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Summary. Two microelectrodes have been used to measure 
membrane potentials simultaneously in pairs of mouse pancre- 
atic islet cells. In the presence of glucose at concentrations be- 
tween 5.6 and 22.2 rnM, injection of current i into cell 1 caused a 
membrane potential change in this cell, V~, and, provided the 
second microelectrode was less than 35 /xm away, in a second 
impaled cell 2, V2. This result establishes that there is electrical 
coupling between islet cells and suggests that the space constant 
of the coupling ratio within the islet tissue is of the order of a few 
B-cell diameters. The current-membrane potential curves i - VI 
and i - V2 are very similar. By exchange of the roles of the 
microelectrodes, no evidence of rectification of the current 
through the intercellular pathways was found. Removal of glu- 
cose caused a rapid decrease in the coupling ratio VdVI. In 
steady-state conditions, the coupling ratio increases with the 
concentration of glucose in the range from 0 up to 22 mM. Values 
of the equivalent resistance of the junctional and nonjunctional 
membranes have been estimated and found to change with the 
concentration of glucose. Externally applied mitochondrial 
blockers induced a moderate increase in the junctional resistance 
possibly mediated by an increase in intracellular Ca 2+. 
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Introduction 

The majority of studies on the electrophysiology of 
the islet of Langerhans used a high resistance glass 
microelectrode to impale a single cell to monitor the 
membrane potential (Dean & Matthews, 1968, 
1970a,b; Matthews & Sakamoto, 1975a,b; 
Meissner, 1976a; Atwater, Ribalet & Rojas, 1978, 
1979b; Atwater, Dawson, Ribalet & Rojas, 1979a; 
Ribalet & Beigelman, 1979, 1980). It was implicitly 
assumed in these studies that the potential records 
obtained using this method were representative of 
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the electrical activity of the islet B-cell population 
as a whole. Some evidence to support this assump- 
tion has been presented by Meissner (1976b) who 
used pairs of microelectrodes to simultaneously im- 
pale two cells within the same islet. This study 
showed that the glucose-induced bursts of electrical 
activity of the cells within the individual islet are in 
synchrony. 

Morphological studies have shown that the 3- 
cell membrane in the rat contains gap junctions 
(Orci, Unger & Renold, 1973; Meda, Perrelet & 
Orci, 1979), these being plaques of sub-units, or 
connexons, each of which surrounds a pore which 
connects adjacent cells. Furthermore, recently Mi- 
chaels and Sheridan (1981) have microinjected Lu- 
cifer yellow into a rat pancreatic islet cell and ob- 
served that there is transfer of the dye to 
neighboring cells. This result together with experi- 
ments on the transfer of glycolytic substrates be- 
tween cells in monolayer culture derived from rat 
islets (Kohen, Theorell, Mintz & Rabinovitch, 
1979) strongly support the hypothesis that the cells 
within an islet function in concert as the gap junc- 
tion is thought to represent an intercellular pathway 
for small molecules (for review see Loewenstein, 
1981). 

It has been suggested that the permeability of 
the junction may be correlated to the intracellular 
free ionized calcium level (Rose & Loewenstein, 
1975, 1976; Rose, Simpson & Loewenstein, 1977; 
Rose & Rick, 1978) or to the intracellular pH (Turin 
& Warner, 1977, 1980). 

This study was undertaken to establish whether 
electrical coupling of pancreatic B-cells occurs and, 
if so, whether it was affected by glucose and mito- 
chondrial inhibitors known to induce an increase in 
cytosolic calcium (Rojas & Hidalgo, 1968). 

An abstract with some aspects of this work has 
been published elsewhere (Eddlestone & Rojas, 
1980). 
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Materials and Methods 

PREPARATION AND CHAMBER 

Two- to five-month-old albino mice were used in this study. Prior 
to use in experiments the mice were allowed free access to food 
and water. 

In the pancreases used, the islets varied in diameter from 
less than 100 to about 600/~m. Islets were dissected from the 
pancreas with a surrounding of acinar tis sue. A piece of pancreas 
with a few islets was rapidly transferred to the experimental 
chamber, where it was fixed to the silicon rubber base with fine 
steel pins through the acinar tissue. During this procedure, the 
chamber was perfused with Krebs solution with 2.8 mM glucose 
at 37~ The chamber volume was 0.3 cm 3 and the solution flow 
rate was 1.4 cm 3 per minute. 

RECORDING SYSTEM 

Two modes of signal recording were used. In the differential 
mode the potential was measured between a pair of Ag/AgC1 
half-cells (one within the microelectrode, and the second, in the 
Krebs solution, connected to the solution in the chamber by a 
Krebs-agar bridge). In the nondifferential recording mode the 
potential difference was measured between an Ag/AgC1 half-cell 
in the microelectrode and an earthed Ag/AgC1 half-cell in the 
experimental chamber. Using this latter mode of recording, cur- 
rent-injection was possible (see Fig. 1 in Atwater, Dawson, 
Eddlestone & Rojas, 1981). The two modes of recording could be 
switched between the pair of microelectrodes such that both 
membrane potentials could be measured accurately and either 
cell could be injected with current. 

The differential and nondifferential outputs from the amplifi- 
cation system were displayed on a dual beam oscilloscope and 
fed to a four-channel magnetic tape recorder (Store 4, Racal 
Thermionic Ltd. or Tandberg, Series 115)for permanent record- 
ing. The tape recorder output was fed to a dual-channel chart 
recorder (Bryans Southern Instruments, Model 2800) which pro- 
vided a record of the protocol. 

The functioning of the current injection circuit has been 
considered before (for circuit see Fig. 1 in Atwater et al., 1981). 
The gain of the feedback loop (amplifiers 3 and 5 in Fig. 1 of 
Atwater et al., 1981) is critical as it determines the linearity of the 
system. This and the calibration of the current pulse magnitude 
were checked using a current-to-voltage transducer in the 10 -12 
amp range. The current output was adjusted to 0.22 x 10 -9 amps/ 
volt and was shown to remain constant throughout the micro- 
electrode resistance range used in the experiments (from 150 x 
10 6 to 350 • 10 6 l ) ) .  In the absence of a stimulating voltage the 
current output was below the limit of detection. 

