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Abstract Ion transport activity in pancreatic α-cells was
assessed by studying cell volume regulation in response to
anisotonic solutions. Cell volume was measured by a video
imaging method, and cells were superfused with either 4-
(2-hydroxyethyl)piperazine-1-ethanesulfonic acid-buffered
or HCO3

−-buffered solutions. α-Cells did not exhibit a
regulatory volume increase (RVI) in response to cell
shrinkage caused by hypertonic solutions. A RVI was
observed, however, in cells that had first undergone a
regulatory volume decrease (RVD), but only in HCO3

−-
buffered solutions. RVI was also observed in response to a
HCO3

−-buffered hypertonic solution in which the glucose
concentration was increased from 4 to 20 mM. The post-
RVD RVI and the glucose-induced RVI were both inhibited
by 10μM 5-(N-methyl-N-isobutyl) amiloride or 100μM
2,2′-(1,2-ethenediyl) bis (5-isothio-cyanatobenzenesulfonic
acid), but not by 10μM benzamil nor 10μM bumetanide.
These data suggest that Na+–H+ exchangers and Cl−–HCO3

−

exchangers contribute to volume regulation in α-cells.

Keywords Pancreas . Islet of Langerhans . Volume
regulation . Na+–H+ exchange . Anion exchange .

Bicarbonate

Introduction

Pancreatic α-cells are responsible for the synthesis and
secretion of glucagon, the peptide hormone which plays a
central role in maintaining plasma glucose concentrations
[2, 10]. Glucagon is constitutively secreted by the α-cells,
and secretion is inhibited by an increase in the plasma
glucose concentration [10]. Glucose inhibition is thought to
be mediated in part by the paracrine actions of insulin,
GABA, and Zn2+ released from neighboring β-cells, and
somatostatin which is released from δ-cells [10]. In
addition, glucose has been demonstrated to exert a direct
effect on glucagon secretion, but data are still equivocal as to
whether glucose has a stimulatory or inhibitory action [10].

The mechanisms by which these paracrine agents, and
possibly glucose, may inhibit secretion are not fully
understood. This is mainly due to the lack of information
on α-cell ion channel and ion transporter expression. Good
progress has recently been made in the identification of ion
channels which are associated with the electrical activity
involved in glucagon secretion, e.g., KATP [3]; G-protein-
activated Kir [11, 30]; GABAA [29]; voltage-gated Na+ [8];
and L-type and N-type voltage-gated Ca2+ [1]. Much less is
known, however, about the expression of ion transporters in
α-cells. Knowledge of transporter expression is crucial
since these proteins help generate the electrochemical
gradients that drive ion movement through ion channels.
Furthermore, they regulate intracellular pH and cell
volume, parameters which can modulate ion channel
activity [12].
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Our laboratory has previously examined the expression
of cation-chloride cotransporters in both pancreatic α-cells
and β-cells. Immunocytochemical and functional data
demonstrated that the Na+–K+–2Cl− cotransporter
(NKCC1) is not expressed in α-cells [18]. This is in
marked contrast to pancreatic β-cells where there is
substantial evidence for the expression and function of
NKCC1 [17, 19]. In addition, there is evidence for the
expression and function of the K+–Cl− cotransporters
(KCC1, KCC3, and KCC4) in the rat α-cells, but not in
β-cells [6]. Much of our functional data have been obtained
by studying cell volume regulation. In these experiments,
cell volume is challenged by exposing the cells to
anisotonic extracellular solutions, a maneuver that activates
the variety of ion transporters and channels involved in cell
volume regulation. Thus, in β-cells, cell shrinkage in
hypertonic (4-(2-hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES)-buffered) solutions is followed by a regula-
tory volume increase (RVI) which involves the activation of
NKCC1. The resultant influx of ions into the cell is
accompanied by the movement of water [18, 19]. By contrast,
a RVI was not observed in α-cells under such conditions
[18], consistent with the lack of NKCC1 expression.

RVI, however, can also involve the activities of Cl−–HCO3
−

exchangers and Na+–H+ exchangers (NHE) [13, 28]. Indeed
these transporters contribute to the RVI in β-cells exposed to
hypertonic solutions that are buffered with HCO3

− [19]. To
date α-cell volume regulation has only been studied in
HEPES-buffered solutions [18]. Thus, the primary aim of this
study was to investigate the effects of hypertonic, HCO3

−-
buffered solutions on α-cell volume.

