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Abstract There is evidence that depolarization of the
pancreatic f§ cell by glucose involves cell swelling and
activation of the volume-regulated anion channel (VRAC).
However, it is unclear whether cell swelling per se or
accompanying changes in intracellular osmolality and/or
ionic strength are responsible for VRAC activation. VRAC
activity was measured in rat f§ cells by conventional or
perforated patch whole-cell recording. Cell volume was
measured by video imaging. In conventional whole-cell
recordings, VRAC activation was achieved by exposure of
the cells to a hyposmotic bath solution, by application of
positive pressure to the pipette, or by use of a hyperosmotic
pipette solution. Increased concentrations of intracellular
CsCl also caused channel activation, but with delayed
kinetics. In perforated patch recordings, VRAC activation
was induced by isosmotic addition of the permeable
osmolytes urea, 3-0O-methyl glucose, arginine, and NH,Cl.
These effects were all accompanied by f-cell swelling. It is
concluded that increased cell volume, whether accompa-
nied by raised intracellular osmolality or ionic strength, is a
major determinant of VRAC activation in the f cell.
However, increased intracellular ionic strength markedly
reduced the rate of VRAC activation. These findings are
consistent with the hypothesis that the accumulation of
glucose metabolites in the f§ cell, and the resultant increase
in cell volume, provides a signal coupling glucose metab-
olism with VRAC activation.
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Introduction

The stimulation of insulin release from the pancreatic /5 cell
by a rise in glucose concentration requires metabolism of
the sugar and involves depolarization of the cell membrane
potential, resulting in activation of voltage-sensitive cal-
cium channels and hence calcium entry into the cell
(for reviews see Ashcroft and Rorsman 1989; Best and
McLaughlin 2004; MacDonald et al. 2005). This process is
manifest as a characteristic pattern of calcium-dependent
electrical activity. The molecular mechanisms coupling
glucose metabolism to depolarization have been the subject
of intensive investigation during the last 20 years. The
current ‘consensus model’ for glucose-induced depolariza-
tion is thought to be a rise in ATP/ADP ratio resulting from
increased metabolic flux. This leads to an inhibition of K,tp
channel activity, producing a net inward current. However,
there is increasing evidence that additional ionic mecha-
nisms could couple glucose metabolism to f-cell depolar-
ization (Best and McLaughlin 2004). In particular,
activation of the volume-regulated anion channel (VRAC)
in f§ cells by glucose appears likely to contribute a depo-
larizing current (via CI™ efflux), particularly at increased
glucose concentrations (~ 5-20 mM), where Ksrp channel
inhibition is close to maximal (Best 1997, 2000, 2002;
Jakab et al. 20006).

Previous studies from this laboratory have suggested that
VRAC activation by glucose requires metabolism of the
sugar (Best 2002) and is accompanied by an increase in
p-cell volume (Miley et al. 1997). Thus, we have suggested
that glucose metabolism, and the subsequent intracellular
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accumulation of glucose metabolites and osmotic entry of
water, causes fi-cell swelling and hence VRAC activation
(Best and McLaughlin 2004). Consistent with this hypoth-
esis, f-cell swelling by exposure to hypotonic extracellular
media also results in depolarization, electrical activity,
and insulin release (Best et al. 1996a; Drews et al. 1998;
Beauwens et al. 2006), thus mimicking to some extent the
stimulatory effects of glucose. These observations suggest
that glucose-induced f-cell swelling could be an important
step in coupling glucose metabolism to VRAC activation
and electrical activity. However, studies of the determinants
of VRAC activation in nonislet cell types have concluded
that VRAC activation in response to cell swelling is actually
caused by a concomitant reduction in intracellular ionic
strength rather than by an increased cell volume per se
(Nilius et al. 1998, 2001; Voets et al. 1999; Sabirov et al.
2000). It has also been suggested that reduced ionic strength
(Voets et al. 1999) or, possibly, intracellular [C1™] and other
electrolytes (Jackson et al. 1996; Emma et al. 1997) could
modulate channel activity in terms of its volume set-point.
While such a mechanism could explain VRAC activation by
exposure to hypotonic extracellular media, it would not
readily explain how channel activation could be brought
about by an intracellular accumulation of glucose metabo-
lites, which, since these metabolites are charged, would be
expected to cause cell swelling via a rise in both intracel-
lular osmolality and ionic strength.

