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Differential modulation of pancreatic B-cell bursting by intracellular pH
in the presence and absence of a K-ATP channel blocker
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The study of the influence of intracellular pH (pH,) changes on the mechanism underlying pancreatic S-cell bursting has been hampered by

concomitant effects on the activity of background ATP-dependent K* (K-ATP) channels. S-cells were made to burst in the absence of active K-ATP

channels by raising external Ca”" in the presence of 11 mM glucose and tolbutamide. An alkalinizing pH; shift (exposure to 20 mM NH,Cl) increased

the burst active phase duration. Conversely, an acidifying shift (NH,Cl withdrawal) suppressed the electrical activity. This is the mirror image of

the effects recorded in the absence of tolbutamide. Glibenclamide and quinine suppressed the alkalinization-evoked hyperpolarization. This study

emphasizes the differential sensitivity of different f-cell ion channels to pH, and the prevalent role of K-ATP channels as electrical transducers
of cytoplasmic pH changes under regular physiological conditions.

Pancreatic f-cell; Islet of Langerhans; Intracellular pH; Bursting electrical activity; ATP-dependent K channel; Extracellular Ca?*

1. INTRODUCTION

The main function of the pancreatic f-cell is to pro-
vide an effective insulin output in response to a rise in
blood glucose concentration. When stimulated with in-
termediate-high glucose concentrations (7-17 mM) the
B-cell displays a bursting pattern of electrical activity
consisting of alternating depolarized (active) and hyper-
polarized (silent) phases [1]. This bursting pattern ap-
pears to underlie both the oscillations of intracellular
free Ca®* concentration ([Ca’*])) and the high frequency
oscillatory insulin output that have been measured from
single whole islets of Langerhans [2-4].

Glucose metabolism is known to close K-ATP chan-
nels, thereby depolarizing the cells and activating the
voltage-dependent Ca®" and K* channels underlying the
electrical activity [5]. We have previously provided evi-
dence against a fundamental role for the K-ATP chan-
nels in the generation of the burst [6,7]. However,
knowledge of the modulation of the mechanism under-
lying the burst by some drugs and intracellular factors
implicated in the physiological response to glucose has
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been hampered by the concomitant effect of these
agents on the activity of background K-ATP channels.
For example, the latter channels are exquisitely sensitive
to intracellular pH (pH,) changes around physiological
levels [8]. Clearly, this may prevent the pH, sensitivity
of the bursting mechanism to be determined using intra-
cellular recording techniques.

In the present study, we have used the bursting pat-
tern evoked by high Ca?" in the presence of glucose and
tolbutamide [6,7] as an experimental model to assess the
sensitivity of the bursting mechanism to pH; during
blockade of K-ATP channels.

2. MATERIALS AND METHODS

The membrane potential was recorded from microdissected mouse
islets of Langerhans using a high-impedance amplifier essentially as
previously recorded [7]. Briefly, microdissected islets were pinned to
the plastic bottom of a fast perifusion chamber through which modi-
fied Krebs’ solution flowed at a rate of ca. 2 ml/min at 37°C. The
solution had the following composition (mM): 125 NaCl, 5 KCl, 25
NaHCO,, 2.56 CaCl,, 1.1 MgCl, and 11 glucose. The solution was
constantly gased with 95% O,/5% CO, for a final pH of 7.4. Other
electrophysiological methods as in [7].

Normal albino mice (Charles Rivers breeding) were used in most
experiments. In some experiments (e.g. Fig. 4), homozygous ob/ob
obese brown mice [9] originated from the Institute of Animal Genetics
at the University of Edinburgh (UK) were used.