Some cell types, which do not show a RVI in response to
cell shrinkage in hypertonic solutions, can exhibit a
phenomenon known as a RVI-after-regulatory volume
decrease (RVD) or post-RVD RVI [13]. This occurs in
cells which have lost intracellular ions as part of a RVD in

hypotonic solutions, and consequently shrink below their
original volume on return to isotonic solutions. Post-RVD
RVI can involve the activities of either NKCC1 or NHE in
conjunction with Cl−–HCO3

− exchangers [13]. A second
aim of this study therefore was to determine whether α-
cells exhibit a post-RVD RVI.

The data obtained show that α-cells do not exhibit RVI
in HEPES-buffered nor in HCO3

−-buffered solutions. α-
cells did, however, exhibit a post-RVD RVI, but only in
HCO3

−-buffered solutions. Furthermore, we found that
increasing the glucose concentration in the experimental
solutions from 4 to 20 mM enabled RVI in hypertonic
solutions.

Materials and methods

Isolation of pancreatic α-cells and β-cells

Islet cells were prepared from pancreatic tissue isolated
from male Sprague–Dawley rats (250–300 g; Charles
River, UK). Animals were sacrificed by stunning and
cervical dislocation as proscribed by Schedule 1 methods
of the UK Animals in Scientific Procedures legislation.
Islets were prepared by collagenase digestion and were
dispersed into single isolated cells by a brief incubation in
Ca2+-free medium [20]. Single cells were harvested by
centrifugation and resuspended in MEM medium (HEPES-
buffered) supplemented with 10% fetal calf serum, 50 U/ml
penicillin, 50μg/ml streptomycin, and 2 mM glutamine
(Gibco). The resuspended cells were plated at the center of
35-mm sterile plastic culture dishes (Nunc) and incubated
in humidified air at 37°C. Cells were allowed to loosely
adhere to the plastic culture dish overnight, and volume
measurement experiments were performed between 24 and
96 h after cell isolation.

Solution Concentration (mM) Osmolality (mOsm. kg H2O
−1)

NaCl NaHCO3 HEPES Mannitol

HCO3
−-buffered solutions

Isotonic 110 25 0 20 282±3 (n=5)

Hypertonic (mannitol) 110 25 0 120 381±3 (n=4)

Hypertonic (NaCl) 170 25 0 20 373 (n=1)

Hypotonic 65 25 0 0 178±3 (n=4)

HEPES-buffered solutions

Isotonic 140 0 5 20 285 (n=2)

Hypotonic 85 0 5 0 182 (n=2)

Hypertonic 140 0 5 120 384 (n=1)

Table 1 Solution composition

All solutions contained: 5 mM
KCl, 1 mM Mg Cl2, and
1.2 mM CaCl2. In the majority
of experiments, 4 mM glucose
was present, but in one series
20 mM glucose (in exchange for
mannitol) was used. The pH of
the HCO3

− -buffered solutions
was 7.4 achieved by gassing
with 5% CO2/95% O2. The pH
of the HEPES-buffered solutions
was adjusted to 7.4 using
NaOH. Osmolalities were mea-
sured using a Roebling micro-
osmometer (Camlab, UK)
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Cell volume measurement

Cell volume was measured by video imaging using a Nikon
Diaphot 200 microscope fitted with a Canon Powershot
A620 camera. Cells were viewed through a ×40 objective
and saved as JPEG files for subsequent analysis. The
images were of 3.146 megapixels and equivalent to a
measured area of 850μm2 (i.e., one pixel=0.00027μm2).
The area of each cell image was measured using ImageJ
software (NIH, USA), and cell volume was calculated
assuming that cells maintained a spherical shape [20]. α-
Cells were selected for study on the basis of size (0.33 to
0.80 pl) and appearance, as previously discussed [18]. A
single series of experiments was performed on β-cells
which had volumes of between 2.2 to 4.2 pl.

Volume changes were examined in cells exposed to
hypertonic or hypotonic solutions buffered with either
HCO3

−/CO2 or HEPES (Table 1). Culture dishes were
fitted with a plastic insert which reduced the effective
volume to 200µl, and the cells were superfused with the
experimental solutions at a rate of 5 ml. min−1. The
temperature of the superfusate was maintained at a 35–37°C
by the use of a heated water jacket.

