inhibitory effect with similar properties to that of
adrenaline was seen in the case of basal, but not total, I1p,.q
(Fig. 4c, center and bottom).

Adrenaline has been reported to hyperpolarize glucose- or
sulfonylurea-treated, electrically active islet and insulinoma

Cc
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induced I1pn.q. b Lygren in posi- 2300
tively responding cells before 0
and during Tpn-Q application
and after Tpn-Q washout (n=
15). AD adrenaline. ¢ Rectifica-
tion of dispersed islet cells
responses to adrenaline and
Tpn-Q. Top steady state -V
curve of the mean adrenaline-
activated current (n=3). Center
steady state /- curve of the
mean total Tpn-Q inhibited cur- 300
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cells to an extent of complete cessation of action potential
firing. Since Tpn-Q blocked most of the adrenaline-activated
current, it seemed probable that Tpn-Q block may suffice to
depolarize adrenaline-treated cells to a potential in which
firing will resume. To investigate the effect of adrenaline and
Tpn-Q on the islet cell membrane potential, we recorded the
potential changes caused by these agents in the standard
whole-cell mode. This set of experiments was performed on
cells depolarized by tolbutamide, with 2 mM ATP concentra-
tion in the pipette. This ATP concentration was found to be
low enough to keep most of the cells at a hyperpolarized,
nonexcitatory potential in our experimental system. Following
patch formation (with 11 mM glucose in the bath solution), the
membrane potential gradually hyperpolarized within a few
minutes until stabilizing at a value of =61.1+1.4 mV (n=35).
The addition of 100 uM tolbutamide depolarized the cells to
an average potential of —38.1+2.2 mV and initiated action
potential activity of variable amplitude, frequency, and
pattern. In 20% of the cells (7/35), current injection of up
to +5 pA was required to achieve a basal membrane potential
of around —40 mV. The addition of 5 puM adrenaline
hyperpolarized the cell membrane in 49% (17/35) of the
cells by an average of 18.8£2.0 mV (from —36.9+£1.9 to
—54.9+£2.2 mV; Fig. 5a, b). Electrical activity was abolished
following adrenaline application in 88% (15/17) of the
responsive cells.

Fig. 5 Membrane potential a

Application of Tpn-Q (100 nM) had a depolarizing effect
in 88% (15/17) of the adrenaline-reactive cells. The
response to Tpn-Q averaged 12.74+2.2 mV (69.7+9.5%)
in the adrenaline-reactive cells, bringing their average
potential to —42.2+2.8 mV (Fig. 5a,b). Electrical activity
was resumed in 53% (8/15) of the cells in which it had been
extinguished by adrenaline. In three cells, Tpn-Q effect
exceeded that of adrenaline, leading to a more depolarized
potential than in the absence of both substances, thus
indicating the existence of a basal Tpn-Q-sensitive current
at least in these cells.

To study the relations between the effects of adrenaline
and Tpn-Q on the membrane potential and their effect on
inward currents, we switched to the voltage clamp mode in
26 of the recorded cells (12 adrenaline-responsive and 14
nonresponsive) and measured the currents at —90 mV using
a high [K'] bath solution containing tolbutamide as in the
voltage clamp experiments described above. Adrenaline
caused an inward current activation only in cells that
hyperpolarized in response to adrenaline in the current
clamp mode, with a density of 33.0 pA pF '. Current and
potential responses were correlated up to a value of 30—
40 pA pF ', which sufficed to achieve approximately
25 mV hyperpolarization, and cells that exhibited higher
current activation showed no further hyperpolarization
(Fig. 5¢). Tpn-Q inhibition in the presence of adrenaline
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was 19.2+5.4 pA pF ! in the adrenaline-responsive cells,
with an average percent inhibition of 86.8+4.2%. Since
basal I,n.q values were not measured in this experiment,
this value represents the total Ity and is, therefore, an
overestimation of the actual Tpn-Q-sensitive fraction.

Discussion

In this paper, we present evidence for the presence of all
four GIRK channel subunits in pancreatic islets, and
demonstrate that this channel is functional and responsible
for most of the electrical response to adrenaline, a potent
GSIS inhibitor, in dissociated islet cells. Our work is the
first to provide pharmacological evidence for the involve-
ment of GIRK in islet cell physiology. In addition, our
findings concerning GIRK expression patterns in the islets
differ in some details from published data.