The pH; was recorded from single collagenase-isolated mouse islets
of Langerhans using the pH; indicator BCECF [10] and a dual excita-
tion epifluorescence system [7] supplied by PTI (Princeton, New Jer-
sey, USA). Briefly, the islets were incubated with 2 uM BCECF/AM
for 30 min at 37°C, after which they were transferred to a fast perifu-
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sion chamber placed on the stage of an inverted epifluorescence micro-
scope. The islets were excited at 440 and 500 nm via two monochroma-
tors. The fluorescence was detected by a photomultiplier after passing
through a band-pass interference filter centered at 535 nm. The data
were automatically corrected for background fluorescence and ac-
quired at 5 Hz by a computer. The fluorescence ratio Fyp/Fyy, was
converted into pH, values using an in vitro calibration procedure
(fluorescence recorded from droplets of BCECF-containing solutions
at known pHs). This effectively corrected for the BCECF pho-
tobleaching revealed by the individual F, and Fy traces (Fig. 1A).
Other microfiuorescence methods as in [7).

3. RESULTS

We have assessed the perturbing effect of ammonium
on pH,; using the fluorescent pH probe BCECF. In these
experiments, the pH; was recorded from single BCECF-
loaded mouse islets of Langerhans using a ratiometric
fluorescence microscopy technique. Fig. 1A depicts the
effect of 20 mM NH,Cl on the BCECF fluorescence
recorded at 440 (F,,,) and 500 nm (Fsy). Exposure to
NH,CI increased Fsy, but did not affect F,,;, an effect
consistent with the known spectral sensitivity of
BCECF to pH [11]. The effect of NH,Cl on the cali-
brated fluorescence ratio Fs/F,, is depicted in Fig. 1B.
NH,CI exposure caused a pronounced cytoplasmic al-
kalinization, which was followed by a slow pH, decrease
throughout the pulse. Ammonium removal evoked a
pronounced cytoplasmic acidification, followed by a
slow pH; recovery towards basal levels. While the alka-
linizing shift originates from the intracellular protona-
tion of freely diffusible ammonia molecules, the acidifi-
cation response is caused by the sudden displacement of
the NH,/NH; equilibrium towards NH, following
NH,CI withdrawal [12].

The experiments depicted in Fig. 2 have been de-
signed to assess the role of the K-ATP channel in the
NH,Cl-evoked hyperpolarization [13] recorded in 11
mM glucose. Addition of 15 mM NH,CI to the perifu-
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Fig. 2. Alkalinization-evoked hyperpolarization is suppressed by K-

ATP channel blockers. Microdissected islets were exposed to NH,Cl

in the absence (A, upper panel) and in the presence of quinine (A,

lower panel) or glibenclamide (B). Panels A and B depict two different

islets. Glucose concentration was 11 mM throughout. The effects

depicted are representative of 4-6 identical experiments on different
islets.

sion medium hyperpolarized the S-cell membrane and
suppressed bursting electrical activity (Fig. 2A, upper
panel). NH,Cl removal triggered the immediate reap-
pearance of the electrical activity, with the first burst
having a distinctly higher duration compared to control
bursts. Both 4 uM glibenclamide (a specific K-ATP
channel blocker [14]) and 100 4M quinine (a non-spe-
cific K-ATP channel blocker [15]) induced continuous
electrical activity firing from a level close to the burst
active phase. Importantly, both agents suppressed the
NH,Cl-evoked hyperpolarization (Fig. 2A, middle
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Fig. 1. Ammonium-evoked alkalinization and acidification in single islets of Langerhans. A single BCECF-loaded islet was exposed to NH,Cl as

indicated. The pH; was recorded using the fluorescent indicator BCECF. Glucose concentration was 11 mM throughout. (A) Individual fluorescence

traces recorded at 440 nm (F,) and 500 nm (Fy,) excitation. Baseline drift is due to BCECF photobleaching. (B) Fluorescence ratio Fyg/Fus
calibrated in pH units.
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Fig. 3. Differential effects of NH,Cl on bursting electrical activity in
the presence and absence of tolbutamide. The islet was exposed to
NH,Cl in the presence of 11 mM ghicose and 2.56 mM Ca®" (upper
panel). Exposure to tolbutamide evoked a continuous electrical activ-
ity pattern, which changed into a bursting pattern following a rise in
external Ca?* concentration to 12.8 mM. The islet was then exposed
to NH,CI in the presence of tolbutamide and 12.8 mM Ca®* (lower
panel). Individual bursts recorded before and during the latter NH,Cl
exposure are also shown on an expanded time basis. The effects de-
picted are representative of 4 identical experiments on different islets.

