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Summary .  The patch-clamp technique and measurements of sin- 

gle cell [CaZ+]i have been used to investigate the importance of 
extracellular Na + for carbohydrate-induced stimulation of 
RINm5F insulin-secreting cells. Using patch-clamp whole-cell 
(current-clamp) recordings the average cellular transmembrane 
potential was estimated to be - 60  +- I mV (n = 83) and the 
average basal [CaZ+]~ 102 -+ 6 nM (n = 37). When challenged with 
either glucose (2.5-10 raM) or •-glyceraldehyde (10 mM) the cells 
depolarized, which led to the initiation of Ca z+ spike potentials 
and a sharp rise in [Ca2+]i. Similar effects were also observed 
with the sulphonylurea compound tolbutamide (0.01-0.1 raM). 
Both the generation of the spike potentials and the increase in 
[Ca2+]i were abolished when Ca 2+ was removed from the bathing 
media. When all external Na + was replaced with N-methyl-D- 
glucamine, in the continued presence of either glucose, D-gly- 
ceraldehyde or tolbutamide, a membrane repolarization resulted, 
which terminated Ca ~+ spike potentials and attenuated the rise in 

[Ca2+]i. Tetrodotoxin (TTX) (1-2 /xM) was also found to both 
repolarize the membrane and abolish secretagogue-induced rises 
in [Ca2*]i. 

Key W o r d s  patch clamp . [CaZ+]i �9 Na" dependency �9 
RINm5F cell .  fura-2 �9 whole cell 

Introduction 

Secretion of insulin from pancreatic B-cells of the 
islets of Langerhans is primarily controlled by the 
membrane potential (Petersen & Findlay, 1987; 
Ashcroft, 1988; Petersen, 1988). In intact resting 
cells open ATP-sensitive potassium (KA~p) channels 
(Cook & Hales, 1984) dominate the permeability of 
the plasma membrane (Findlay, Dunne & Petersen, 
1985; Rorsman & Trube, 1985). Carbohydrate se- 
cretagogues (such as glucose or o-glyceraldehyde) 
evoke closure of these channels causing membrane 
depolarization (Ashcroft, Harrison & Ashcroft, 
1984; Dunne et al., 1986; Misler et al., 1986). This 
depolarization is required for the opening of volt- 
age-gated Ca z+ channels (Matthews & Sakamoto, 

1975; Velasco, Petersen & Petersen, 1988), which 
leads to an increase in the free intracellular calcium 
ion concentration ([Ca2+]i), the key intracellular 
regulator of insulin secretion (Wollheim & Biden, 
1987). Closure of a large fraction of K + channels 
alone, however, would not depolarize the cell in the 
absence of an inward current, required to drive the 
membrane potential away from the K + equilibrium 
potential (EK) (Petersen & Findlay, 1987; Cook et 
al., 1988). Since it has previously been shown that 
glucose-induced insulin release in B-cells is reduced 
in media containing low Na § (Lambert, Henquin & 
Orci, 1974; Hales & Milner, 1968a) and enhanced 
under conditions favoring increases in intracellular 
Na + concentrations (Lowe et al., 1976; Hales & 
Milner, 1968b), we have investigated the effects of 
changes in the [Na+]o upon stimulus-secretion cou- 
pling in the clonal insulin-secreting cell line 
RINm5F. 

A combination of techniques have been used. 
We have monitored changes in the transmembrane 
potential of the cell using the patch-clamp whole- 
cell (current-clamp) recording configuration and as- 
sessed single cell [Ca2+]i using dual-excitation mi- 
croflu0rimetry with fura-2. Stimulation of RINm5F 
cells was brought about in one of two ways. Either 
cells were exposed to the carbohydrate secretago- 
gues glucose (Ribalet, Eddlestone & Ciani, 1988; 
Dunne et al., 1989b) or D-glyceraldehyde (Praz et 
al., 1983; Dunne et al., 1986), both of which have 
been shown to evoke the release of insulin from 
these cells, through the selective closure of ATP- 
sensitive K + channels, alternatively, stimulation 
was initiated by the sulphonylurea compound tolbu- 
tamide, which selectively closes KATP channels in 
mouse (Trube, Rorsman & Ohno-Shosaku, 1986), 
clonal (Sturgess et al., 1985; Dunne, Ilott & Peter- 
sen, 1987) and human insulin-secreting cells 
(Ashcroft et al., 1987). 
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Methods and Materials 

CELL ISOLATION AND MAINTENANCE 

All experiments were carried out on the clonal insulin-secreting 
cell line RINm5F, maintained as previously described (Dunne et 
al., 1988b; 1989a). 