Experimental protocols

To study RVI, cells were exposed to solutions made
hypertonic by the addition of either 100 mM mannitol or
60 mM NaCl (Table 1). Following an equilibration period
(10 min) and control period (2 min) in isotonic solution, the
cells were exposed to hypertonic solution for 15 min
followed by a 5-min recovery period in isotonic solution.
Images of the cells were recorded at 1-min intervals during
the experiment. Post-RVD RVI was examined by exposing
cells to hypotonic solution (Table 1) for 15 min with a 10-
min isotonic recovery period. To investigate the involve-
ment of specific transporters in RVI, the following inhibitors
were added to the isotonic superfusate for the duration of the
recovery period: 10μM bumetanide, 10μM 5-(N-methyl-N-
isobutyl) amiloride (MIBA), 10μM benzamil, and 100μM
2,2′-(1,2-ethenediyl) bis (5-isothiocyanato-benzenesulfonic
acid) (DIDS). These compounds were all purchased from
Sigma and prepared as stock solutions in dimethyl
sulfoxide so that the final concentration of DMSO in any
experimental solution was 0.1% (v/v).

Data analysis

Data (mean±SEM) are expressed as relative cell volume,
i.e., volume divided by control volume measured in
isotonic solution. For statistical analysis, the rate of volume
increase was determined by regression analysis of the linear
phase of volume recovery, i.e., for 7 or 5 min after the

minimum volume for the post-RVD RVI and the RVI in
20 mM glucose, respectively. Rates of volume increase
were compared by ANOVA followed by Dunnett’s multiple
comparison tests. The RVD in HEPES- and HCO3

−-
buffered solutions were compared by Student’s t test for
unpaired data.
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Fig. 1 Isolated pancreatic α-cells behave as osmometers in anisotonic
solutions. a Image of an isolated α-cell with a volume of 0.65 pl in
HCO3

−-buffered isotonic solution. The bar indicates 2μm. b Boyle–
van’t Hoff plot of α-cell relative cell volume as a function of the
reciprocal of superfusate osmolality (1/osmolality). Cell volumes are
the maximum or minimum recorded when cells were superfused with
hypotonic or hypertonic solutions, respectively. Solutions were all
buffered with HEPES and include the isotonic (285 mOsm. kg H2O

−1;
n=1), hypotonic (182 mOsm. kg H2O

−1; n=6), and hypertonic
(384 mOsm. kg H2O

−1; n=6) solutions described in Table 1. Two
additional solutions were used: 433 mOsm. kg H2O

−1 (the hypertonic
solution but with 150 mM mannitol; n=3) and 234 mOsm. kg H2O

−1

(the hypotonic solution but with 120 mM Na Cl; n=3). Data are
mean±SEM and the line through the data fitted by linear regression
analysis (R2=0.982). Extrapolating this line to infinite osmotic strength
(1/osmolality=0) gives an osmotically inactive space of 0.24
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Results

α-Cells do not exhibit a RVI in HCO3
−-buffered solutions

Figure 1a shows the image of a pancreatic α-cell recorded
48 h after isolation. The cell is typical of the α-cells used in
this study; it has a volume of 0.65 pl and is circular in
appearance. The circular cross section suggests that the
cells retain a spherical morphology, which is a major
assumption in the volume measurement method. To further
test this assumption, volume changes in response to a range
of extracellular osmolalities were examined. Figure 1b
shows a Boyle–van’t Hoff plot of α-cell volume as a
function of osmolality (see [28]). Over the range of
osmolalities used in this study, the α-cells behave as
osmometers so that volume was linearly related to superfusate
osmolality. These data indicate that the method is working as
one would predict and suggest that the α-cells must be
retaining a spherical shape during the experiments. An
osmotically inactive space of 0.24 was predicted by the linear
regression line fitted to the data. This value is similar to 0.26
measured in pancreatic β-cells using similar methods [20].

It has previously been shown that rat pancreatic α-cells
do not exhibit a RVI when exposed to hypertonic solutions
buffered with HEPES [18]. Figure 2a, b shows the effects of
hypertonic solutions buffered with HCO3

− on α-cell volume.
Solutions were made hypertonic either by the addition of (a)
100 mM mannitol or (b) 60 mM NaCl (Table 1). The α-cells
quickly shrank to volumes of (a) 0.84±0.01 or (b) 0.83±
0.02, when exposed to the hypertonic solutions. No changes
in α-cell volume were observed during the remainder of the
superfusion with either hypertonic solution. Cell volume,
however, quickly returned to control values in the isotonic
superfusate. Pancreatic β-cells, by contrast to the α-cells,
exhibited a complete RVI in HCO3

−-buffered solutions
(Fig. 2c), as has previously been reported [19].