The null-bridge (amplifier 7 in Fig. 1 of Atwater et al., 1981) 
allows the subtraction from the output signal of the fraction of 
the voltage deflection due to the passage of injected current 
through the resistance of the microelectrode. The subtraction is 
set up as follows. With the microelectrode in solution, a voltage 
pulse is applied to amplifier 4. In the absence of compensation 
the expected ohmic voltage deflection is observed at the output 
of amplifier 7. By increasing the proportion of the signal reaching 
the inverting input of the null-bridge this deflection can be sub- 
tracted, leaving only the capacity transients (no capacity com- 
pensation was built into this apparatus). Upon penetrating the 
cell the voltage deflection caused by injected current pulses 

should be due only to the cell input resistance RA. It should be 
noted that this is only true if the microelectrode tip resistance 
does not change during the penetration of the cell membrane. 

ELECTRODES 

Thick glass capillaries of external diameter 2 mm and internal 
diameter 1 mm with a 0.1 mm diameter-filling fiber were used for 
the production of microelectrodes. These were filled with 50% 3 
M KC1, 50% 2 N potassium citrate mixture. The electrode resis- 
tance suitable for work on islet cells was limited to the range 
from 150 x 106 to 250 x 106 12. Below this range the electrode 
disturbed the surface of the tissue, causing a depression prior to 
penetration and, while this was not particularly significant in 
single electrode experiments, it made dual penetrations impos- 
sible. With resistance above 250 x 106 I~ the electrodes were 
prone to bending, giving spurious potential changes, and also 
blockage. 

The rectifying properties of the electrodes were investi- 
gated by injection of current of different magnitudes and polari- 
ties. Electrodes were tested from different batches at random, 
for currents in the range from -0 .2  to 0.2 nA, and in no case was 
rectification apparent. 

ESTIMATION OF INTERELECTRODE DISTANCE 

Each electrode was held in a perspex holder by a 3-mm internal 
diameter coil spring giving interference fit. The microelectrode 
holders were carried by micromanipulators. One manipulator 
was mounted vertically, the other at an angle of 7 ~ from vertical 
to allow the electrodes to be brought close together without in- 
terference between their carriers. The final approach to the tis- 
sue with the electrodes was observed under 100 x magnification. 
All impalements were made close to the surface of the islet. Final 
coordination of the electrode across the field of vision was rela- 
tively simple, but coordination in and out of the plane of vision 
was more difficult, requiring the use of the microscope fine focus 
to ascertain whether the electrode tips were in the same plane of 
focus. 

SOLUTIONS 

Throughout this study a modified Krebs-Ringer's Bicarbonate 
(KRB) solution was used. The composition of the solutions is 
given in Table 1. In experiments involving variation of potassium 
concentration Na-KRB and K-KRB were produced and mixed to 
give the required potassium concentration. 

Results 

C u r r e n t  i n j e c t i o n  h a s  p r e v i o u s l y  b e e n  u s e d  t o  i n v e s -  
t i g a t e  t h e  i n p u t  r e s i s t a n c e  R a o f  t h e  p a n c r e a t i c / 3 -  

ce l l  ( M a t t h e w s  & S a k a m o t o ,  1 9 7 5 a , b ;  A t w a t e r  e t  

a l . ,  1978, 1 9 7 9 a , b ;  R i b a l e t  & B e i g e l m a n ,  1979).  I n  
t h i s  s t u d y  t h e  t e c h n i q u e  w a s  e x t e n d e d  to  i n v e s t i g a t e  
b o t h  ce l l  i n p u t  r e s i s t a n c e  a n d  i n t e r c e l l u l a r  c u r r e n t  
s p r e a d  a n d  t h e r e b y  t h e  d e g r e e  o f  e l e c t r i c a l  c o u p l i n g  



G.T. Eddlestone et al.: Electrical Coupling in Pancreatic B-Cells 

Table 1. Composition of solutions 

Name NaC1 KCI NaHCO3 CaCI2 MgC12 
(m~) 

KRB 120 5 25 2.56 t.13 
Na-KRB 125 - -  25 2.56 1.13 
K-KRB - -  125 25 2.56 1.13 

FCCP was added to the KRB from 50 /~M FCCP/ethanol stock 
solution. Quinine was added from 10 mM quinine stock solution. 

between cells. The injected cell was defined as cell 
1, the noninjected cell as cell 2, such that a current 
pulse applied to cell l gave rise to a voltage deflec- 
tion in each of the two impaled cells referred to as 
111 and V2, respectively. The relation V2/V1, the 
coupling ratio, was taken as an index of intercellular 
communication. 

Pairs of microelectrodes were used to monitor 
electrical activity simultaneously in two cells within 
the same islet of Langerhans. With the two elec- 
trodes in solution and a tip separation of 20/xm, 0.2 
nA rectangular current pulses were applied through 
microelectrode 1. There was no perceptible re- 
sponse in the record of the output from microelec- 
trode 2 (except for small capacity transients). With 
microelectrode 1 in a cell responding to 11 mM glu- 
cose with the typical bursts of electrical activity, 
microelectrode 2 was positioned close to the islet 
surface and to microelectrode 1. Current pulses of 
0.2 nA through microelectrode 1 produced no re- 
sponse in the output from microelectrode 2, except 
capacity transients. A similar result was obtained 
when current was passed extracellularly with mi- 
croelectrode 2 recording from within a cell. 

This sequence of control experiments was re- 
peated on several occasions at the beginning and 
end of dual electrode impalement experiments and 
on no occasion was there a response from micro- 
electrode 2 when injecting current through micro- 
electrode 1. 

These control experiments show that V2 can be 
attributed to current flowing through the cell system 
of the islet of Langerhans. 

Initially experiments were performed in the 
presence of glucose with the two microelectrodes in 
active cells 35 to 100/zm apart. Current pulses were 
then injected into cell 1. The results from one of 
these experiments are illustrated in Fig. 1. 