The aim of the present study was therefore to determine
whether VRAC activation in pancreatic f§ cells is the result
of changes in intracellular osmolality, ionic strength, or cell
volume in an attempt to understand how channel activation
might be brought about by increased glucose metabolism in
the f§ cell. Our findings suggest that increased cell volume
per se is a key step in VRAC activation, although the
kinetics of activation are influenced by the ionic compo-
sition of the intracellular medium.

Materials and Methods

Pancreatic islets were isolated from a total of eight
Sprague-Dawley rats (350—400 g, either gender, killed by
stunning and cervical dislocation in accordance with local
regulations) by collagenase digestion (Worthington type
4; Cambridge Biosciences, Cambridge, UK). Islets were
dispersed into single cells by a brief exposure to Ca®'-
free medium containing (mM) NaCl (130), KCI (5),
MgSO,4 (1), NaH,PO, (1), glucose (4), EGTA (1), and
HEPES-NaOH (25; pH 7.4). Cells were suspended in
HEPES-buffered Minimal Essential Medium (Invitrogen,
Paisley, UK) supplemented with 5% (v/v) fetal calf serum
and 50 pg/ml gentamycin and cultured in 30-mm-diame-
ter polystyrene dishes for 3—10 days in humidified air at
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37°C. p cells were identified by their size (larger than
non-f3 cells [Majid et al. 2001]) and characteristic granular
appearance. HEK-293 cells were kindly provided by
Dr. Jason Bruce, University of Manchester, and used
immediately after plating onto dishes. Cells were super-
fused at approximately 2 ml/min with a bath solution
consisting of (mM) NaCl (130), KCl (4), CsCl (1),
MgSO, (1), NaH,PO, (1), CaCl, (1.2), glucose (4) and
HEPES-NaOH (25; pH 7.4; 305 mOsmol kg H,O™ ).
Experiments were carried out to test the effects of isos-
motic addition of permeant osmolytes. In the case of the
charged osmolytes arginine hydrochloride and NH,Cl,
these were substituted for an equivalent concentration of
NaCl. For the uncharged osmolytes urea and 3-O-methyl
glucose, the control medium contained 100 mM mannitol
substituting for 50 mM NaCl, addition of osmolytes then
being made by substituting for mannitol.

Whole-cell currents were recorded using either conven-
tional or perforated patch whole-cell recording techniques
using a List EPC-7 amplifier. In the former case, the basic
pipette solution had a nominal ionic strength (I') of 155
(calculated from total ionic concentration; designated I';ss)
and consisted of (mM) CsCl (60), MgCl, (2), ATP (1),
EGTA (1), and HEPES (10; pH 7.2). The measured osmo-
lality of this solution (by freezing-point depression) was
135 mOsmol kg H,O~'. Mannitol or CsCl was added to this
solution to increase the osmolality and/or ionic strength as
detailed in the text and figure legends. For perforated patch
recording, the pipette solution consisted of (mM) MgCl,
(1), HEPES (10; pH 7.2), amphotericin B (240 pg/ml), and
various concentrations of CsCl. Amphotericin is permeable
to small monovalent cations and anions (Ermishkin et al.
1977), thus allowing the manipulation of I'; by altering the
salt concentration of the pipette solution (Best 2005).
Pipette resistance was approximately 2.5 MQ when filled
with the I';ss5 solution. Access resistance was ~ 10 and
25 MQ in conventional and perforated patch whole-cell
configurations, respectively. No voltage compensation was
made. In all cases, the liquid junction potential generated by
asymmetrical pipette and bath solutions was nulled using
the amplifier ‘V,, offset’ control prior to seal formation.
Activity of the VRAC was measured routinely by subject-
ing the cells to 200-ms voltage pulses of &+ 100 mV at 4-s
intervals from a holding potential of 0 mV. This protocol
provides a constant indication of VRAC activity. In addi-
tion, representative I/V relationships were examined under
conventional and perforated patch conditions. This involved
holding the cell at O mV and applying 500-ms pulses
increasing in 20-mV steps from —100 to +100 mV. Zero
current is indicated by the dashed lines on the recording
traces. The majority of recordings are shown immediately
following ‘breakthrough’ or, in the case of perforated patch
recordings, following seal formation. In some cases, only
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the section of recording following maximal current activa-
tion is shown. Cell size was within the range 8—12 pF and
current amplitudes are expressed as picoamperes/picofar-
ads. All current amplitudes depicted in the histograms
represent equilibrium or ‘steady-state’ measurements. Rel-
ative cell volume was measured using a video-imaging
technique as previously described (Miley et al. 1997; Best
et al. 1996b). Data are expressed as mean & SE, and sta-
tistical significance was ascribed using ANOVA with a
Dunnett post hoc correction or Student’s paired #-test as
specified in the figure legends.
5-Nitro-2-(3-phenylpropylamino) benzoic acid (NPPB),
urea, 3-O-methyl glucose, arginine hydrochloride, and all
other chemicals were obtained from Sigma (Poole, UK).