Pancreatic α-cells exhibit a post-RVD RVI
in HCO3

−-buffered solutions

Although most cells do exhibit a RVI in response to
shrinkage in hypertonic solutions, some cells only show a
RVI in response to the decrease in cell volume observed
after a cell has first performed a RVD in hypotonic
solutions (a post-RVD RVI; [14]). The possibility that
pancreatic α-cells exhibit a post-RVD RVI was therefore
examined by exposing cells to hypotonic solutions buffered
with either HEPES or HCO3

− (Fig. 3). The α-cells
exhibited a RVD in both HCO3

−-buffered (Fig. 3a) and
HEPES-buffered solutions (Fig. 3b). Table 2 shows that the
maximum volumes attained were not different by unpaired t
test, neither were the rates of RVD, nor the minimum
volume observed at the end of the hypotonic period. Thus,

when the hypotonic superfusate was replaced by the
isotonic solutions, α-cell volume decreased to 0.85±0.02
in the HCO3

− solutions (Fig. 3a) and 0.85±0.01 in HEPES-
buffered solutions (Fig. 3b). In the HCO3

−-buffered
solutions, this cell shrinkage was immediately followed by
a significant increase in cell volume (a post-RVD RVI) over
the next 8 min, so that the volume at the end of the
experiment was 0.97±0.01 (P<0.05 by paired t test). By
contrast, in HEPES-buffered solutions, the cell volume did
not recover significantly (volume at the end of experiment=
0.88±0.01; P>0.1 by paired t test).
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β-cell: Hypertonic (mannitol)

n = 7

n = 4

n = 6

a

b

c

Fig. 2 RVI is not observed in pancreatic α-cells but is observed in β-
cells. Isolated α-cells (a, b) and β-cells (c) were exposed to HCO3−-
buffered hypertonic solutions for the period indicated by the bar. The
hypertonic solution (381 mOsm. kg H2O

−1) in a and c contained an
additional 100-mM mannitol compared to the isotonic solution
(282 mOsm. kg H2O

−1), whereas the solution in b contained an
additional 60-mM NaCl (373 mOsm. kg H2O

−1). Data are mean±
SEM, for the number of cells indicated in each panel
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Effects of transport inhibitors on the post-RVD RVI
in pancreatic α-cells

The mechanisms by which the post-RVD RVI occur were
examined by using inhibitors known to act on transporters
involved in RVI in other cells. All experiments were
performed in HCO3

−-buffered solutions, and transport
inhibitors were only present in the isotonic solution during
the recovery period (Fig. 4; solid bars). Figure 4a shows
that the post-RVD RVI was abolished by the anion transport
inhibitor 100µM DIDS [4]. The RVI was also greatly
attenuated by 10µM MIBA (Fig. 4b), a derivative of

amiloride with a high specificity for NHE [15, 26, 27]. By
contrast, 10µM benzamil (an amiloride-derivative with a
low affinity for NHE; [15]), was without effect on the post-
RVD RVI (Fig. 4c). Bumetanide, at a concentration of 10µM
which specifically inhibits NKCC1 [23], was also without
effect on the RVI (Fig. 4d).

Rates of volume increase, during the post-RVD RVI, in
the presence of the transport inhibitors are plotted in
Fig. 6a. The rates of increase were not significantly
different between control experiments and those in the
presence of 10µM bumetanide or 10µM benzamil. The
rates of increase were, however, significantly reduced by
100µM DIDS or 10µM MIBA. In fact, in the presence of
these inhibitors, the rates were not significantly different to
those observed in HEPES-buffered solutions (P>0.1).

α-Cell volume regulation in solutions containing 20 mM
glucose

We have previously reported that the volume of both α-
cells and β-cells increases when the extracellular glucose
concentration is elevated [5, 20]. Glucose-induced swelling
requires glucose metabolism [5, 20], but the mechanism by
which the volume increase occurs has not been determined.
One possibility is that the activation of NHE and Cl−–HCO3

−

exchangers, which in β-cells are stimulated by glucose
due to changes in intracellular pH (pHi; [17, 24]), may also
cause the accumulation of Na+ and Cl− and hence result in
cell swelling. In a final series of experiments, we therefore
examined volume regulation in α-cells exposed to solutions
containing 20 mM rather than 4 mM glucose. Cells were
pre-incubated in isotonic solution containing 20 mM
glucose for at least 10 min before recording the control
isotonic period and the exposure to the hypertonic solution.
Figure 5a shows that on exposure to HCO3

−-buffered
hypertonic solutions (+100 mM mannitol), α-cells shrank,
but then underwent RVI. Volume regulation was not,
however, observed in cells bathed in HEPES-buffered
solutions containing 20 mM glucose (Fig. 5b). The RVI in
HCO3