MEDIA 

The standard extracellular Na+-rich solution, contained (in mM); 
140 NaC1, 4.7 KCI, 1.13 MgCI> 2.5 CaCIz and 10 HEPES. The 
pH was set at 7.2 (NaOH). The "Na+-free" solution used in a 
number of experiments, contained (in mM); 140 N-methyl-D-glu- 
camine CI, 4.7 KC1, 1.13 MgCI2, 2.5 CaClz and 10 HEPES. The 
pH was set at 7.2 (KOH). All patch-clamp experiments were 
carried out using a K+-rich solution in the recording pipette, 
containing (in raM); 140 KC1, 10 NaC1, 1.13 MgCI2, 10 HEPES, 1 
EGTA and 1 ATP. No CaCI2 was added, and the pH was set at 
7.2 (KOH). The osmolality of all solutions was 290 -+ 5 mOsm/ 
kg. All experiments were conducted at room temperature 22- 
25~ 

PATCH-CLAMP EXPERIMENTS 

Electrophysiological investigations of RINmSF cells were car- 
ried out using the patch-clamp whole-cell current-clamp record- 
ing configuration (HamiU et al., 1981), with the K'-rich solution 
in the recording pipette and the Na+-rich solution in the bath. 
Patch-clamp pipettes (Type 101 PB, Ceebee Glass, Denmark) 
were found to have a final resistance of between 5 and 10 M~ 
when filled with the K+-rich solution. Gigaohm seal formation 
was made in the continuous flow of the Na+-rich bathing solution 
from one of a series of outlet pipes, the other reservoirs contain- 
ing a variety of test solutions (Dunne, Findlay & Petersen, 
1988a). Whole-cell recordings of membrane potential (zero-cur- 
rent voltage) were stored on FM tape (Racal 4DS recorder) for 
subsequent replay and analysis. All records presented are photo- 
graphs of the trace obtained from a low-resolution pen-recorder 
(Devices, UK). All data was preflltered at 100 Hz (low pass). 

MEASUREMENTS OF SINGLE CELL [Ca2+]i  

RINm5F cells were loaded with fluorescence indicator fura-2 by 
a 30-min preincubation in the Na+-rich solution, containing 3/zM 
fura-2-acetoxymethyl ester at room temperature. Following in- 
cubation, cells were transferred to an experimental chamber 
(volume = 0.15 ml) mounted on the stage of a Nikon Diaphot 
microscope, as previously described (Yule & Gallacher, 1988). 
Changes in single cell [Ca>]i were measured using dual-excita- 
tion microfluorimetry (Grynkiewicz, Poenie & Tsien, 1985), with 
a Spex (Glen spectra) DM 3000 CM system providing alternative 
excitation wavelengths of 340 and 380 nm, at not less than 10 Hz. 
The fluorescence emitted at 505 nm was monitored using a pho- 
ton counter. [Ca>]i was assessed from the ratio (R) of the fluo- 
rescence at the two discreet wavelengths according to the for- 
mula (Schlegel et al., 1987): 

[Ca2+]i = Kafl(R - R m i n ) / ( R m a x  - -  R) 

where K~ = 225 nM (Grynkiewicz et al., 1985), Rmax, Rrnin and fi 
are constants; 7.9 • 0.4 (n = 6), 0.49 + 0.08 (n = 6) and 3.9 • 0.4 

(n = 6), respectively. These constants were determined using the 
in situ calibration procedures described by Schlegel et al. (1987, 
1988). All records have been corrected for autofluorescence at 
each wavelength (determined in unloaded cells) before the ratio 
was calculated. 