The Figure shows records of the membrane po- 
tential changes in two cells in response to 11.1 mM 
glucose. A segment of the records (indicated in the 
upper part) is shown in the lower part using an ex- 
panded time base to illustrate that although the 
burst patterns of both cells occurred at the same 

CELL I :rv  

CELL I 

- , o L J  L , 

-20~mV CELL2 

[-LI'Ls 
Fig. 1. Synchrony in the glucose-induced bursts in the absence 
of measurable electrical coupling. Microelectrode tip separation 
estimated as 35/xm. The upper part shows two segments of the 
membrane potential records taken after 23 min of exposure to 11 
mM glucose. The lower part shows the segments indicated in the 
upper part at an expanded time base. 0.13 nA current pulses 
were applied as indicated below the records 

time and lasted for the same length of time (i.e., 
they were synchronous), the spike activity is differ- 
ent. Furthermore, intracellular injection of 0.13 nA 
current pulses ellicited action potentials in cell 1 but 
no responses are apparent in cell 2. 

In succeeding experiments the electrode tip 
separation was reduced until a voltage deflection in 
cell 2 was observed. 

DEMONSTRATION OF ELECTRICAL COUPLING 

AMONG ISLET CELLS 

The maximum tip separation at which a response V2 
could be detected during the application of intracel- 
lular current pulses in cell 1 ranged between 30 and 
40/zm. 

The results from one experiment with the two 
microelectrode tips 20 tzm apart are illustrated in 
Fig. 2. It may be seen that current injection into cell 
1 induced a change in membrane potential in cell 2 
which, when the current pulses were in the depolar- 
izing direction and exceeded threshold, induced a 
train of action potentials in cell 2. 

The results presented in Figs. 1 and 2 taken 
together indicate that, although the islet ceils are 
coupled, the coupling ratio V2/V1 decays through 
the islet tissue with a space constant of the order of 
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Fig. 2. Demonstration of electrical coupling between neighbor- 
ing islet cells. Microelectrode tip separation estimated as 20/xm. 
Burst pattern recorded after 14 min of exposure to 11.1 mM 
glucose. If the two pulses applied during the bursts in cell 1 are 
not included, the average values of the responses to the current 
pulses are: V~ = 29.7 + 4 mV; V2 = 7.6 -+ 1.9 mV and V 2 / V I  = 

0.25 -+ 0.04 (data given as average value -+ standard deviation). 
Note that although the first three bursts are very similar they are 
not identical. The bursts recorded in cell 1 immediately after 
impalement were not in synchrony with the bursts in cell 2 

the islet radius. This result does not necessarily im- 
ply high junctional resistance between the islet cells 
as the ratio "resistance of the junctional membrane/ 
resistance of the nonjunctional membrane" deter- 
mines the value of the space constant of the cou- 
pling l:atio Vz/V1 (see Discussion). 

THE ONSET OF ELECTRICAL ACTIVITY 

IN DISTANT AND NEARBY CELLS 

Meissner (1976b) observed that the bursts recorded 
in ! 1.1 mM glucose from two islet cells (separated 
by distances which were several times the diameter 
of a B-cell) were in perfect synchrony. This syn- 
chrony was maintained in 16.6 mM glucose although 
the pattern of activity in high glucose was different. 

In this section the onset of glucose-induced 
electrical activity in pairs of cells far apart (Fig. 3) 
and in pairs of nearby cells (Fig. 4) are compared. 
Figure 3 shows that the onset of glucose-stimulated 
electrical activity in two distant cells is completely 
out of phase. The lag between the start of activity in 
the first cell and that in the second was 22 sec. 
Notice that during the first minute the activity is 
almost continuous and that the burst pattern is ob- 

CELL I -I0 m V ~ !  
-20 
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-40 

I [ I I I 
0 I 2 3 4 r a i n  
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Fig. 3. Onset of glucose-stimulated electrical activity in two dis- 
tant cells. Microelectrode tips 100/xm apart. The external con- 
centration of glucose was raised from 0 to 11.1 mM 30 sec before 
the initiation of the electrical activity. Lag time equal to 22 sec 

tained 2 to 3 rain later (Meissner & Atwater, 1975). 
When the glucose concentration was raised from 
zero to 11.1 mM the onset of electrical activity in all 
cases was asynchronous. In eight experiments the 
average lag between activity commencing in the 
first cell and that in the second was 16.6 + 2.6 sec 
(data given as mean value -+ standard deviation). 
However, once the steady state had been reached 
the bursts (see, for example, Fig. 1) were in perfect 
synchrony, even when the separation between the 
microelectrode tips was several B-cell diameters. 
The lack of synchrony at the onset of electrical ac- 
tivity shown in Fig. 3 must be due to a reduction in 
the space constant (as measured by the coupling 
ratio Vz/V]) caused by exposure of the islet to KRB 
without glucose. If the second impalement was 
made during steady-state conditions (with glucose), 
the cells are sometimes asynchronous though this 
phenomenon is transient and may represent non- 
specific damage during impalement. When the islets 
were exposed to 2.8 mM glucose instead of zero 
glucose, the lag between the activity induced by 
11.1 mM commencing in the first cell and that in the 
second, several B-cell diameters apart, was reduced 
to 4 + 0.9 sec. 

In all experiments in which the impaled cells 
were less than 35 /xm apart, the onset of glucose- 
induced (0 to 11.1 mM) activity was always in close 
synchrony, as shown in Fig. 4. Notice that 0.13 nA 
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Fig. 4. Onset of glucose-simulated activity in two neighboring 
cells. Microelectrode tip separation estimated as 30/xm. Glucose 
was increased from 0 to 11.1 mM at the start of the records shown 
in the upper part. The segments of the records indicated by the 
horizontal line have been expanded in the lower part 

current pulses produced measurable responses in 
cell 2. For pulses 1, 2 and 3 indicated in Fig. 4 the 
calculated coupling ratios are 0.22, 0.17 and 0.19, 
respectively. Though similar, the two traces are not 
identical. This is also true of the traces in Fig. 2. 
Had the pairs of electrodes been in the same cell, 
they should have differed only in the extent by 
which they filter the signal. 

CHANGES IN COUPLING RATIO 

INDUCED BY LOWERING EXTERNAL GLUCOSE 

Figure 5 shows the changes in membrane potential 
of a pair of neighboring cells (microelectrode tips 10 
/xm apart) induced by lowering glucose from 11.1 
mM to zero. It may be seen that the responses V1 
and 1/2 to 0.065 nA current pulses start decreasing 
after the removal of glucose, V2 becoming too small 
to measure after the 14th pulse. The implications of 
this result can be fully realized if one considers the 
expression for the input resistance proposed (in a 
slightly different form) by Atwater et al. (1978), i.e. 