−-buffered solutions was inhibited when 10µM
MIBA (Fig. 5c), but not 10µM benzamil (Fig. 5d), was
added to the hypertonic solution. The rates of volume
regulation in these experiments are summarized in Fig. 6b.
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Fig. 3 A post-RVD RVI is observed in α-cells in HCO3
−-buffered

solutions (a) but not in HEPES-buffered solutions (b). Cells were
superfused with hypotonic solutions for the period indicated by the
bar. At the end of this period, re-superfusion with the isotonic
solutions caused cell volumes to decrease below those observed
during the initial control period. An increase in cell volume (a post-
RVD RVI) was then observed in HCO3

−-buffered solutions over this
10-min recovery period in isotonic solution

Table 2 Regulatory volume decrease (RVD) in pancreatic α-cells is identical in HEPES-buffered or HCO3
−-buffered solutions

Maximum volume (RCV) Rate of volume decrease (RCV. min−1) Minimum volume (RCV)

HEPES-buffered (n=6) 1.41±0.05 −0.035±0.006 1.09±0.03

HCO3
−-buffered (n=6) 1.34±0.03 −0.034±0.013 1.05±0.02

Maximum and minimum relative cell volumes (RCV) are for the period of cell exposure to the hypotonic solutions. The rate of volume decrease
was calculated by linear regression analysis on the data for the 4-min period after the maximum volume was attained. Data are mean±SEM and
there were no significant differences between the values in the two solutions (P>0.1 by Student’s t test for unpaired data)
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Discussion

α-cells exhibit a post-RVD RVI in HCO3
−-buffered

solutions

We have previously reported that pancreatic α-cells do not
exhibit a RVI when exposed to hypertonic solutions

buffered with HEPES [18]. This observation was made as
part of a study which determined that NKCC1 is expressed
in pancreatic β-cells, but not in α-cells [18]. This study did
not, however, examine all the potential volume regulatory
mechanisms in the α-cells. In the present study, we have
therefore examined two such mechanisms, namely: (1) the
possible involvement of HCO3

−-dependent ion transporters
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Fig. 4 The effects of transport
inhibitors on the post-RVD RVI
in α-cells. The cells were ex-
posed to the hypotonic solution
for the period indicated by the
open bars. The solid bars indi-
cate the period of superfusion
with isotonic solutions contain-
ing: a 100μM DIDS (n=6), b
10μM MIBA (n=6), c 10μM
benzamil (n=6), and d 10μM
bumetanide (n=6). In each con-
dition, the mean minimum vol-
umes observed on switching
from the hypotonic to isotonic
solutions were not significantly
different from each other by
ANOVA (P>0.1), ranging from
0.83±0.02 to 0.85±0.01. All
solutions were HCO3

−-buffered
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Fig. 5 Volume regulation in
α-cells exposed to hypertonic
solutions containing 20 mM
glucose. a A RVI is observed in
HCO3

−-buffered solutions (n=
6). b A RVI was not observed in
HEPES-buffered solutions (n=
6). The RVI in HCO3

−-buffered
solutions was inhibited by c
10μM MIBA (n=6), but not by
d 10μM benzamil (n=6). The
isotonic and hypertonic solu-
tions contained 20 mM glucose
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in volume regulation, and (2) the ability of cells to exhibit a
post-RVD RVI.

α-Cells exposed to hypertonic solutions buffered with
HCO3

− did not exhibit volume regulation. This is in marked
contrast to many other cells in which a combination of
NHE and Cl−–HCO3

− exchangers contribute to Na+ and Cl−

influx during volume regulation [13, 28]. This includes
pancreatic β-cells in which NHE and Cl−–HCO3

− exchang-
ers augment volume regulation mediated by NKCC1 [19].
Pancreatic of α-cells were found to exhibit a post-RVD
RVI, but this was observed only in HCO3

−-buffered
solutions. This ability of cells to post-RVD RVI, but not
RVI in hypertonic solutions, is not unique. Indeed, some of
the earliest studies of cell volume regulation reported that
human lymphocytes [9] and Ehrlich ascites tumor cells [14]
only exhibit a RVI in response to cell shrinkage following a
RVD. Post-RVD RVI can be mediated by either NKCC1
[14] or by HCO3

−-dependent transporters (usually a
combination of NHE and Cl−–HCO3

− exchangers; [9]). In
α-cells, the lack of a post-RVD RVI in HEPES-buffered
solutions indicates that NKCC1 is probably not involved.
This conclusion is further supported by the observation
that the post-RVD RVI in HCO3

−-buffered solutions was
unaffected by the NKCC1 inhibitor 10µM bumetanide.
These data are consistent therefore with the finding that
NKCC1 is not expressed in α-cells [18] and indicate that
HCO3

−-dependent transporters must mediate the post-
RVD RVI.