Results 

THE EFFECTS OF GLUCOSE, D-GLYCERALDEHYDE 
AND TOLBUTAMIDE ON THE MEMBRANE 

POTENTIAL AND [Ca2+]i  

Changes in the transmembrane potential of 
RINm5F cells brought about by either glucose, D- 
glyceraldehyde or tolbutamide have been monitored 
using the patch-clamp whole-cell recording configu- 
ration. In total, 83 cells were investigated. On aver- 
age the spontaneous zero-current membrane poten- 
tial, estimated within seconds of forming the whole 
cell, was found to be -60  -+ 1 mV (n = 83). 

The effects of glucose on the membrane poten- 
tial are shown in Fig. 1 (upper panel). In the ab- 
sence of carbohydrate, the cell has a stable poten- 
tial of around -70  inV. When challenged with 2.5 
mM glucose, added to the bath solution in contact 
with the extracellular membrane surface, a slow de- 
polarization of the membrane was initiated. Some 
35 sec later this was followed by a sharp, more 
marked depolarization associated with oscillatory 
waves of depolarization/repolarization with super- 
imposed spike potentials. These spike potentials are 
Ca 2+ action potentials, as originally described by 
Matthews and Sakamoto (1975). Ca R+ spike poten- 
tials were seen in 73% (54/74) of all cells tested, 
which probably reflects heterogeneity in the divi- 
sion cycles of the RINm5F cell population used in 
our study (Rorsman, Arkhammar & Berggren, 
1986). In 45 of these whole cells the period of spike- 
potential generation was found to last on average 
308 --- 32 sec (n = 45) after the initiation of the 
experiment. The disappearance of these spikes is 
probably due to run-down of Ca-channels (Byerly & 
Hagiwara, 1982; Fenwick, Marty & Neher, 1982; 
Katayama, Hofmann & Trautwein, 1985). In nine 
other whole cells, spike potentials persisted for 
more than 800 sec, and one cell appeared to be to- 
tally functional some 63 rain after forming the 
whole-cell configuration. It is during the Ca2+-spike 
period that Ca 2+ enters the cell, which leads to a 
marked increase in [Ca2+]i (Fig. 1, lower panel). 

The upper panel of Fig. 1 is typical of 46 sepa- 
rate whole cells that were exposed to glucose, at 
concentrations between 2.5 and 10 mM (75 times). A 
quantification of the average change in membrane 
potential, as well as the average time to peak depo- 



M.J. Dunne et al.: Na+-Dependent Depolarization and [Ca2"]~ Rise 133 

GLUCOSE 

- '~  ' 1 

-70 J mV ~ ~'r ' ' t~'~'~j 
IOsec 

G L U C O S E  

300 - -  .~~/~b'~.~/',"f{,". 
150-- / "  

Ioo - -  (nM)  

2 0  sec 

Fig. 1. The effects of glucose (2.5 raM) upon 
the membrane potential (upper panel) and the 
free intracellular calcium ion concentration 
([Ca2+]i) (lower panel) of individual RINmSF 
cells. The record shown in the upper panel 
was obtained using the patch-clamp whole-cell 
current-clamp mode, and began 40 sec after 
the whole-cell formation. Measurements of 
changes in [Ca2+]i, lower panel, were 
assessed using dual-excitation 
microfluorimetry with fura-2. The two records 
came from separate cells 

Table 1, The effects of glucose, glyceraldehyde and tolbutamide 
upon the average (mean -+ SEM) change in membrane potential 
and time to peak depolarization a 

Glucose Glyceraldehyde Tolbutamide 

Total number of 46 7 62 
whole-cell expts. 

Total number of 75 13 76 
applications 

Average 23 -+ 1 26 -+ 3 27 -+ 2 
depolarization 
(mV) 

Average 38 • 4 11 • 4 4 -+ 0.5 
time-to-peak 
depolarization 
(sec) 

a Mean -+ SEM valnes have been determined from the total num- 
ber of applications of each secretagogue. 

larization for these cells has been presented in Table 
1. Table 2 summarizes the effects of glucose upon 
changes in [Ca2+]i. 