IH m M  Glucose  0 m M  
- I 0 _  mv I 

CELLI i 

ii 
ook V,'  r pr  llllt, lOlin i 

CELL 2 I 1N~t3U~qL-- 

-4.0 

- 6 0 L  I r I " L ,  
20 ser % , . . , . , ,  _ 

0.13 nA[ _11.~._~11 n ~ ~  

Fig. 5. Changes in V~ and V2 after the removal of glucose. Micro- 
electrode tip separation estimated as 10 p~m. RA decreased from 
135 x 106 (~ (measured in the first silent phase after the removal 
of the glucose) to 80 x 106 ~ (measured just before increasing the 
size of the current pulses from 0.065 to 0.13 nA 

RA = (Rm + R j)/((1 + k) + R/Rm) (l) 

where R m represents the membrane resistance of 
each cell in the aggregate of coupled cells (assumed 
to be the same for the k cells in the aggregate) and Rj 
represents the intercellular resistance between adja- 
cent cells (also assumed to be the same for all the 
coupled cells). The input resistance RA can be esti- 
mated directly as 

RA = Vl/i (2) 

where i is the size of the injected current. R A in Fig. 
5 decreases from 135 x 106 to 80 • 106 f~ after the 
switch to zero glucose. These Ra values fall in the 
range measured before (Atwater et al., 1978) which 
indicates that cell 1 is responding to the removal of 
glucose as described previously. 

From Eq. (1) it is clear that it is, in principle, 
possible to account for a measured change in Ra by 
assuming either a change in R; with R,~ constant or a 
change in R,, at constant R; or a change in both. The 
additional measurement of V2 permits a measure of 
R; to be made, namely the interelectrode resistance 
Re. The relation between RE and Rj is discussed in 
the Discussion. 

An analysis of the experiment in Fig. 5 in terms 
of the coupling ratio V2/V] and the parameter Re is 
presented in Fig. 6. 

The coupling ratio decreases from 0.71 mea- 
sured with the first pulse to 0.1 measured with the 
10th pulse (Fig. 6, upper part). The rapid drop in V2/ 
V] could be explained by a substantial increase in 
the effective interelectrode resistance R e  (Fig. 6, 



6 G.T. Eddlestone et al.: Electrical Coupling in Pancreatic/3-Cells 

IO 

v /v, 

0 5  

C t I I I I I I 
0 ,20  4 0  6 0  s e c  

9 I 0  ~ D _  

R e 7 

5 

3 

I @ �9 

l ~ I I I I I 
0 2 0  4 0  6 0 s e e  

Fig. 6. Effects of glucose removal on coupling ratio and equiva- 
lent interelectrode resistance. Data from the experiment illus- 
trated in Fig. 5. See Discussion 

lower part); it should be emphasized that in the ab- 
sence of glucose V2 was too small to be measured. 
Similar results were obtained in five cell pairs from 
four different islets. 

CHANGES IN COUPLING RATIO INDUCED BY 

INCREASING THE EXTERNAL GLUCOSE 

Figure 7 shows the results of the converse experi- 
ment, namely, the elevation of glucose from zero to 
11.1 mM. It may be seen that applying 0.13 nA cur- 
rent pulses in the presence of glucose caused small 
but measurable responses in cell 2 (coupling ratio 
0.06). In 11.1 mM glucose the coupling ratio V2/VI 
increased to 0.I4. Derived parameter R~ changed 
from 4.4 x 109 to 1.9 x 109 Ft. 

This experiment was repeated using cell pairs 
which gave coupling ratios in the range from 0.1 to 
0.7 in 11.1 mM glucose. V2/V] always increased and 
Re always decreased when the external glucose was 
raised. 

COUPLING AFTER CALCIUM ENTRY 

DURING THE BURSTS 

Electrical activity in islet/3-cells involves the acti- 
vation of voltage-sensitive calcium and potassium 
channels (Atwater et al., 1979b, Ribalet & 

I1.1 mM Glucose 

O_mV 

-60 ~ ~ ~ ~ I 
0 j ~ , ,  i 

L , C E L 2 I ! ' 

;~r~r~:... 013  nA 

o{_ ,, t l t l l l l l l l l l l t l l  

i 
I min a 

Fig. 7. Effects of 11 mM glucose on coupling. Microelectrodes 35 
/zm apart. Glucose at 11.1 mM was introduced in the chamber 2 
rain before the beginning of the record 

Beigetman, 1980). It is proposed that in the absence 
of glucose the level of intracellular free ionized cal- 
cium is raised due to reduced buffering. This leads 
to activation of the calcium-gated potassium perme- 
ability (PK_Ca2+) which hyperpolarizes the cells too 
close to the K § equilibrium potential. Upon addi- 
tion of glucose the intracellular calcium is reduced 
(Hellman, Honkanen & Gylfe, 1982). This reduces 
the PK-ca2+ leading to depolarization and voltage- 
sensitive Ca 2+ channel activity. This in turn raises 
the intracellular calcium level which activates 
PK-ca2+ bringing the burst to a finish (Atwater, 
Dawson, Eddlestone & Rojas, 1980). 

The significant feature of this proposed model 
from the viewpoint of intercellular communication 
is the implication of an oscillatory intracellular 
Ca 2+. If this was the case, it may be expected that 
the coupling between cells in the islet might change 
during the burst pattern. 

To test this idea current pulses were applied 
during the long-lasting silent phases seen in a typi- 
cal biphasic electrical response to a sudden increase 
in glucose (Meissner & Atwater, 1975). The results 
from one experiment of this type are illustrated in 
Figs. 8 and 9. 

V~ and V2 were measured as a function of time 
from the end of a burst of electrical activity. From 
these measurements V2/V~ and R e w e r e  calculated 
(see Discussion). 