Results

The first series of experiments investigated VRAC activity
under conventional whole-cell recording conditions. With
the I';s5 pipette solution containing 100 mM mannitol (i.e.,
when a low-I" pipette solution was used in the absence of cell
swelling), no current activation was observed (Fig. 1a, b).
This finding contrasts with previous reports that sponta-
neous channel activation in the absence of cell swelling
could be observed with a low-I" pipette solution in Chinese
hamster ovary cells and pulmonary endothelial cells (Voets
et al. 1999; Cannon et al. 1998). Such spontaneous acti-
vation due to reduced intracellular I" (I';) was not observed
in f3 cells even when I'; was reduced to a nominal value of
75 (20 mM CsClI; not shown). On the other hand, VRAC
activation could be induced by swelling the cells by
exposure to a 33% hyposmotic bath solution (Fig. 1a). In
addition, a similar current could be activated by imposing
positive pressure on the pipette (~300 mm H,O; Fig. 1b).
Although we have not characterized the latter current in
detail, its outwardly rectifying nature and reversal potential
(approx —10 mV; compared with an estimated Ec; of
—20 mV) are consistent with our previous report of a
significant cation permeability of the f-cell VRAC (Best
et al. 1996b).

We have previously shown that the VRAC in rat pan-
creatic f§ cells, in common with several other cell types,
can also be activated with essentially similar characteristics
in conventional whole-cell mode by the use of a hyperos-
motic pipette solution, typically by the addition of mannitol
(Best et al. 1996b, 2001). This effect is shown in Fig. Ic, d,
where 200 mM mannitol was added to the pipette solution
in order to raise the intracellular osmolality (OSM;) and
hence induce cell swelling without an increase in I';. Under
such conditions, VRAC activation could be reversed by
application of a hyperosmotic bath solution (Fig. 1c). Thus,
activation of the current required cell swelling rather than
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Fig. 1 Conventional whole-cell recordings of VRAC currents in rat
pancreatic f§ cells. Mannitol (100 mM, a and b; 200 mM, ¢ and d)
was added to the I'ys5 pipette solution in order to raise OSM,; but not
I';. Effects of a 33% hyposmotic bath solution (removal of 100 mM
mannitol; a), positive pipette pressure (b), increasing osmolality of
the bath solution (c¢), and the VRAC inhibitor NPPB (50 uM; d).
Currents were elicited by voltage pulses of =100 mV. Recordings a,
b, and d were made immediately after breakthrough into the cell,
whereas ¢ was made ~5 min after breakthrough. The dotted lines
represent zero current

simply a rise in intracellular osmolality. As previously
reported (Best et al. 1996b), the amplitudes of both out-
ward and inward currents were also reduced by the VRAC
blocker NPPB (by 74% and 57%, respectively; n = 4;
Fig. 1d).