panel and Fig. 2B). It is also apparent in Fig. 2A that
exposure to NH,Cl caused a pronounced increase in
spike amplitude in quinine-treated islets. Interestingly,
this enhancement of spike amplitude was not immedi-
ately apparent in glibenclamide-treated islets.

We have carried out experiments designed to assess
the effect of NH,Cl on bursting electrical activity
evoked by high Ca’" in the presence of the K-ATP
channel blocker tolbutamide. Addition of 500 uM
tolbutamide to the perifusion medium abolished the si-
lent phases of the bursts and evoked continuous electri-
cal activity firing at the level of the active phase (Fig.
3, upper panel). Raising external Ca’* concentration
([Ca*],) to 128 mM in the presence of the
sulphonylurea restored the ability of the cell to display
bursting electrical activity, as previously described [6].
Surprisingly, challenging the cell with NH,Cl in the
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presence of tolbutamide and 12.8 mM Ca®* evoked a
pronounced increase in burst duration, an effect that
tended to dissipate throughout the pulse but remained
pronounced towards the end of the 4 min exposure
period (Fig. 3, lower panel). NH,Cl removal generated
a pronounced membrane hyperpolarization, which was
accompanied by suppression of bursting electrical activ-
ity. Regular bursting electrical activity resumed ca. 5
min after NH,Cl withdrawal. The effects of NH,Cl! re-
corded in the presence of tolbutamide and high Ca®* are
the mirror image of the effects recorded in control con-
ditions (i.e. 11 mM glucose and 2.56 mM Ca?"), as
assessed by inspection of the records obtained from the
same cell (Fig. 3). It should be noted that, following
NH,Cl removal in the experiment depicted in the upper
panel of Fig. 3 there was a slight hyperpolarization of
the burst silent phase, during which the electrical activ-
ity was transiently suppressed. This trough was, how-
ever, not evident in all the experiments performed (see
Fig. 2 and [13}]).

We have also examined the effect of NH,Cl on the
electrical activity of f-cells from homozygous obese (ob/
ob) mice of the UK strain [9,16]. These cells appear to
have an altered K* conductance, as suggested by their
poor sensitivity to sulphonylureas and quinine and by
their reduced sensitivity to glucose [9,16]. Interestingly,
the prevalent effect of NH,Cl in these cells was qualita-
tively similar to the effect described above for normal
cells in the presence of tolbutamide and high Ca**. In-
deed, challenging the ob/ob S-cells with NH,C! in the
presence of 11 mM glucose evoked a pattern of contin-
uous electrical activity (Fig. 4). Furthermore, resem-
bling the experiment depicted in the lower panel of Fig.
3 NH,Cl! withdrawal was followed by a period with no
electrical activity.

4. DISCUSSION

We have shown that intracellular alkalinization in-
creases the time spent in the active phase of the bursts
evoked by high Ca** in the presence of the K-ATP
channel blocker tolbutamide. Conversely, intracellular
acidification hyperpolarizes the f-cell membrane and
suppresses the electrical activity. This stands in sharp
contrast to the effect of alkalinizing and acidifying pH;
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Fig. 4. Stimulatory effect of NH,CI on bursting electrical activity recorded from an ob/ob mouse islet (UK strain). NH,Cl was applied as indicated.
Glucose concentration was 11 mM. The effects depicted are representative of 3 identical experiments on different islets.
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shifts on the bursting electrical activity recorded under
control conditions (i.e. 2.56 mM Ca** and 11 mM glu-
cose), thus emphasizing the differential sensitivity of
different S-cell ion channels to pH.,.