The results presented in Fig. 8B clearly indicate 
that the coupling ratio V2/V1 remains nearly con- 
stant during the 112 sec after calcium entry caused 
by action potentials during the bursts. The equiva- 
lent interelectrode resistance Re shown in Fig. 9 
hints at a tendency to decrease though the scatter is 
large. Similar results were obtained in two further 
experiments. 
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Fig. 8. Coupling ratio along the 
silent phase after a burst. 
Microelectrodes 18/xm apart. At 
the start of the records glucose 
was increased from 0 to 11.1 
mM. (A) Current injected as a 
function of V1. Note that these 
values were corrected to take 
into account an increase in 
microelectrode resistance from 
150 x 106 to 300 x 106 ~. Each 
point represents the average 
value and the horizontal bars • 
sD. (B) V2/V1 as a function of 
time after the termination of the 
burst immediately before the 
pulse. The abortive response 
after the 3rd minute was not 
considered as a burst 
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Fig. 9. Changes in equivalent interelectrode resistance after cal- 
cium entry. Re values as a function of time. Data from Fig. 8. 
For calculation of R~ see Discussion 

T a b l e  2. Effects on the coupling ratio Vz/V~ of 
varying glucose 

Glucose V2/V~ Number of 
concentration (Mean -+ SD) cell pairs 
(m~) 

0 0.27 • 0.13 21 
5.6 0.32 • 0.13 7 

11.1 0.58 • 0.31 37 
16.7 0.72 -+ 0.33 14 
22.2 0.78 • 0.27 6 

At 11.1 and 16.7 mM glucose measurements were 
made at the mid-point of the silent phases between 
the bursts. For these experiments the estimated mi- 
croelectrode tip separation ranged from 10 to 35 
p,m. In all cell pairs several glucose concentrations 
were used. 

EFFECTS OF GLUCOSE ON COUPLING 

IN STEADY-STATE CONDITIONS 

Eighty-five B-cell pairs were examined to determine 
the glucose dependence of the coupling ratio in 
steady-state conditions. The results from these ex- 
periments are summarized in Table 2 and in Fig. 10. 

The interelectrode distance for these experi- 
ments ranged from 10 to 35/xm. For those experi- 
ments which gave bursts of electrical activity, V~ 
and V2 were measured using hyperpolarizing pulses 
applied during the silent phase between the bursts. 
The data in Table 2 show that the coupling ratio 
increases as the glucose concentration in the exter- 
nal medium increases throughout the physiological 
range. 

Three experiments from Table 2 were selected 
to prepare Fig. 10. For these cell pairs more than 
one glucose concentration had been applied and the 
interelectrode distance was kept in the range from 
15 to 25/xm. Fig. 10A shows that, in steady-state 
conditions, the coupling ratio increases with the 
concentration of glucose in the Krebs solution. The 
corresponding changes in the parameter Re are 
shown in Fig. 10B. It may be seen that the equiva- 
lent interelectrode resistance decreases as the con- 
centration of glucose is increased. 

If intracellular Ca z+ is maintained at low levels 
by energy-dependent sequestration and/or extru- 
sion of the cation, reduction of ATP should lead to a 
rise in this calcium. As in the absence of glucose the 
B-cell ATP decreases (Ashcroft, Weerasinghe & 
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Fig. 10. Effects of glucose on cell-to-cell coupling. A. Average 
coupling ratio as a function of glucose concentration in steady- 
state conditions (three experiments). B. Average value of the 
equivalent interelectrode resistance calculated with the VI and 
V2 values for the experiments in part A (see Discussion) 

Randle, 1973), the simplest interpretation of the ex- 
periments in Table 2 and Fig. 10 is that the de- 
creased coupling ratio measured in the absence of 
glucose is due to an increase in cytosolic Ca 2+ 
which in turn should increase Rj and therefore Re 
(Simpson, Rose & Loewenstein, 1977; Rose & 
Rick, 1978). 
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Fig. 11. Current-voltage relationships for two adjacent cells. Up- 
per part represents the i - V curves for ceils A1 and B~. Lower 
part represents the i - V curves for cells A2 and B2. Input 
resistances from the slope of the i - V curves in the negative 
quadrangle as follows: Cell A = 134 x 106 fl; Cell B = 105 x 106 
ft. 5 mM glucose was present throughout the experiment 

EFFECTS OF MEMBRANE POTENTIAL 
ON COUPLING RATIO 

Two different series of experiments were carried 
out to determine the effects of membrane potential 
on V2/V1. In these experiments pairs of cells were 
impaled in the presence of 11.1 m g  glucose and 
rectangular pulses of current were injected to con- 
firm the existence of intercellular communication 
between the two cells. The glucose concentration 
was then decreased to a nonstimulatory level, usu- 
ally around 5 mM at which the coupling ratio de- 
creased but remained significant. 

In the first group of experiments rectangular 
current pulses of different magnitudes were applied 
to cell 1 with alternating polarity in order to gener- 
ate current-voltage plots for both cells 1 and 2. The 
roles of the electrodes were then exchanged so that 
the current was injected into the other impaled cell 
and the pulse program was repeated. This, in all, 
generated four current-voltage plots: Cell A in- 
jected, i - V1 and i - V2 ; Cell B injected, i - V~ and 
i - V 2 .  

By comparison of the upper and lower graphs in 
each cell A or B in Fig. 1 t, it may be seen that the 
voltage deflection in cell 2 was almost identical to 
that in cell 1 throughout the current pulse range 
utilized, indicating that the coupling ratio, which 
was close to unity, did not change with induced 
displacements in membrane potential during the 
pulses. Similar results were obtained in four addi- 
tional experiments in 5 mM glucose with coupling 
ratios between 0.2 and 0.75 which remained con- 
stant throughout the membrane potential range ex- 
amined. The data suggest that the communication 
pathway between the islet cells is insensitive to in- 
duced displacements of membrane potential in the 
range from 3 to 20 inV. 

Considering the i - V1 plots (upper part) it is 
immediately obvious that the current-voltage rela- 
tionships are dissimilar. Cell A (on the left side) 
appears to exhibit a slight outward-going, or nor- 
mal, rectification. Cell B shows a deviation from 
linearity of the current-voltage relationship with 
outward-going current pulses in excess of 0.088 nA. 
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A further increase in the size of the current pulses 
induced action potentials. V~ and V2 measurements 
in the presence of spikes are difficult to interpret 
and for this reason this part of the i - VI curve will 
not be considered. 