It is evident from Fig. 2 that, under conventional whole-
cell recording conditions, a significant degree of activation
of the outwardly rectifying current was achieved when the
pipette solution contained 150 mM mannitol; that is, when
the intracellular osmolality was approximately equivalent to
that of the bath solution. This finding is consistent with the
suggestion that, under conventional whole-cell recording
conditions, an isosmotic pipette solution behaves as if it is
hyperosmotic by ~20% with respect to the bath solution
(Worrell et al. 1989). This phenomenon presumably reflects
the osmotic effects of intracellular proteins which remain
undialyzed from the cell together with the hydrostatic
pressure resulting from the column of liquid in the recording
pipette. With a pipette solution containing 200 mM man-
nitol, current activation was maximal and rapid, with
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Fig. 2 Conventional whole-cell VRAC current amplitudes in rat
pancreatic f cells: effect of increasing the intracellular osmolality
(OSM;) by the addition of mannitol. Maximum mean outward (4-ve)
and inward (—ve) currents from conventional whole-cell recordings.
Currents were elicited by voltage pulses of £100 mV. Values are
mean £ SE for 5-10 cells. ** p < 0.001 vs. column 1 (ANOVA with
Dunnett post hoc test)

half-maximal activity (fys) observed 1.2 + 0.1 min
(n = 10) after formation of the whole-cell configuration
(for examples, see Fig. la, d). Current reversal was
—8.0 £ 0.5 mV (n = 12), again consistent with our previ-
ous report (Best et al. 1996b).

Taken together, the above findings suggest that increased
cell volume, rather than reduced I, is the major determi-
nant of VRAC activation in pancreatic f§ cells. This con-
trasts with previous reports using nonislet cell types in
which VRAC activation or the volume set-point of the
channel appeared to be inversely correlated with I'; (Nilius
et al. 1998; 2001; Voets et al. 1999; Sabirov et al. 2000).
The next series of experiments therefore investigated the
effects of simultaneously raising OSM; and I3 by the
addition of CsCl (Fig. 3). No significant activation was
observed when I'; and OSM; were raised to 305 by the
addition of 75 mM CsCl (Fig. 3, lower), consistent with an
increase in volume set-point of channel activation by a rise
in I';. The further addition of CsCl to raise I'; and OSM,; to
355 was found to cause maximal VRAC activation to a
degree similar to that seen with 200 mM mannitol. Channel
activation was again sensitive to inhibition by NPPB and to
exposure to a hypertonic bath solution (not shown), con-
sistent with the characteristics of the VRAC currents.
However, in this case the rate of channel activation was
significantly reduced compared to raising the OSM; alone,
such that 7, s was now reached 16.1 & 1.3 min (n = 5) after
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Fig. 3 Conventional whole-cell recordings of VRAC currents in rat
pancreatic f§ cells: effect of increasing intracellular ionic strength (I7;)
by addition of CsCl. Upper: Recordings from two cells; 100 mM
CsCl was added to the I'j55 pipette solution (I'yss) in order to raise
both OSM,; and I'; to 355. Currents were elicited by voltage pulses of
+100 mV. Lower: maximum mean outward (+ve) and inward (—ve)
currents with increasing concentrations (total) of CsCl in the pipette
solution (£SE) for 5-10 cells. ** p < 0.001 vs. column 1 (ANOVA
with Dunnett post hoc test)

formation of the whole-cell configuration (Fig. 3, upper).
The reversal potential of the current was —0.5 = 1.3 mV
(n = 5), comparable to E¢; (approximately +5 mV) under
such conditions. A further increase in I'; to 405 also caused
VRAC activation, but with currents of reduced amplitude
(Fig. 3, lower). A similar pattern of VRAC activation was
observed when OSM; and T'; were increased by the addition
of 100 mM Cs lactate, Cs gluconate, or NMDG-CI to the
pipette solution, the respective whole-cell currents in
response to voltage pulses of £100 mV being 214 + 37
and —61 £ 11 (n =5), 188 £ 41 and —46 £ 9 (n = 4),
and 160 £ 20 and —48 £ 9 (n = 4) pA/pF with ¢ 5 values
of 12.0 £ 3.4, 10.8 £ 1.8, and 11.3 £ 1.1 min, respec-
tively (not shown). Thus, VRAC activation with a high I}
does not appear to depend on the ionic species present in the
intracellular solution.