HCO3
−-dependent transporters in pancreatic α-cells

A variety of HCO3
−-dependent processes can potentially

contribute to Na+ and Cl− influx during volume regulation.
Na+ influx for instance can be mediated by NHE, Na+

channels (either amiloride-sensitive or insensitive; 28), and
possibly by Na+–HCO3

− cotransporters, whereas Cl− influx
may be mediated by Cl−–HCO3

− exchangers or Cl−

channels. To investigate the contribution of NHE to the
post-RVD RVI, we examined the differential effects of
benzamil and MIBA. Both of these compounds are derived
from amiloride, but have different efficacies against the ion
transporters blocked by amiloride. Thus, benzamil is very
effective against Na+ channels and Na+–Ca2+ exchange, but
is relatively ineffective against NHE [15]. By contrast,
MIBA is a potent inhibitor of NHE activity [15, 26, 27].
The post-RVD RVI was completely abolished by 10µM
MIBA, but unaffected by 10µM benzamil. These data
therefore suggest that NHE, and not amiloride-sensitive
Na+ channels, are the main mechanisms involved in RVI in
the α cells. This conclusion is further supported by recent
data showing that NHE1 is expressed in pancreatic α-cells
[21, 25]. The possible contribution of Na+–HCO3

− to
volume regulation cannot be discounted completely, but to
date, there are no data to suggest that these transporters are
inhibited by derivatives of amiloride [22].

It is more difficult to use anion transport blockers to
differentiate between potential Cl− entry pathways because
these compounds lack specificity. Thus, DIDS, which
inhibits the post-RVD RVI, acts on anion channels [7, 16]
and Cl−–HCO3

− exchangers [4]. Two types of anion
channel are expressed in pancreatic alpha cells: GABAA

receptor-operated [29] and volume-activated anion channels
(Best, L, unpublished data); furthermore, the electrochem-
ical gradient for Cl− favors Cl− influx [2, 29]. However,
these channels are unlikely to contribute to Cl− influx
during RVI, since the GABAA channels are opened only by
GABA and the volume-activated channels are closed by
cell shrinkage. Thus, the effect of DIDS on volume
regulation is probably due to the inhibition of Cl−–HCO3

−

exchangers. This conclusion, however, now requires the
support of data from molecular localization studies of the
expression of Cl−–HCO3

− exchangers in α-cells.

High concentrations of glucose activate volume regulation
in α-cells

The reason as to why some cells exhibit a post-RVD RVI
but not an RVI is not completely resolved [13, 28]. It is
generally assumed, however, that the changes in intracellu-
lar ion activities which occur during RVD in some way
facilitate the activation of the ion transporters which
mediate RVI. For instance, NKCC1 and Cl−–HCO3

−

HCO3 DIDS MIBA Benz Bumet HEPES-0.01

0.00

0.01

0.02

0.03

* *

R
at

e 
o

f 
in

cr
ea

se
 (

R
C

V
.m

in
-1

)

HCO3 MIBA Benz HEPES-0.005

0.000

0.005

0.010

0.015

0.020

* *

R
at

e 
o

f 
in

cr
ea

se
 (

R
C

V
.m

in
-1

)

a

b

*

Fig. 6 Rates of volume increase in α-cells a during post-RVD RVI
and b in the presence of 20 mM glucose. The rates of increase were
calculated as the change in relative cell volume per minute (RCV
min−1) from the slopes of straight lines fitted to the linear phase of
volume recovery by regression analysis. Data are mean±SEM (n=6),
and *P<0.05 indicates significant difference to the control (HCO3

−)
by ANOVA

Pflugers Arch - Eur J Physiol (2009) 458:621–629 627



exchange may be activated by a reduction in the concen-
trations of K+ and Cl− [13], whereas a change in pHi could
be responsible for activating NHE and Cl−–HCO3

− ex-
change. Circumstantial evidence for the role of pHi in
activation of NHE and Cl−–HCO3

− exchangers is provided
by our experiments in which volume regulation was studied
in solutions containing 20 mM glucose.