Only five applications of glucose (5/75) had no 
effect on either the membrane potential, spike po- 
tentials or [Ca2+]i. Changing the glucose concentra- 
tion from 2.5 to 10 mM, and vice-versa, had no sig- 
nificant influence on the carbohydrate-evoked 
depolarization, frequency of action-potential gener- 
ation (n = 3 whole cells, 5/5 applications) or change 
in [Ca2+]i (n = 8). In the absence of extracellular 
Ca 2+ ([Ca2+]o = <10 -9 M), both the generation of 
Ca 2+ spike potentials (n = 9, 19/19) and the glucose- 

Table 2. The effects of glucose and tolbutamide upon the aver- 
age (mean -+ SEM) rise in [CaZ+]i in the RINm5F cell line a 

Glucose Glyceraldehyde Tolbutamide 

Total number of 21 4 12 
single cell expts. 

Total number of 26 4 15 
applications 

Average peak 269 • 10 189 • 13 364 -+ 9 
[Ca2+]i (n~) 

Mean _+ SEM values have been determined from the total num- 
ber of applications of each secretagogue. 

induced rise in [Ca2+]/(n = 8 cells) were abolished 
(Fig. 2). Similar effects to those described for glu- 
cose were also seen with D-glyceraldehyde (10 mM) 
(Tables 1 and 2) and with the sulphonylurea tolbu- 
tamide (0.01-0.1 raM) (Tables 1 and 2, and Fig. 3). 

N a  + DEPENDENCY OF THE EFFECTS OF GLUCOSE, 
o -GLYCERALDEHYDE AND TOLBUTAMIDE ON 

MEMBRANE POTENTIAL AND [Ca2+]i  

Figure 4A shows that 5 mM glucose initiates the 
depolarization of a single RINm5F cell, bringing 
about the generation of Ca 2+ spike potentials (upper 
panel), and an increase in [Ca2+]i (lower panel). 
However, if, in the continued presence of glucose, 
extracellular Na + ions are removed, by replacement 
with 140 mM N-methyl-D-glucamine (NMDG), the 
cell undergoes a sharp repolarization, which termi- 
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Fig. 2. The glucose (2.5 mM)-induced rise in [Ca2+]~ was depen- 
dent upon the extracellular concentration of Ca z+. At the point 
indicated ("Ca2*-free ' ')  Ca z* was removed from the bathing me- 
dia, by chelation with EGTA, in the continued presence of glu- 
cose. This resulted in a marked attenutation of the glucose-in- 
duced rise in [Ca2*]i 

nates the Ca 2. spike potentials (upper panel) and 
attenuates the glucose-induced rise in [Ca2+]s (lower 
panel). When Na § ions are re-admitted in the pres- 
ence of glucose, a renewed depolarization results, 
reintroducing spike potentials. These records are 
typical of 6 (upper panel) and 4 (lower panel) other 
cells, respectively. Similar effects were also found 
for both tolbutamide, Fig. 4B (upper panel; n = 7 
cells (12/12 applications), lower panel; n = 5 sepa- 
rate cells), and glyceraldehyde (n = 7 cells (12/12 
applications)). 

The sensitivity of the effects of glucose and 
tolbutamide to tetrodotoxin (TTX) (1-2 p.M) were 
also investigated. TTX was added to 21 separate 
whole cells in the continued presence of glucose a 
total of 29 times. Seven of the 29 additions caused a 
clear repolarization of the membrane, of between 5 
and 10 mV, which terminated the associated Ca 2+ 
spike potentials (Fig. 5). Fifteen of the 29 applica- 
tions had no significant effect upon the membrane 
potential, but did abolish the CaZ+-spikes, whereas 
7/29 additions had no obvious actions upon either 
the membrane potential or Ca 2+ spike potentials. 