A limited number of experiments were carried out to
investigate the influence of OSM; and I'; on VRAC acti-
vation in nonislet cells. For these experiments, we used the
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human embryonic kidney HEK-293 cell line, in which
VRAC activation has been reported in response to a
reduction in intracellular ionic strength (Nilius et al. 2001).
As shown in Fig. 4, qualitatively similar results were
obtained with these cells. Thus, no VRAC activation was
apparent when the cell interior was perfused with a low-I;
pipette solution (Fig. 1a). On the other hand, raising OSM;
by the addition of 200 mM mannitol or raising I'; with
100 mM CsCl resulted in channel activation. However, it
was again apparent that the kinetics of activation were
considerably slowed with a high-I" pipette solution.

We next investigated the influence of I'; on VRAC
activity in intact f§ cells, using the perforated patch tech-
nique, which maintains the integrity of the cytosolic com-
partment. Amphotericin B was used as perforating agent
since this antibiotic is known to form pores which are
permeable to small monovalent ions. While it is not possible
to predict exactly how closely I'; will correspond to the
ionic strength of the pipette solution, Fig. 5 clearly shows
that with 40 mM CsCl in the pipette solution, no significant
VRAC activation was observed, the current amplitudes
being 26 + 4 and —21 + 3 pA/pF (n = 7). Figure 5 also
illustrates that raising the CsCl concentration to 140 mM or
above leads to activation of the VRAC current. Subsequent
exposure of the cell to a hypertonic bath solution gradually
inhibited the current while NBBP also inhibited channel
activity (not shown), again consistent with the characteris-
tics of VRAC currents. As with the conventional whole-cell
configuration, VRAC activation under perforated patch
conditions was relatively slow with a high I, the ¢, 5 values
with pipette solutions containing 140, 240, and 340 mM
CsCl being 13.7 &+ 1.5 (n = 6), 13.8 &+ 2.3 (n = 10), and

HEK cells

Fig. 4 Conventional whole-cell recordings of VRAC currents in
HEK cells: hypotonic (I';ss) pipette solution supplemented with a
100 mM mannitol, b 200 mM mannitol, or ¢ 100 mM CsCl. Currents
were elicited by voltage pulses of +100 mV. Recordings are
representative of those from three or four cells in each case
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Fig. 5 Perforated patch recordings VRAC currents in pancreatic f§
cells: effect of increasing intracellular ionic strength by addition of
CsCl. Upper: Recordings from two cells; the pipette solution
contained 240 mM CsCl. Currents were elicited by voltage pulses
of 100 mV. Lower: maximum mean outward (+ve) and inward
(—ve) currents with increasing concentrations of CsCl in the pipette
solution (£SE) from 6 to 10 cells. * p < 0.05 vs. column 1 (ANOVA
with Dunnett post hoc test)

16.7 & 1.7 (n = 6) min, respectively. Comparing Figs. 3
and 5, it is notable that VRAC activation could be achieved
under perforated patch conditions using pipette solutions of
considerably lower ionic strength than with conventional
whole-cell recordings. The reasons for this are not certain
but it is likely that the composition of the intracellular
compartment is significantly different between the two
experimental conditions, with a greater retention of the
normal cytosolic constituents (ions, nucleotides, proteins,
etc.) under perforated patch conditions. This suggests that
VRAC activation may be more sensitive to changes in I'; in
intact cells than in cells where the cytosol has been dialyzed
by the pipette solution. VRAC current—voltage relationships
under conventional and perforated patch conditions are
depicted in Fig. 6; the characteristics of the current were
essentially similar in both recording configurations. Again,
in contrast to conventional whole-cell recordings, the
reversal potential of the current was not apparently shifted
to a more positive value by a high pipette CsCl solution. The
reasons for this are unclear but could be related to the fact
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Fig. 6 VRAC current—voltage relationships in pancreatic f§ cells.
Conventional whole-cell configuration with a pipette solution
containing 200 mM mannitol (a; filled circles) and perforated patch
recordings with a pipette solution containing 240 mM CsCl (b; open
circles). The I/V plots are derived from five cells in each case

that the amphotericin B channel shows cation selectivity at
physiological pH (Asandei and Luchian 2008), which could
result in a higher intracellular concentration of Cs™ than
CI™ under these conditions.