The K-ATP channel present in the pancreatic S-cell
has a sharp pH sensitivity in the physiological range,
with a pH rise increasing the open probability of the
channel [8]. We have shown that two different K-ATP
channel blockers (i.e. tolbutamide and quinine) impair
the hyperpolarizing effect of NH,Cl exposure. Thus, the
K-ATP channel appears to have a prevalent role as an
electrical transducer of intracellular pH shifts. Glucose
is known to increase the pH; in isolated S-cells [17], an
effect that we have recently confirmed using BCECF-
loaded whole islets (Santos, Salgado and Rosario, man-
uscript in preparation). Thus, the K-ATP channel may
play a role in the physiological regulation of electrical
activity by metabolism-supported pH; changes.

Interestingly, the response of ob/ob mouse islets (UK
strain) to NH,Cl resembles qualitatively that of normal
mouse islets treated with tolbutamide and high Ca?*.
These ob/ob f-cells' are poorly sensitive to sulphonyl-
urea drugs and quinine and have a decreased sensitivity
to glucose when compared with normal S-cells [9,16].
Furthermore, resting membrane potential of ob/ob S-
cells at low glucose concentrations is clearly less nega-
tive than normal cells [9], indicating an increased resting
K* conductance in the latter cells. These observations
may be accounted for by a decreased density, or even
total absence of sulphonylurea-sensitive K-ATP chan-
nels in ob/ob S-cells. Under these conditions, the effect
of NH,Cl-evoked alkalinization on the channels under-
lying the burst may become preponderant, with a corre-
sponding net depolarizing action on the f-cell mem-
brane.

The molecular and ionic mechanisms underlying the
bursts of electrical activity remain essentially unknown.
K-ATP channel blockers of the sulphonylurea family
change the regular bursting pattern into a continuous
firing pattern, an effect probably accounted for by the
suppression of residual K-ATP channel activity ob-
served at intermediate-high glucose concentrations [21].
We have previously shown that several drugs and/or
conditions known to enhance Ca®* influx across the
plasma membrane can restore the ability of sulphonyl-
urea-treated cells to display bursting electrical activity

'1t should be noted that S-cells from other strains of ob/ob mice may
behave differently with respect to K* channel blockers and NH,Cl.
For example, the C57BL/6J-ob strain from Jackson Laboratories
(USA) has seemingly normal electrical responses to glucose, quinine
and NH,CI (Rosario, unpublished observations). Furthermore, the
latter cells appear to have a normal set of K* channels [18]. Since the
expression of the ob gene depends on the background genome carrying
the gene {19,20], any functional interstrain differences may relate pri-
marily to the particular genetic backgrounds of the ob/ob mice inves-
tigated.
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[6,7). This indicates that the channel underlying the
burst is highly sensitive to [Ca?*]; changes supported by
Ca®* influx. Moreover, we found that the bursts evoked
by high Ca®" in the presence of tolbutamide are not
impaired by charybdotoxin and quinine [7]. Thus, the
repolarization that terminates the burst is highly un-
likely to be provided either by activation of
charybdotoxin- and tetraethylammonium-sensitive
large-conductance K-Ca channels or by the activation
of K-ATP channels. There have been suggestions that
the pacemaker current underlying the burst may be car-
ried by a K-Ca channel distinct from the
charybdotoxin-sensitive channel [21] and by the volt-
age-sensitive Ca?* channel [22,23], but the possibility
that distinct Ca®* channels or non-selective cation chan-
nels might be involved cannot be ruled out.

We have seen that the bursting mechanism is intrinsi-
cally sensitive to intracellular pH, with an alkalinizing
shift promoting a net depolarization to the burst active
phase. Thus, the future study of the pH sensitivity pro-
file of channels putatively implicated in the burst may
be instrumental for the assignment of specific roles for
these channels in the bursting mechanism.