In the continued presence of tolbutamide the 
effects of TTX were once again mixed. In all TTX 
(1-2 /xM) was added 35 times during 26 separate 
whole-cell recordings. Twenty-three of the 35 appli- 
cations repolarized the membrane (Fig. 6A), 5 of the 
additions abolished Ca 2+ spike potentials, without 
any significant effect on the membrane potential, 
(Fig. 6B), and 7 attempts had no effects. Figure 7 
shows that TTX attenuates the tolbutamide-induced 
rise in [Ca2*]i, a result typical of 3 separate cells. 
Amiloride (1-10 /XM), an inhibitor of the Na+/H + 
exchanger, had no effect on either the glucose- or 
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Fig. 3. The action of the sulphonylurea drug tolbutamide (100 
/xM) upon the membrane potential (upper panel) and [CaZ+]i 
(lower panel) of individual RINmSF cells. The two records came 
from separate RINm5F cells, the upper panel beginning 25 sec 
after starting the intracellular recording 

tolbutamide-induced change in membrane potential, 
Ca2+-spike generation (n = 6/9 applications to 5 
separate cells) and rise in [CaZ+]i (n = 5 cells). 

Discussion 

In the present study we have used a combination of 
patch-clamp whole-cell recording and single cell 
[CaZ+]s measurements to investigate the involve- 
ment of external Na + ions in stimulus-secretion 
coupling in the clonal insulinoma cell line RINm5F. 

The RINm5F cell line has been a useful model 
system for investigations of the regulation of insulin 
secretion. RINm5F cells had, at one stage, been 
thought not to secrete insulin readily in response to 
glucose, probably due to a regulatory dysfunction 
(Halban, Praz & Wollheim, Praz et al., 1983), but 
recently Ribalet et al. (1988) have shown that the 
cells respond to glucose stimulation by a mecha- 
nism involving the specific closure of K + channels. 
This finding has been confirmed in our experiments 
(Fig. 1). Glucose, at lower thresholds than required 
in normal ~-cells (Hedeskov, 1980), depolarizes the 
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Fig. 4. The effects of (A) glucose and (B) tolbutamide upon the membrane potential (upper panels) and [Ca-~+], (lower panels) was 
dependent upon extrace[lular Na +. At the points indicated ("Na+-free '') Na + was removed from the bathing solution by replacement 
with 140 mM N-methyI-D-glucamine; causing a repolization of the membrane, the termination of Ca-'* spike potentials and an attenua- 
tion of the secretagogue-induced rise in [Ca2+]~. All four experiments came from separate RINm5F cells, the upper panels of(A) and (B) 
beginning 10 and 20 sec after starting the respective experiments 

5mM GLUCOSE 

-2o] " I~JM TTX 

-61 .,v 
Fig. 5. The action of tetrodotoxin (TTX) (I //,M) upon the glucose-induced electrical activity of an individual RINm5F celL TTX was 
able to evoke a reversible repolarization of the membrane, terminating the generation of Ca z+ spike potentials 

membrane ,  initiates the firing of  Ca 2+ spike poten- 
tials and increases [Ca2+]~. The actions of  glucose 
can be mimicked both by glyceraldehyde (Table 1) 
and by the sulphonylurea compound tolbutamide 
(Tables I and 2, and Fig. 3). 

The effects o f  removing external Na + ions on 
membrane  potential and [Ca2+]i are summarized in 
Fig. 4. In the continued presence of  either glucose 
or tolbutamide,  replacement  of  140 mM Na + with 
140 mM NMDG,  caused membrane  repolarization 
which terminated the Ca 2+ spike potentials and at- 
tenuated the secretagogue-induced rise in [Ca2+]i. 
Our findings suggest that external Na* ions play a 
fundamental  role in regulating the membrane  poten- 