As shown in Fig. 1, the VRAC can be activated under
conventional whole-cell recording conditions by exposure
to a hypotonic extracellular solution. A similar effect of a
33% hypotonic bath solution could be demonstrated under
perforated patch conditions (Fig. 7). However, VRAC
activation by such a means was only observed with a
pipette solution containing a raised ‘threshold’ concentra-
tion of CsCl (100 mM); no significant effect was apparent
with a pipette solution containing 40 mM CsCl. This
finding indicates that, in the perforated patch configuration,
the composition of the pipette solution influences that of
the cytosol and that a threshold level of I'; (or OSM;) is
required for channel activation.

An additional series of experiments was carried out to
investigate further the effects of increased OSM; or I'; on
VRAC activity in intact f§ cells using the perforated patch
technique. Initially, cell swelling was induced by exposing
the cells to the permeant osmolytes urea and 3-O-methyl
glucose under isosmotic conditions (i.e., substituting for an
equivalent amount of the nonpermeant osmolyte mannitol).
This maneuver would be expected to swell the cells
through an increase in OSM; with a concomitant reduction
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Fig. 7 VRAC amplitudes in pancreatic f§ cells in response to a
hyposmotic bath solution: effect of I';. Data were obtained from
perforated patch recordings. The pipette solution contained either 40
or 100 mM CsCl. The bath solution was made ~33% hyposmotic by
the removal of 100 mM mannitol. Currents were elicited by voltage
pulses of £100 mV. Mean outward (+ve) and inward (—ve) currents
(£SE) from 5 to 10 cells. ** p < 0.01 and * p < 0.05 vs. control
(paired r-test)

in T;. As shown in Fig. 8, isosmotic addition of urea
or 3-O-methyl glucose caused a significant increase in
outward VRAC current, while the latter osmolyte also
significantly increased the inward current amplitude. The
corresponding #, 5 values for channel activation were 8.5 +
2.1 min (n = 4) and 6.3 £ 1.4 min (n = 5), respectively.

Figure 8 also shows the effect of isosmotic addition of
arginine (substituting for Na™), which enters the 8 cell
presumably via the cationic amino acid transporter (Smith
etal. 1997). Since arginine is a positively charged molecule,
its uptake should lead to a net increase in I';. Accumulation
of this amino acid was associated with a significant acti-
vation of the VRAC, with a 7y 5 of 6.6 & 1.8 min (n = 5).
The isosmotic addition of NH4ClI has been reported to cause
cell swelling due to the passive entry of NH3, which forms
NH,* accompanied by OH~ (or HCO; )/Cl~ exchange,
resulting in a net accumulation of NH,Cl (Motais et al.
1991). In this case, as with isosmotic arginine addition,
swelling would be associated with an increase in I';. As
shown in Fig. 8, the isosmotic addition of NH4CI (by sub-
stitution for NaCl) to pancreatic f cells increased both
inward and outward current amplitudes, although with a
relatively modest effect on the latter compared to arginine.