Previous work in our laboratory has shown that α-cells
and β-cells increase in cell volume by between 5% and
15% when the extracellular glucose concentration is
changed from 4 to 20 mM [5, 20]. A possible explanation
for this glucose-induced swelling is the activation of NHE
and Cl−–HCO3

− exchangers. This hypothesis is supported
by the observation that changes in intracellular pH occur in
β-cells during glucose metabolism, which in turn stimulate
NHE activity and then Cl−–HCO3

− exchange activity [17,
24]. The hypothesis was further tested in the present study
by investigating volume regulation in α-cells bathed in
hypertonic solutions containing 20 mM glucose. Under
these conditions, the α-cells exhibited a RVI which was
inhibited by MIBA but not by benzamil. Moreover, the RVI
was observed only in HCO3

−-buffered solutions. Thus,
NHE and Cl−–HCO3

− exchangers appear to be activated by
the increase in glucose concentration and can contribute to
volume regulation under these circumstances.

Conclusions

This study shows that α-cells exhibit a post-RVD RVI in
HCO3

−-buffered solutions. The post-RVD RVI is inhibited
by MIBA and DIDS. A MIBA-sensitive RVI was also
observed in α-cells exposed to hypertonic solutions con-
taining 20 mM glucose. The data indicate that NHE
contribute to volume regulation in pancreatic α-cells and
that Cl−–HCO3

− exchangers may also be involved. The data
show that there are significant differences in ion transporter
activity between pancreatic α-cells and β-cells.

Acknowledgments This work was supported by the Wellcome Trust
(Grant 070139/Z/02/Z). SLD was supported by an MRC Postgraduate
studentship.

Open Access This article is distributed under the terms of the
Creative Commons Attribution Noncommercial License which per-
mits any noncommercial use, distribution, and reproduction in any
medium, provided the original author(s) and source are credited.

References

1. Barg S, Galvanovskis J, Gopel SO, Rorsman P, Eliasson L (2000)
Tight coupling between electrical activity and exocytosis in mouse
glucagon secreting α-cells. Diabetes 49:1500–1510

2. Best L, McLaughlin J (2004) Nutrients as regulators of endocrine
and neuroendocrine secretion. Top Curr Genet 7:79–111

3. Bokvist K, Olsen HL, Høy M, Gotfredsen CF, Holmes WF,
Buschard K, Rorsman P, Gromada J (1999) Characterisation of
sulphonylurea and ATP-regulated K+ channels in rat pancreatic A-
cells. Pflugers Arch 438:428–436

4. Culliford S, Ellory C, Lang HJ, Englert H, Staines H, Wilkins R
(2003) Specificity of classical and putative Cl− transport inhibitors
on membrane transport pathway in human erthrocytes. Cell
Physiol Biochem 13:181–188

5. Davies SL, Brown PD, Best L (2007) Glucose-induced swelling
in rat pancreatic alpha-cells. Mol Cell Endocrinol 264:61–67

6. Davies SL, Roussa E, Le Rouzic P, Thévenod F, Alper SL, Best L,
Brown PD (2004) Expression of K+–Cl− cotransporters in the
alpha-cells of rat endocrine pancreas. Biochim Biophys Acta
1667:7–14

7. Droogmans G, Maertens C, Prenen J, Nilius B (1999) Sulphonic
acid derivatives as probes of pore properties of volume-regulated
anion channels in endothelial cells. Br J Pharmacol 128:35–40

8. Gopel SO, Kanno T, Barg S, Weng XG, Gromada J, Rorsman P
(2000) Regulation of glucagon release in mouse α-cells by KATP

channels and inactivation of TTX-sensitive Na+ channels. J
Physiol 528:509–520

9. Grinstein S, Clarke CA, Rothstein A (1983) Activation of Na+/H+

exchange in lymphocytes by osmotically induced volume changes
and by cytoplasmic acidification. J Gen Physiol 82:619–638

10. Gromada J, Franklin I, Wollheim CB (2007) Alpha-cells of the
endocrine pancreas: 35 years of research but the enigma remains.
Endocrin Rev 28:84–116

11. Gromada J, Hoy M, Olsen HL, Gotfredsen CF, Buschard K,
Rorsman P, Bokvist K (2001) Gi2 proteins couple somatostatin
receptors to low conductance K+ channels in rat pancreatic α-
cells. Pflugers Arch 442:19–26

12. Hille B (2001) Ion channels, 3rd edn. Sinauer Associates,
Sunderland, MA

13. Hoffmann EK, Simonsen LO (1989) Membrane mechanisms in
volume and pH regulation in vertebrate cells. Physiol Rev
69:315–382