In the second group of experiments, the effects 
of membrane potential on the coupling ratio over a 
wider range of potentials were studied. The external 
potassium concentration was augmented three con- 
secutive times, from 3.5 to 28 mM, from 3.5 to 56 
mM and from 3.5 to 14 m~ (as illustrated in Fig. 12) 
while maintaining the glucose concentration con- 
stant at 5 mM. The K + and Na + concentrations were 
varied such that three pulses of increased K + could 
be applied, the Na + being decreased to maintain 
constant osmotic pressure. As the PK/PNa ratio is 
large in the #-cell, the steady-state membrane po- 
tential followed the changes predicted from the 
Goldman-Hodgkin-K~itz equation (Atwater et al., 
1978). 

When perifusing with raised K + rectangular 
current pulses were injected into cell 1 and the cou- 
pling ratio calculated. V2/VI values at the three 
membrane potentials are given in Fig. 12. It may be 
seen that changes in membrane potential of up to 55 
mV do not appear to influence the coupling between 
the cells, indicating that the communication path- 
way is not influenced by the membrane potential. 
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Fig. 12. Effect of membrane potential changes induced by an 
elevation of the external potassium on the coupling between ad- 
jacent cells. Three potassium concentrations were applied: 28, 56 
and 14 mM (indicated by the vertical dotted lines), Current pulses 
of 0.13 nA were injected. Numbers under the panel indicate the 
coupling ratio calculated from the last 4 current pulses 

EFFECTS OF MITOCHONDRIAL BLOCKERS 

ON COUPLING RATIO 

Inhibition of ATP production by electron transfer 
chain blockers and uncouplers of phosphorylation 
from respiration should produce the same results as 
removing glucose (see Fig. 5). Electron transfer in- 
hibitors and uncouplers have all been shown to 
cause an increase in the level of C a  2+ in the proto- 
plasm (Rojas & Hidalgo, 1968) and a 10 to 20 mV 
hyperpolarization associated with a 30% reduction 
in RA of the glucose-stimulated #-cell (Atwater et 
al., 1979b). Their effects were interpreted in terms 
of ATP depletion and consequent elevation of Ca 2~ 
in the protoplasm, this interpretation being sup- 
ported by the results of Sugden and Ashcroft (1978) 
who showed that uncouplers greatly reduced 45Ca2- 

uptake into isolated islet mitochondria. 
In these experiments two cells were impaled in 

the presence of 11.1 m~a glucose and rectangular 
current pulses injected into cell 1 to check that a 
clear 1/2 response could be measured. Having estab- 
lished this, the system was treated to reduce the 
available ATP and thus raise Ca z+. If the two resis- 
tances Rm and Rj were changed at significantly dif- 

ferent levels of Ca z+, or at different rates, it would 
be possible to detect changes in the coupling ratio 
independent of the changes in Ra. 

The results of one such experiment are pre- 
sented in Fig. 13. Nine sec after the removal of 
glucose the input resistance V1/i decreased from 153 
• 10 6 to 116 x 10 6 ~ in 10 sec and the coupling ratio 
Vz/VI showed a slight decrease from 0.9 to 0.85 
(also see Fig. 5). The equivalent resistance Re in- 
creased from 30.6 z 10 6 to 39.6 x 10 6 ~ as a result 
of removing glucose. 

The addition of 1/zM FCCP (carbonyl-cyanide, 
p-tri-fluoromethoxyohenylhydrazone) in the ab- 
sence of glucose causes no significant changes in 
the input resistance (O) or in the coupling ratio ( I ) .  
To monitor reversibility, current pulses were ap- 
plied during subsequent re-addition of glucose. The 
input resistance and the coupling ratio returned to 
their control values. 

The effects of FCCP were further examined in 
the presence of 11.1 mM glucose. The results of one 
experiment of this type are presented in Fig. 14. 

As observed before (Atwater et al., 1979b) 
FCCP caused a cessation of the electrical activity 
and the membrane hyperpolarized to the potential 
level measured in the absence of glucose in both 



10 G.T. Eddlestone et al.: Electrical Coupling in Pancreatic/]-Ceils 

0 

- 6 0  

0t1~ CELL I 

0 

-60It 

M[). 150 f 

I10 I 

09 E 
0.7 

i i 
i I 

�9 CELL I-INPUT RESISTANCE 
I I 
I I �9 �9 

COUPLING RATIO 

I 

t I [ 1 1 0 2 4 mm 
F i g .  13. Effects of FCCP in the absence of glucose on input 
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cords for cells 1 and 2, input resiMance and coupling ratio, The 
three vertical dotted lines indicate the removal of glucose, and 
the addition and removal of 1 tzM FCCP. The following values 
were measured at the times indicated by the arrows injecting 0.22 
nA of current: V2/V~ = 0.9 and 0.85. Re = (V1 + V2)(V1 - g2)/iV2 
increased from 30.6 x l06 to 39.6 x 106 f~ 

cells�9 This hyperpolarization was accompanied by a 
decrease in R a shown by a reduction in the size of 
Vl in response to constant current pulses�9 The cou- 
pling ratio (Q) also decreased from 0.33 before to 
0.15 3 rain after adding 1 /~M FCCP. The lower 
graph illustrates the possible change in the inter- 
electrode resistance R~. It may be seen that R~ in- 
creases from 0.3 x 10 9 to 0.5 x 109 ~2 during the 
exposure to FCCP. After the removal of the FCCP 
the input resistance began to increase from 67.5 x 
10 6 ~-~ (measured immediately after) to 92.5 x 106 f~ 
(measured 3 �9 rain after). This 37% increase in input 
resistance was accompanied by a marginal increase 
in coupling ratio. In this experiment the coupling 
ratio reached its control level 15 min following the 
end of the record shown in Fig. 14. 
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Fig. 14. Effects of FCCP in the presence of glucose upon inter- 
cellular coupling. From top to bottom: Membrane potential of 
cell 1 and cell 2; current pulse-induced voltage deflection in cell 1 
( 0 )  and cell 2 (0 ) ;  coupling ratio (O) and Re (11). The dotted 
vertical line indicates the removal of 1 p~a FCCP and the return 
to 11.1 mM glucose alone, i = 0.18 nA 

EFFECTS OF MITOCHONDRIAL BLOCKERS 

ON COUPLING WITH THE 

CALCIUM-ACTIVATED POTASSIUM CHANNEL 

AND CALCIUM CHANNEL BLOCKED 

We have seen that experiments in which a removal 
of energy (which may be reflected by a rise of cyto- 
solic calcium), by removing glucose or by adding 
mitochondrial blockers, always reduces R a (see 
Figs. 5, 13 and 14; also see Table 1 in Atwater et al., 
1978). 