We also measured the effect of isosmotic addition of
permeant osmolytes on f-cell volume (Fig. 9). The isos-
motic addition of 100 mM urea or 3-O-methyl glucose
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Fig. 8 VRAC amplitudes in pancreatic f§ cells: effects of permeable
nonionic and ionic osmolytes. Data were obtained from perforated
patch recordings. The pipette solution contained 100 mM CsCl. Urea
or 3-O-methylglucose (both 100 mM) was added to the bath solution
by substitution for mannitol. Arginine hydrochloride or NH4ClI (both
50 mM) was added to the bath solution by substitution for NaCl.
Currents were elicited by voltage pulses of £100 mV. Mean outward
(4+ve) and inward (—ve) currents (£SE) from five to seven cells.
** p < 0.02 and * p < 0.05 vs. control (paired #-test). The gaps in the
upper and middle traces are 3—5 min

(substituting for mannitol) increased the relative cell vol-
ume by ~11.5% and 11%, respectively, within 3 min of
application. Most notably in the case of urea, cell swelling
was followed by a gradual regulatory volume decrease
(RVD) response. The isosmotic addition of 50 mM argi-
nine hydrochloride or NH4Cl (in both cases substituting for
NaCl) also increased f-cell volume by 3% and 6%,
respectively, again with subsequent RVD responses.

Discussion

Activation of the VRAC in pancreatic f§ cells, in common
with virtually all other cell types, can be elicited by
exposure to hyposmotic extracellular media (Best et al.
1996a, b). There is also evidence that the channel can be
activated specifically in f cells by a rise in glucose con-
centration and the ensuing increased glycolytic flux (Best
1997, 2000, 2002; Jakab et al. 2006), an effect also
accompanied by cell swelling (Miley et al. 1997). As noted
above, studies in nonislet cells have suggested that a
reduction in I rather than the accompanying increase in
cell volume could be responsible for activation or modu-
lation of the channel during hypotonic cell swelling.
However, such a mechanism is difficult to reconcile with
activation of the VRAC in f cells by glucose metabolism,
which would be expected to be accompanied by the
intracellular generation of glucose metabolites and an
increase in I';. It should be emphasized that, at least on the
basis of its anion selectivity sequence, the 5 cell VRAC

Fig. 9 Relative cell volume: - -0O-
effgects of permeable nonionic 13 urea 1.2 7 3-0-MG
and ionic osmolytes. Urea or 1.2
3-O-methylglucose (both 1.1
100 mM) was added to the bath 1.1+
solution by substitution for
mannitol. Arginine 1.0+ 1.0 4
hydrochloride or NH4Cl (both 0.9
50 mM) was added to the bath o 0.9
solution by substitution for ;E; 0.8
NaCl. Data (mean + SE) were °
obtained from four cells in each 207 T T T 1 0.8 T T T 1
case ‘?3 0 5 10 15 20 0 5 10 15 20
g
FREE Arginine 1157 NH,CI
[)
1
1.0 4 1.054
q
0.9 0.95
0-8 T T T 1 0-85 T T T 1
0 5 10 15 20 0 5 10 15 20
Time (min)
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appears to be distinct from that in other nonislet cell types
(Kinard and Satin 1995; Best et al. 1996b).

The present study provides several lines of evidence
that, at least in the case of the pancreatic f§ cell, VRAC
activation can be induced by an increase in cell volume,
irrespective of any accompanying changes in I';. First, the
application of positive pressure to the pipette solution was
sufficient to activate the channel, consistent with a previous
report using CHO cells (Cannon et al. 1998). These authors
argued that this maneuver should not alter the composition
of the intracellular medium, so that VRAC activation was
probably due to cell swelling. However, Voets et al. (1999)
suggested that, under conventional whole-cell recording
conditions, I'; could be affected by unequal rates of water
flux across the cell membrane and via the pipette aperture.
Presumably, a similar argument could apply, perhaps to a
lesser extent, to the interpretation of perforated patch
experiments. Differences in water and solute fluxes among
the cell interior, the bath solution, and the pipette solution
will presumably affect cell volume in addition to I';. Such
factors might possibly explain why, in contrast to a pre-
vious report (Nilius et al. 2001), we were unable to observe
VRAC activation with a pipette solution of low I' and
osmolality in either f cells or HEK-293 cells.