14. Hoffmann EK, Sjøholm C, Simonsen LO (1983) Na+, Cl−

cotransport in Ehrlich ascites tumor cells activated during volume
regulation (regulatory volume increase). J Membr Biol 76:269–
280

15. Kleyman TR, Cragoe EJ (1988) Amiloride and its analogs as tools
in the study of ion transport. J Membr Biol 105:1–21

16. Linsdell P, Hanrahan JW (1996) Disulphonic stilbene block of
cystic fibrosis transmembrane conductance regulator Cl− channels
expressed in a mammalian cell line and its regulation by a critical
pore residue. J Physiol 496:687–693

17. Lynch AM, Best L (1990) Cytosolic pH and pancreatic β-cell
function. Biochem Pharmacol 40:411–416

18. Majid A, Speake T, Best L, Brown PD (2001) Expression of the
Na+–K+–2Cl− cotransporter in α and β cells isolated from the rat
pancreas. Pflügers Arch 442:570–576

19. Miley HE, Holden D, Grint R, Best L, Brown PD (1998)
Regulatory volume increase in rat pancreatic beta cells. Pflugers
Arch 435:227–230

20. Miley HE, Sheader EA, Brown PD, Best L (1997) Glucose
induced swelling in rat pancreatic β cells. J Physiol 504:191–198

21. Moulin P, Guiot Y, Jonas JC, Rahier J, Devuyst O, Henquin JC
(2007) Identification and subcellular localization of the Na+/H+

exchanger and a novel related protein in the endocrine pancreas
and adrenal medulla. J Mol Endocrinol 38:409–422

22. Romero MF, Fulton CM, Boron WF (2004) The SLC4 family of
HCO3

− transporters. Pflugers Arch 447:495–509
23. Russell JM (2000) Sodium–potassium–chloride cotransport.

Physiol Rev 80:211–276
24. Shepherd RM, Henquin JC (1995) The role of metabolism,

cytoplasmic Ca2+, and pH-regulating exchangers in glucose-

628 Pflugers Arch - Eur J Physiol (2009) 458:621–629



induced rise of cytoplasmic pH in normal mouse pancreatic islets.
J Biol Chem 270:7915–7921

25. Stiernet P, Nenquin M, Moulin P, Jonas JC, Henquin JC (2007)
Glucose-induced cytosolic pH changes in beta-cells and insulin
secretion are not causally related: studies in islets lacking the Na+/
H+ exchanger NHE1. J Biol Chem 282:24538–24546

26. Talor Z, Ng SC, Cragoe EJ, Arruda JA (1989) Methyl isobutyl
amiloride: a new probe to assess the number of Na–H antiporters.
Life Sci 45:517–523

27. Warnock DG, Yang WC, Huang ZQ, Cragoe EJ (1988) Inter-
actions of chloride and amiloride with the renal Na+/H+ antiporter.
J Biol Chem 263:7216–7221

28. Wehner F, Olsen H, Tinel H, Kinne-Saffran E, Kinne RK
(2003) Cell volume regulation: osmolytes, osmolyte transport
and signal transduction. Rev Physiol Biochem Pharmacol
148:1–80

29. Wendt A, Birnir B, Buschard K, Gromada J, Salehi A, Sewing S,
Rorsman P, Braun M (2004) Glucose inhibition of glucagon
secretion from rat α-cells is mediated by GABA released from
neighboring β-cells. Diabetes 53:1038–1045

30. Yoshimoto Y, Fukuyama Y, Horio Y, Inanobe A, Gotoh M,
Kurachi Y (1999) Somatostatin induces hyperpolarization in
pancreatic islet alpha cells by activating a G protein-gated K+

channel. FEBS Lett 444:265–269

Pflugers Arch - Eur J Physiol (2009) 458:621–629 629


	HCO3−-dependent volume regulation in α-cells of the rat endocrine pancreas
	Abstract
	Introduction
	Materials and methods
	Isolation of pancreatic α-cells and β-cells
	Cell volume measurement
	Experimental protocols
	Data analysis

	Results
	α-Cells do not exhibit a RVI in HCO3−-buffered solutions
	Pancreatic α-cells exhibit a post-RVD RVI in HCO3−-buffered solutions
	Effects of transport inhibitors on the post-RVD RVI in pancreatic α-cells
	α-Cell volume regulation in solutions containing 20&newnbsp;mM glucose

	Discussion
	α-cells exhibit a post-RVD RVI in HCO3−-buffered solutions
	HCO3−-dependent transporters in pancreatic α-cells
	High concentrations of glucose activate volume regulation in α-cells
	Conclusions

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