It has been previously shown that GIRK subunit
expression in the islet is selective and spatially variable.
Yoshimoto et al. reported GIRK4 subunit expression in all
islet cells, a non-f3-cell confined GIRK2c¢ expression and a
lack of GIRK1 and GIRK3 expression [64]. Other reports,
using cloning and RT-PCR strategies, provided indications
for GIRK1 expression in islets and insulinoma cell lines
[11, 13, 18, 54]. Low levels of GIRK3 expression in human
pancreas have been detected by RT-PCR [58] but not by
RNA hybridization [49], a discrepancy that may be
explained by islet-restricted expression. In this paper, using
both RT-PCR and immunostaining, we provide evidence for
the expression of all four GIRK subunits in the islets, with
partial overlap with insulin immunoreactivity at the cellular
level (Figs. 1, 2, and 3b). Our observations indicate that
while GIRK1 expression is restricted to f3-cells, other
GIRK subunits are more potently expressed in «- and
d-cells, and PP cells are apparently GIRK-free.

«-GIRK1 immunoreactivity appeared to localize to an
intracellular compartment (Figs. 3 and 4a). This finding is
intriguing in light of the emerging interest in the intra-
cellular trafficking of ion channels in general and GIRK in
particular [34, 36]. Existing data suggest that GIRK1 lacks
ER export signal and is consequently dependent on
coassembly with other subunits for proper targeting to the
plasma membrane. In light of the relatively low levels of
other GIRK subunits in (-cells, the only cell type that
appears to express GIRK1 in the islet (Fig. 2 and
Supplementary Figs. 1, 2, and 3), it may be suggested that
most GIRK1 molecules are trapped in the ER due to the
shortage of membrane-targeting partners. A similar intra-
cellular pattern was obtained in our study by immunostain-
ing of cultured rat hippocampal neurons (data not shown)
and in other studies using the same antibody in rat retinal

ganglion cells [6], deep dorsal horn neurons [12], a glioma
cell line, and rat spinal cord astrocytes [40].

Hyperpolarization of dispersed mice islet cells in
response to GSIS inhibitors has been demonstrated by a
number of groups using both electrophysiological and
fluorometry techniques [10, 39, 42, 45, 51]. We found the
electrical response of islet cells to adrenaline inconsistent
and variable from culture to culture. We failed to identify
any parameter related to the islet isolation and cell
dispersion procedures or to culture conditions that had a
clear effect on the magnitude and prevalence of the
response. Nonetheless, almost whenever a clear and robust
adrenaline response was observed, it was effectively
inhibited by Tpn-Q application. Tertiapin effect on the
electrical response to adrenaline in mouse has been
examined by Sieg et al. [51] who could not recognize any
effect of the toxin in SUR-1 knockout mice. Two major
differences between that study and ours may explain the
discrepancy between the reports: First, Sieg et al. used
10 nM tertiapin, a concentration which is close to the K; of
GIRK inhibition [26], while we used a tenfold higher
concentration of a more stable toxin variant, tertiapin-Q
[27]. The use of optimal blocker concentrations may be
critical especially in membrane potential measurements, in
which the residual nonblocked conductance may be
sufficient to preserve the membrane potential close to its
maximal effect. In addition, in the study of Sieg et al.,
adrenaline effect was compared between tertiapin-treated
and untreated cells, while we applied adrenaline first and
compared the membrane potential before and after Tpn-Q
addition on the same cell, a procedure that avoids the
complexity caused by cell to cell variance in basal membrane
potential and adrenaline responsiveness. Interestingly, the
reported data of Sieg et al. show a trend for a reduced
magnitude of the membrane potential response to adrenaline
in the presence of tertiapin, but not other tested agents.
Considering the notes above, this trend may well be
explained by a substantial involvement of tertiapin-sensitive
currents in the mediation of the electrical response of islet
cells to adrenaline.

Tertiapin has also been shown to block ROMK channels
in nanomolar concentrations [26, 27]. Although ROMK is
expressed in pancreatic islets [63] (Iwanir and Reuveny,
unpublished results), it is unlikely that this channel
mediates the response to adrenaline, as there is no evidence
for its coupling to G proteins and activation by their
receptor ligands. Our /~V studies indicate that the main
component of the adrenaline-activated current and of the
total and basal tertiapin-sensitive currents is strongly
inwardly rectifying (Fig. 4c), a key feature of the GIRK
channel, which discriminates it from the mildly rectifying
ROMK [22]. Tt appears improbable also that the Tpn-Q
effect resulted from basal or adrenaline-induced Karp
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current inhibition as our experiments were performed in
saturating bath concentrations of tolbutamide. In addition,
the toxin has no effect on native Kpp currents in rabbit
cardiac myocytes [30]. Therefore, we believe that our
results strongly indicate that adrenaline-induced hyperpo-
larization is largely mediated through GIRK channel
activation. However, in spite of the strong inward rectifi-
cation of basal Ir,,, we cannot rule out a possible
involvement of ROMK channels in the basal Tpn-Q-
sensitive currents that were clearly evident in most of the
recorded cells. Alternatively, these currents may be the
outcome of basal GIRK activity, whose magnitude and
relative fraction from total activity is system- and condition-
dependent [14, 17, 30, 41, 60, 61].