The second line of evidence supporting a primary role for
increased f-cell volume in VRAC activation is that raising
the I'; with increasing concentrations of CsCl was found to
cause VRAC activation under both conventional and per-
forated patch conditions. Third, the uptake of urea, 3-O-
methyl glucose (both uncharged), or arginine (charged)
evoked a comparable degree of VRAC activation. To a
lesser extent, NH4Cl uptake was also found to activate the
channel. Incidentally, the observed VRAC activation fol-
lowing urea and 3-O-methyl glucose uptake could explain
the stimulation of insulin release previously reported to be
evoked by such maneuvers (Lund et al. 1992). Furthermore,
activation of the channel by arginine accumulation could
contribute towards the depolarizing action of this amino
acid (Smith et al. 1997).

Despite the fact that maximal VRAC currents were
comparable whether accompanied by increased or
decreased I';, there was clear evidence that both the set-
point and the kinetics of VRAC activation could be influ-
enced by changes in I';. Specifically, the rate of VRAC
activation appeared to be reduced at high I'; values in both
conventional and perforated patch configurations. This
effect of ionic strength on VRAC activation rate is quali-
tatively similar to that in previous reports (Jackson et al.
1996; Emma et al. 1997; Cannon et al. 1998), although
these studies did not demonstrate that maximal current
magnitudes attained were similar whether with a high or a
low I';. The physiological significance of VRAC modula-
tion by I is at present unclear. Since it was not possible in
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the present study to make accurate comparisons of cell
volume changes under patch clamp conditions, it is
uncertain whether this effect of high I'; on VRAC activa-
tion kinetics was due to a reduced rate of cell swelling.
However, visual inspection of the cells during the experi-
ments clearly revealed cell swelling with both low- and
high-I" pipette solutions, while earlier studies also sug-
gested this to be an unlikely explanation (Jackson et al.
1996; Emma et al. 1997). It is also highly unlikely that
differential rates of equilibration between the pipette and
the intracellular solutions could account for the effect of
high I'; on VRAC activation kinetics. Thus, as in other cell
types, the fi-cell VRAC could be modulated, either directly
or indirectly, by I'; independently of cell volume changes.
In view of this possibility, it is curious that the kinetics of
VRAC activation during uptake of urea, 3-O-methyl glu-
cose, and arginine were essentially comparable (¢, 5 values,
~ 6-8 min). While the rate of cell swelling and thus VRAC
activation will depend on the relative rates of osmolyte
uptake, cell volume measurements indicated that these
rates were comparable for the above osmolytes.

The mechanism(s) by which VRAC activity is regulated
by changes in cell volume remains to be established.
Numerous intracellular components and signaling pathways
have been proposed to participate in this coupling, includ-
ing the cytoskeleton, the caveolae, and the swelling-induced
release of arachidonate (for reviews see Eggermont et al.
2001; Hoffmann 2000). The release of H,O, during cell
swelling through activation of an NAD(P)H oxidase has
also been implicated in VRAC activation (Varela et al.
2004). Such a mechanism could theoretically be relevant to
the f cell, where glucose has been reported to modulate
NAD(P)H oxidase activity (Morgan et al. 2007). However,
recent preliminary studies in our laboratory indicated that
VRAC activity in rat pancreatic f§ cells was unaffected by
H,0, within the range 0.1-2 mM under perforated patch
conditions (unpublished observations). The results of the
present study are consistent with the hypothesis that VRAC
activation by glucose in the pancreatic f cell is the result of
the accumulation of glucose metabolites, leading to raised
OSM; and/or T and, hence, cell swelling (Best and
McLaughlin 2004). However, it remains to be established
which glucose metabolite(s) is important in this context.
Lactate production accounts for a significant fraction
(~50%) of glucose metabolism (Sener and Malaisse 1976;
Best et al. 1989), and it is noteworthy that pancreatic f3 cells
do not show lactate transport activity (Best et al. 1992) or
express the MCT lactate transporter (Zhao et al. 2001).
Thus, it is possible that accumulation of lactate could be a
determinant of cell swelling and VRAC activation during
increased glycolytic flux.

In conclusion, our findings suggest that increased f-cell
volume is an important determinant of VRAC activation.
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Further studies are clearly required to define fully how
glucose metabolism results in cell swelling and how VRAC
activity is regulated by such volume changes.
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