To determine whether or not mitochondrial 
blockers affect the derived parameter Re the ionic 
channels in the nonjunctional membrane are 
blocked with specific agents. 

To minimize the shunting effects caused by 
stimulation of the potassium calcium-gated channel, 
quinine may be used (Atwater et al., 1979b). The 
effects of quinine on/3-cell electrical activity are not 
reversible and there is a progressive decay of elec- 
trical activity. For this reason it was considered 
prudent to restrict observations in the presence of 
quinine to the first 10 min after a regular pattern of 
spikes was established. 

In the experiment summarized in Fig. 15, 0.1 
/XM FCCP was added 1.5 rain after the constant 
spike activity, characteristic of quinine stimulation, 
had been established (Atwater et al., 1979b). After 2 
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rain the FCCP concentration was raised to 0.25/ZM 
and 2 min after this the concentration was raised to 
1/xM. It may be seen that in the presence of quinine 
the PK c~2+ was blocked as FCCP caused no de- 
crease in RA nor any perceptible hyperpolarization 
in the two cells (compare this description with the 
results in Fig. 14). Under these conditions, any 
changes in Re caused by FCCP should be readily 
discernible. The temporal course of Re calculated 
from VI and V2 values is shown in the lower part of 
Fig. 15. It may be seen that, although the scatter of 
the points is large, R e increases from an average 
value of 0.7 x 10 9 ~ in 0.1 /.zg FCCP to 0.8 • 10 9 

in 1.0/ZM FCCP. The large variation in the R~ val- 
ues is caused by inaccurate V~ and V2 measure- 
ments in the presence of continuous spike activity 
induced by quinine. 

It is possible to block action potentials recorded 
in the presence of quinine using Co 2+ (Atwater et 
al., 1981). In a further attempt to measure any pos- 
sible changes in Re induced by a different mitochon- 
drial blocker with R m at maximum and constant 
value, three experiments were carried out in which 
PK_Ca2+ was  blocked with 200/J,M quinine, Pca was  
blocked with 2 mM Co 2+, and the uncoupler 2,4 dini- 
trophenol (DNP) was used to elevate intracellular 
Ca 2+. 

The results from one of these experiments can 
be summarized as follows. The control value for the 
coupling ratio was 0.22 and the derived parameter 
Re was (0.50 -+ 0.15) • 10 9 ~. Four min after the 
addition of 200/ZM quinine Re increased to (2.4 --+ 
0. I) x 109 fL Five rain after the application of 0.2 
mM DNP R~ further increased to (25.0 -+ 4.5) x 109 
fl. However, 2 rain after removing DNP this de- 
rived parameter had reduced again to (1,6 -+ 0.4) x 
109 fL Although the other two experiments gave 
similar results, the changes in Re induced by quinine 
and DNP were less accentuated. 

Discussion 

PANCREATIC ISLET CELLS 
ARE ELECTRICALLY COUPLED 

The most important result of this work is the dem- 
onstration of electrical coupling between excitable 
cells in the islet of Langerhans from mouse. 

With glucose present and under steady-state 
conditions, injecting current into cell 1 measurably 
displaced the membrane potential of a second cell 2, 
provided the microelectrodes were less than 35 ~zm 
apart. In other words, there is an electrotonic 
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Fig. 15. Effects of FCCP on cell-to-cell coupling in the presence 
of quinine. Symbols as follows: (O): Membrane potential of cell 
1; (O): V~; (~): Membrane potential of cell 2; (<)): V2; (O): 
Coupling ratio; (m): Re. Lines drawn through the Re points were 
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spread of current between electrically active islet 
cells. Since only electrically active cells were used 
it is possible that only B-cells were studied. 

Under steady-state conditions, glucose facili- 
tates electrical coupling. The time course of this 
effect of glucose could be followed by measuring 
the coupling ratio after the removal of glucose from 
the external medium. A rapid decrease in V2/V~ was 
observed (Figs. 5 and 6). Upon re-addition of glu- 
cose (Fig. 7) the coupling ratio returned to the con- 
trol value. 

The results from two different experiments indi- 
cate that the current through the intercellular junc- 
tions in an islet of Langerhans is not rectified. 
Firstly, the current-voltage relationships are similar 
in both cells and remain similar when the role of the 
microelectrodes is changed. Secondly, when both 
impaled cells are depolarized by increasing the ex- 
ternal potassium, the coupling ratio remains un- 
changed. These results suggest that the mem- 
brane potential of the islet cells per se does not 
affect the intercellular channel. The electrical prop- 
erties of the intercellular pathway studied in this 
work are similar to those of the junction described 
by Loewenstein and Kanno (1964) and when con- 
sidered with the available morphological evidence 
(Orci, t974; Meda, Amherdt, Perrelet & Orci, 1979; 
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Meda et al., 1980a,b ,c)  are consistent with the view 
that intercellular communication is mediated via 
gap junctions. 

INTERELECTRODE RESISTANCE AS 
A MEASURE OF JUNCTIONAL RESISTANCE 

The simplest circuit relating the three electrical pa- 
rameters measured, i, V1 and 1/2, comprises three 
resistors. The resistances between each measuring 
point (at which V1 and V2 are monitored) and 
ground which, since the two impaled cells are indis- 
tinguishable, must have identical value and, which 
carry currents il and iz, respectively. The third re- 
sistor connects the two measuring points and is the 
interelectrode resistance Re. Using the relations 

i =  il + i2 

il = V~/R 

i2 = V2/R 

and 

Re = (VI - V2)/i2 

the following expression for Re can be derived: 

Re = (V) + V2)(Vl  - V2)/(iV2). (3) 

Re values calculated using this equation are given in 
the text and in the Figures. In the next section a 
relationship between Re and the true junctional re- 
sistance will be discussed. 