Recently, Tpn-Q was demonstrated to inhibit the
voltage-dependent Ca'?-activated K* channel (BK) in a
use-dependent manner [29]. This inhibition appears irrele-
vant to our membrane potential and steady voltage clamp
experiments, in which the Tpn-Q effect was instantaneous
and occurred in a hyperpolarized potential. Nevertheless, it
is probable that the voltage-dependent component of basal
Itpnq originates from BK channels, as the continuous
application of positive potentials during the experiment
may allow at least partial preactivation of the channel,
rendering it sensitive to the toxin. Interestingly, a similar
voltage-dependent current was inhibited by adrenaline
(Fig. 4c, top). The absence of such a component in the
total It,n.q suggests that adrenaline and Tpn-Q inhibit the
same current, which was not detected by the total I1p,.q
measurement since it had been already inhibited by
adrenaline. While BK channels are stimulated by «1- and
[3-adrenergic pathway activation in other tissues [7, 32, 47],
they are inhibited by somatostatin in the HIT insulinoma
cells [44]. Since the a,-adrenoceptor- mediated inhibitory
action of adrenaline predominates in (3-cells, it appears
reasonable that adrenaline leads to BK inhibition in these
cells.

As insulin-producers, 3-cells are considered the primary
cell type in the islet. Correspondingly, the role and actions
of adrenaline in f-cells have received most attention
compared to other islet cell types. Islet cell types differ in
size, capacitance, and various electrical properties, most
prominently the glucose dependency of the resting poten-
tial. For our recordings, we selected only cells >11 pum in
diameter, practically eliminating the smaller «-cells. The
capacitance and resting potential of the recorded cell
population in general and of the adrenaline-responsive cells
in particular were normally distributed in both the voltage
and the current clamp experiments, and cells at the
extremities of the distribution curves did not display
extraordinary electrical properties or adrenaline/Tpn-Q
responsiveness, suggesting that most, if not all, cells belong
to the same, or similar, subpopulation. Since 3-cells are the

@ Springer

main cell type of the islet, and since noradrenaline has been
shown to have no effect on the membrane potential of «-
cells [64], it is very unlikely that the latter constitute a
significant fraction of our entire sample and of the
adrenaline-responsive cell population. §- and PP cells,
however, cannot be unequivocally discriminated from (-
cells, and their adrenaline responsiveness has not been
explored. In light of the apparent differences of GIRK
subunit expression profiles between islet cell types, it is
tempting to speculate that different /1, levels and
adrenaline responsiveness patterns are associated with
different cell types. The absence of GIRK1 and excess of
other subunits in «- and 6-cells (Supplementary Figs. 1 and
2) suggest that GIRK channels in these cells may act
differently than in (3-cells. It is generally agreed that non-
GIRK1-containing GIRK channels have both basal and
total lower conductance than the “classic” GIRK1/2 and
GIRK1/4 types [49, 60]. However, the relative abundance
of GIRK2, GIRK3, and GIRK4 in «- and d-cells renders it
difficult to ascribe certain behaviors to certain cell types,
although we can hypothesize that poor adrenaline sensitiv-
ity, which was generally correlated with low to absent basal
Itpn-q, is associated with PP cells. As there is no
documented evidence that channel composition may effect
the direction of the GIRK response to G protein activation,
the inhibitory effect of adrenaline on inward currents seen
in some cells is more likely to result from extrinsic
regulatory mechanisms such as the previously documented
inhibitory effect of PIP, depletion or G35 subunit-mediated
regulation [33] rather than from channel composition. This
does not exclude, however, the possibility that these cells
indeed represent a different cell type, most likely d-cells.
Nevertheless, it is more than likely that (3-cells constitute most
of the entire sample and of the adrenaline-responsive
population in both the voltage and current clamp experiments.

While previous studies failed to find a correlation
between ISIs-induced hyperpolarization and ionic currents
[45, 51, 53], our results clearly demonstrate the effect of
adrenaline in both the current and voltage clamp modes.
Moreover, by switching from current to voltage clamp in
the same cell, we were able to establish a clear correlation
between the effects of adrenaline on whole-cell currents and
on the membrane potential. According to our results,
conductance density activation of approximately 300 pS
pF ! was sufficient for a maximal adrenaline effect on the
membrane potential. Much higher values were occasionally
recorded, demonstrating the existence of some “reserve”
channels. This may provide a sensitive mechanism to
establish a full-blown physiological response following
the activation of just a fraction of the receptors at low
physiological adrenaline concentrations.

To summarize, in this paper, we provide evidence for
GIRK channel subunit expression in pancreatic islet cells,
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and show that the channel is functional and responsible for
most of the electrical response to the insulin secretion
inhibitor adrenaline in these cells. Future experiments are
needed to reveal the role of this electrical response in the
inhibitory effect of adrenaline on insulin secretion, which
may be complex in light of the composite effect of
adrenaline in islet cells, which involves multiple parallel
effector systems [50].
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