tial of  insulin-secreting cells, possibly by providing 
the net inward current required to maintain a de- 
polarized potential,  following K ~ channel closure. 
These data fit with the findings that (i) glucose- 
stimulated insulin release is reduced in media of  
lowered extracellular Na + (Hales & Milner, 1968a; 
Lamber t  et al., 1974), (ii) under conditions favoring 
sodium entry insulin secretion is enhanced (Hales & 
Milner, 1968b; Lowe  et al., 1976) and (iii) that in 
media deprived of  Na*, glucose loses its ability to 
inhibit X6Rb efflux (Lebrun,  Plasman & Herchuelz,  
1989). However ,  the definitive role of  sodium in ,8- 
cell st imulus-secretion coupling remains controver-  
sial. In 1982 Ribalet and Eddlestone showed that 
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Fig. 6. The action of tetrodotoxin (TTX) (l 
~M) upon tolbutamide-induced electrical 
activity in individual RINm5F cells. The 
experiment shown in (A) began 850 sec after 
formation of the whole-cell recording 
configuration and 780 sec after Ca 2+ spike 
potentials had run down. The record shows 
that TTX repolarized the membrane, but the 
effect upon the potential was complex. The 
experiment shown in (B), began 220 sec after 
forming the whole cell, illustrating that TTX 
abolished tolbutamide-induced Ca 2+ spike 
potentials 

350 - -  

250 - -  

100 - -  

lO0pM TOLBUTAMIDE 

~ NM TTX 

(nM) 

Fig. 7. The effect of tetrodotoxin (TTX) (l /xM) upon the tolbu- 
tamide-induced increase in [Ca2+]i in an individual RINm5F cell 

the electrical activity of mouse/~-cells was signifi- 
cantly altered by removal of external Na +. In agree- 
ment with our data the membrane repolarized, but 
this repolarization was only found to be transient 
and both the rate of rise and peak potential of the 
Ca 2+ spike were unaffected. In order to identify the 
mechanism of Na + entry the effects of the specific 
Na + channel blocker tetrodotoxin (TTX) (Kao, 
1966) have been investigated. Dean and Matthews 
(1970) and Meissner and Schmeltz (1974) both re- 
port that TTX had no effect on the electrical activity 
of stimulated B-cells, whereas Meissner and Pre- 
issler (1980) and Tarvin and Pace (1981) have shown 
that TTX in fact depolarizes the cell, while veratri- 
dine, a Na-channel agonist, hyperpolarizes the 
membrane. Conversely, the first report of func- 
tional Na-channels in insulin-secreting cells by 

Donatsch et al. (1977), demonstrated that veratri- 
dine caused a sustained release of insulin from rat 
B-cells and that these effects were reversed by 
TTX. Tetrodotoxin has also been shown to partially 
inhibit glucose-induced insulin release, whereas re- 
moving extracelIuIar Na + produced a more marked 
inhibition of insulin secretion (Lambert et al., 1974; 
Donatsch et al., 1977; Hiriart & Matteson, 1988). 
Two recent patch-clamp investigations have also 
presented conflicting reports as to the physiological 
significance of Na + channels in these cells. Plant 
(1988), in mouse B-cells, found that TTX-sensitive 
voltage-dependent Na + channels were completely 
inactivated at potentials more positive than -80  
mV, indicating that they were unlikely to have a 
major role to play in stimulus-secretion coupling. 
Hiriart and Matteson (1988), on the other hand, 
found that TTX-sensitive Na + channels were inacti- 
vated at potentials around -40  mV. 

In our experiments the average RINm5F cell 
resting membrane potential was found to be approx- 
imately -60  mV (n = 83). A mean glucose- or tolbu- 
tamide-evoked depolarization of. about 23 and 27 
mV, respectively (Table 1), would place the stimu- 
lated membrane potential at about -37  and -33  
mV, respectively, i.e., very close to the inactivation 
potential for Na-channels as predicted by Hiriart 
and Matteson (1988). The implications of this are 
that in a number of our experiments the threshold 
for inactivation would have been exceeded and 
TTX could not have any effect on the membrane 
potential. However, since TTX did influence a large 
number of cells, 88% in all, repolarizing the mem- 
brane (Figs. 5 and 6A), terminating the generation 
of Ca 2+ spike potentials (Figs. 5 and 6B) and lower- 
ing [Ca2+]i (Fig. 7), and since voltage-gated TTX- 
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sens i t ive  N a  + c u r r e n t s  have  been  d e s c r i b e d  in these  
cel ls  ( R o s m a n  et  al . ,  1986), func t iona l  N a  + channe l s  
mus t  p l ay  a role  in s t i m u l u s - s e c r e t i o n  coupl ing .  