VALUES FOR THE JUNCTIONAL AND 

NONJUNCTIONAL MEMBRANE RESISTANCES 

AND FOR THE SPACE CONSTANT 

The current injected into one of the two impaled 
cells can be assumed to flow radially from the in- 
jected cell into a sphere of islet tissue surrounding 
the electrode through which current was injected. 

When describing the spread of current from a 
localized source within the islet tissue it is useful to 
assume that increments of membrane area are di- 
rectly proportional to r28r where r is the distance 
from the point source and 8r represents an incre- 
ment in radial distance. As the individual cells in the 
islet are small and relatively uniform in size, the 
total membrane area per unit volume will be ap- 
proximately constant. In order to calculate the junc- 
tional and nonjunctional membrane resistances it is 
necessary to estimate the surface area-to-volume 
ratio for the islet tissue. 

The average mouse islet volume is 2.5 x 10 -5 
c m  3 (Scott, Atwater & Rojas, 1981). Assuming that 
64% of this volume represents endocrine cells and 
taking the cell volume as 0.9 x 10 -9 cm 3 (the vol- 
ume of a sphere of radius 6 x 10 _4 cm; Dean, 1973), 
there would be 1.78 x 104 cells per islet with a total 
surface area of 8 • 10 -2 cm 2. Then, the surface 
area-to-volume ratio (X) for the islet tissue is esti- 
mated as 5 x 10 3 c m  -1. 

With these simplifying assumptions a relation 
between the voltage measured at a point r2 cm from 
the point of current injection, the injected current i, 
the specific membrane resistance R~ (f~cm2), the 
specific intracellular resistivity R~ (ftcm), and the 
surface-to-volume ratio for the islet tissue X (cm-1) 
has been obtained (Jack, Noble & Tsien, 1975), 
namely, 

)t2182V2/Sr 2 + 2/rz(SVjSr2)] - (%SVz/St + Vz) = 0 (4) 

where 

?t --- (Rm/(xRi))  1/2 (5) 

represents the space constant in cm and % is the 
membrane time constant (=Rm • Cm). If 

8V/St  = 0 

then the solution to the differential equation is 

V2 = ((iRi)/(47rr))e -'/~ (6) 

(see Jack et al., 1975). Note that for r = 0 there is a 
singular point resulting from the infinite current 
density at a point source. 

Figure 16 shows how V j i  varies with estimated 
interelectrode distance in a number of experiments 
(in which the injected current i varied). Values of Ri 
and R m w e r e  chosen such as to minimize the sum of 
the squares of residuals on the ordinate and the re- 
sulting best-fit curve is shown which corresponds to 
Ri = 1.5 x 10 6 f~cm and R~ = 0.64 x 10 6 ~ c m  2. The 
quality of fit is rather insensitive to the latter param- 
eter which is not, therefore, well determined. The 
resistance of the junctional membrane Rj equals X R/ 
and is 7.7 x 109 f~. These values give a space con- 
stant (X) of 90.9/xm. It should be mentioned here 
that, for values of r2 near 20/xm, an e-fold decrease 
in V2 occurs when r2 is increased by between 20 and 
30/xm. If, as in the case of a linear conductor (Jack 
et al., 1975), V2 decays exponentially with r2 this 
increment in r2 represents the space constant. How- 
ever, in the case of a volume conductor as dis- 
cussed above the space constant is calculated using 
Eq. (6). 
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RELATIONSHIP BETWEEN 

INTERELECTRODE RESISTANCE AND 

JUNCTIONAL MEMBRANE RESISTANCE 

The interelectrode resistance is approximately pro- 
portional to R; in the range from 0.1 to 10 • R; and 
to Rm in the range from 0.1 to 10 x Rm. This can be 
verified by assuming that V~ is a measure of the 
voltage 5 txm from the center of the sphere (were it 
at the center the voltage would be infinite due to an 
infinite current density); then Eq. (6) can be used to 
compute values of V1 and V2 (at 20/xm) for various 
values of Ri and Rm from which the equivalent Re 
can be calculated. The interelectrode resistance 
was used as a measure of Ri and therefore of Rj- 
throughout most of the study. 

Note that the model assumes that the extracel- 
lular resistance between each impaled cell and 
ground is negligible compared to RA. The evidence 
supporting this notion depends on the observation 
that a microelectrode shows no change in resistance 
as it passes through an islet unless it actually im- 
pales a cell. Furthermore, insulin secreted from a/3- 
cell is able to leave an islet and this implies that a 
porous route must exist from each/3-cell to the out- 
side of the tissue. 

IMPLICATIONS OF THE RESULTS 

Several conclusions can be drawn from the results 
which do not depend on how the cells are geometri- 
cally arranged. First there are electrically coupled 
cells within the surface layers of the islet. This may 
include several cell types but, since only electrically 
active cells were studied and, because electrical ac- 
tivity (bursts) are glucose dependent in a way that is 
related to insulin secretion (Scott, Atwater & Rojas, 
1981), we propose that the cell coupling studied 
here represents/3-cell to/3-cell electrical coupling. 
The coupling in 11.1 mM glucose allows an injected 
signal to be propagated over about 35/zm. Glucose 
which fuels/3-cells increases the degree of coupling, 
while uncouplers which de-energize the system re- 
duce the degree of coupling. This is consistent with 
the view that the intracellular calcium concentra- 
tion is normally at a level which can control insulin 
secretion and intercellular coupling. The data is too 
scattered to allow changes in intercellular coupling 
to be detected during the silent phase (between 
bursts). 

Within the framework of the model it has been 
shown that variations in the intercellular coupling 
due to alterations in the fuel supply can, to a large 
extent, be attributed to changes in the intercellular 
resistance. 
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Fig. 16. Space constant for cell-to-cell coupling in the islet tis- 
sue. Data from 23 experiments. As the size of the current in- 
jected varied from 0.065 to 0.22 nA the vertical axis has been 
normalized to represent V,/i. All experiments under steady-state 
11.1 mM glucose stimulation. The curve represents a least- 
squares regression fit of Eq. (6) given in the text to the experi- 
mental points. Computation started at r = 10/zm. For values of 
the parameters obtained from the fit see Discussion 
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