Acknowledgements: The authors thank Prof. A.P. Carvalho for con-
tinued support. The help of Miss Amélia Silva in the collagenase-
isolation of the islets is gratefully acknowledged. This work was par-
tially financed by grants from JNICT and Calouste Gulbenkian Foun-
dation (Portugal).

REFERENCES

[1] Atwater, L., Carroll, P. and Li, M.X. (1989) in: Insulin Secretion,
pp. 49-68, Alan R. Liss, Inc.

[2] Santos, R.M., Rosario, L.M., Nadal, A., Garcia-Sancho, J.,
Soria, B. and Valdeolmillos, M. (1991) Pflugers Arch. Eur. J.
Physiol. 418, 417-422.

[3] Valdeolmillos, M., Santos, R.M., Contreras, D., Soria, B. and
Rosario, L.M. (1989) FEBS Lett. 259, 19-23.

[4] Rosario, L.M., Atwater, I. and Scott, A.M. (1986) in: Biophysics
of the Pancreatic S-Cell (Atwater, I, Rojas, E. and Soria, B. Eds.)
pp. 203-215, Plenum Publishing Corp.

[5] Ashcroft, F.M. and Rorsman, P. (1989) Prog. Biophys. Molec.
Biol. 54, 87-143.

[6] Santos, R.M., Barbosa, R.M., Silva, A.M., Antunes, C.M. and
Rosario, L.M. (1992) Biochem. Biophys. Res. Commun. 187,
872-879.

[7] Rosario, L.M., Barbosa, R.M., Antunes, C.M., Silva, AM.,,
Abrunhosa, A.J. and Santos, R.M. (1993) Pflugers Arch. Eur. J.
Physiol. (in press).

[8] Misler, S., Gillis, K. and Tabcharani, J. (1989) J. Membr. Biol.
109, 135-143.

[9] Rosario, L.M., Atwater, I. and Rojas, E. (1985) Quart. J. Exp.
Physiol. 70, 137-150.

[10] Tsien, R.Y. (1989) Annu. Rev. Neurosci. 12, 227-253.

{11] Rink, T.J,, Tsien, R.Y. and Pozzan, T. (1982) J. Cell Biol. 95,
189-196.

[12] Boron, W.F. (1983) J. Membr. Biol. 72, 1-16.

[13] Rosario, L.M. and Rojas, E. (1986) FEBS Lett. 200, 203-209.

[14] Ashcroft, F.M. (1989) Annu. Rev. Neurosci. 11, 97-118.

[15] Bokvist, K., Rorsman, P. and Smith, P.A. (1990) J. Physiol. 423,
327-342.

[16} Rosario, L.M. (1986) in: Biophysics of the Pancreatic S-cell



Volume 332, number 1,2 FEBS LETTERS October 1993

(Atwater, 1., Rojas, E. and Soria, B. Eds.) pp. 95-107, Plenum
Publishing Corp.
[17} Juntti-Berggren, L., Arkhammar, P., Nilsson, T., Rorsman, P.
and Berggren, P.-O. (1991) J. Biol. Chem. 266, 23537-23541.
[18] Kukuljan, M., Li, M.Y. and Atwater, I. (1990) FEBS Lett. 266,
105-108.
[19] Flatt, P.R. and Atkins, T.W. (1982) Int. J. Obesity 6, 11-21.
[20] Coleman, D.L. and Hummel, K.P. (1973) Diabetologia 9, 287-
293,

[21] Ammala, C., Larsson, O., Berggren, P.-O., Juntti-Berggren, L.,
Kindmark, H. and Rorsman, P. (1991) Nature 353, 849-852.

[22] Keizer, J. and Smolen, P. (1991) Proc. Natl. Acad. Sci. USA 88,
3897-3901.

[23] Satin, L.S. and Cook, D.L. (1989) Pflugers Arch. Eur. J. Physiol.
414, 1-10.

13