T h e r e  is e v i d e n c e  f rom our  e x p e r i m e n t s  that  
not  all the  i n w a r d  N a  § cu r r en t  is ca r r i ed  by  N a  § 
channe l s .  F i r s t ,  the  m a g n i t u d e  of  r epo l a r i za t i on  
b rough t  a b o u t  b y  TTX,  a l though  suff icient  to te rmi-  
na te  Ca2+-spikes ,  is m u c h  smal l e r  (on ave rage  less 
than  10 mV)  than  tha t  seen  by  r e m o v a l  o f  ex t e rna l  
N a  + ( c o m p a r e  Figs .  4 and  5). S e c o n d l y ,  in the  few 
e x p e r i m e n t s  w h e r e  T T X  did  p r o d u c e  a m o r e  
m a r k e d  r e p o l a r i z a t i o n ,  the  m e m b r a n e  po ten t i a l  was  
no t  s tab le ,  as seen  in Fig .  6A. In this pa r t i cu l a r  
e x p e r i m e n t  t o l b u t a m i d e  was  used  to c lose  KaTp 
channe l s ,  t h e r e b y  d e p o l a r i z i n g  the  m e m b r a n e .  
W h e n  T T X  was  a d d e d  in the  c o n t i n u e d  p r e s e n c e  o f  
t o l b u t a m i d e ,  ove ra l l  the  m e m b r a n e  r epo l a r i z e d ,  but  
the re  were  c l ea r  osc i l l a t ions  in the  po ten t i a l ,  sug- 
ges t ing  an add i t i ona l  T T X - i n s e n s i t i v e  c o m p o n e n t  to 
the  i n w a r d  cur ren t .  

In  n o r m a l  i n su l in - sec re t ing  cel ls  it has  been  sug- 
ge s t ed  tha t  e x t e r n a l  N a  § ions  are  not  d i r ec t ly  in- 
v o l v e d  in r egu la t ing  the  s ec r e t i on  o f  insul in ,  but  
r a the r  p l ay  a m o r e  p a s s i v e  role  by  con t ro l l ing  the  
in te rna l  p H  (pHi)  t h rough  the  N a + / H  + e x c h a n g e r  
(Biden,  Janj ic  & W o l l h e i m ,  1986). The  effects  of  
s e c r e t a g o g u e s  u p o n  pH;  has  not  been  a d d r e s s e d  in 
this  p a r t i c u l a r  s tudy ,  bu t  N a  § e n t r y  th rough  the 
N a + / H  § e x c h a n g e r  s e e m s  un l ike ly  to p r o v i d e  the  
ne t  i n w a r d  cu r ren t ,  s ince  ami lo r ide  had  no effect  
upon  e i the r  the  m e m b r a n e  po t en t i a l  or  [Ca2+]i. Fu r -  
t h e r m o r e ,  N a  + influx t h rough  the  N a + / C a  2+ ex- 
c h a n g e r  is a l so  un l ike ly ,  s ince  the  r e m o v a l  o f  ex te r -  
nal  N a  + had  no ef fec t  u p o n  [Ca2+]i (Fig.  4). 

In  conc lu s ion ,  o u r  e x p e r i m e n t s  ind ica te  that  
fo l lowing  c lo su re  o f  A T P - s e n s i t i v e  K + channe l s  (ei- 
the r  i nd i r ec t ly ,  b y  the  m e t a b o l i c  b r e a k d o w n  of  glu- 
cose  o r  D - g l y c e r a l d e h y d e ,  o r  d i r ec t ly  t h rough  the 
use  o f  t o l b u t a m i d e ) ,  ma in t a in ing  the  ensu ing  depo-  
l a r i za t ion  o f  the  m e m b r a n e  r equ i r e s  ex t r ace l l u l a r  
N a  § T h e r e  is e v i d e n c e  tha t  at  l eas t  pa r t  o f  this  
cu r r en t  is c a r r i ed  b y  N a  § t h rough  T T X - s e n s i t i v e  
channe l s .  
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