J. Membrane Biol. 146, 163-176 (1995)

The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1995

Magnitude and Modulation of Pancreatic B-Cell Gap Junction Electrical Conductance

In Situ

D. Mears' 2, N.F. Sheppard, Jr.!, I. Atwater”, E. Rojas®

'Department of Biomedical Engineering, The Johns Hopkins University School of Medicine, Baltimore, MD 21218
?Laboratory of Cell Biology and Genetics, NIDDK, National Institutes of Health, Bethesda, MD 20892

Received: 13 December 1994/Revised: 14 March 1995

Abstract. The parallel gap junction electrical conduc-
tance between a P-cell and its nearest neighbors was
measured by using an intracellular microelectrode to
clamp the voltage of a B-cell within a bursting islet of
Langerhans. The holding current records consisted of
bursts of inward current due to the synchronized oscil-
lations in membrane potential of the surrounding cells.
The membrane potential record of the impaled cell, ob-
tained in current clamp mode, was used to estimate the
behavior of the surrounding cells during voltage clamp,
and the coupling conductance was calculated by dividing
the magnitude of the current bursts by that of the voltage
bursts. The histogram of coupling conductance magni-
tude from 26 cells was bimodal with peaks at 2.5 and 3.5
nS, indicating heterogeneity in extent of electrical com-
munication within the islet of Langerhans. Gap junction
conductance reversibly decreased when the temperature
was lowered from 37 to 30°C and when the extracellular
calcium concentration was raised from 2.56 to 7.56 mm.
The coupling conductance decreased slightly during the
active phase of the burst. Activation of adenylate cy-
clase with forskolin (10 pum) resulted in an increase in
cell-to-cell electrical coupling. We conclude that B-cell
gap junction conductance can be measured in situ under
near physiological conditions. Furthermore, the magni-
tude and physiological regulation of B-cell gap junction
conductance suggest that intercellular electrical commu-
nication plays an important role in the function of the
endocrine pancreas.
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Introduction

Changes in the rate of insulin secretion from the islet of
Langerhans are closely correlated with changes in inter-
cellular communication among [-cells as indicated by
gap junction morphology (Meda, Perrelet & Orci, 1979;
in’t Veld, Schuit & Pipeleers, 1985; in’t Veld, Pipeleers
& Gepts, 1986; Meda, 1989), spread of fluorescent trac-
ers (Kohen et al., 1979; Michaels & Sheridan, 1981;
Kohen, Kohen & Rabinovitch, 1983; Meda et al., 1983;
Michaels et al., 1987; Sorenson et al., 1987; Meda, 1989;
Meda et al., 1990), and gap junction electrical conduc-
tance measurements (Eddlestone et al., 1984; Meda et
al.,, 1984; Meda et al., 1991; Pérez-Armendariz et al.,
1991). Furthermore, isolated B-cells and those within in-
tact islets display vastly different electrical (Rosman &
Trube, 1986; Falke et al., 1989; Rojas et al., 1990; Ku-
kuljan, Gongalves & Atwater, 1991) and secretory re-
sponses to glucose (Halban et al., 1982; Pipeleers et al.,
1982; Meda, 1989), indicating that cell-to-cell commu-
nication plays an important role in shaping islet glucose
responsiveness. Nevertheless, the biophysical properties
of B-cell gap junctions and the functional roles of inter-
cellular communication within the endocrine pancreas
remain poorly understood. Dye and electrical coupling
studies indicate that both the cultured rat islet and the
microdissected mouse islet are organized into small do-
mains of 1-6 coupled cells (Kohen et al., 1979; Michaels
& Sheridan, 1981; Meda et al., 1982; Kohen et al., 1983;
Meda, Santos & Atwater, 1986; Michaels et al., 1987;
Meda, 1989), while the almost totally synchronous -cell
electrical (Meissner, 1976; Eddlestone et al., 1984; Meda
et al., 1984; Santos et al., 1991; Gilon & Henquin, 1992;
Roe et al., 1993; Valdeolmillos et al., 1993) and secre-
tory (Scott, Atwater & Rojas, 1981; Rosario, Atwater &
Scott, 1995) activity within an islet support the notion of
widespread cell-to-cell communication. The apparently
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restricted extent of intercellular communication within
the islet of Langerhans has led to the suggestion that an
extracellular factor, such as periodic accumulations of
ions in the interstitial space (Pérez-Armendariz & Atwa-
ter, 1986), may be responsible for synchronizing islet
electrical activity (Stokes & Rinzel, 1993).

To characterize the nature of electrical coupling
among P-cells under physiological conditions, we have
modified an intracellular voltage-clamp technique used
to study membrane ionic currents from P-cells in situ
(Rojas et al., 1995), to measure the parallel electrical
conductance between one B-cell and its nearest neigh-
bors. The results indicate that electrical communication
within the islet of Langerhans is more extensive than dye
transfer studies predict. Furthermore, we have studied
the effects of changes in calcium concentration and tem-
perature, as well as addition of the adenylate cyclase
activator forskolin, on B-cell gap junction conductance.
We conclude that electrical coupling among pancreatic
B-cells is subject to physiological regulation and plays a
significant role in the observed synchronous activity
within the islet of Langerhans.

Materials and Methods

THEORY (SHERMAN, XU & STOKES, 1995)

In the presence of stimulatory glucose concentrations, neighboring
B-cells within the islet of Langerhans undergo periodic oscillations in
membrane potential, or bursts, which are nearly identical in magnitude
and phase (Eddlestone et al., 1984; Meda et al., 1984; Santos & Rojas,
1987). A single B-cell within the islet can be impaled with an intra-
cellular microelectrode and the potential clamped at a hyperpolarized
level so that it is no longer able to burst. The holding current required
to maintain this potential is given by

L=1,+1, ¢)]

where I, is the sum of the membrane currents and I, is the sum of the
currents into neighboring cells through gap junctions. The junctional
current is driven by the difference between the holding potential of the
impaled cell and the membrane potential of the coupled neighbors:

L= gVa= Vi) 0
keQd

where V;, is the holding potential, V,, , is the membrane potential of the
K" neighboring cell, g, , is the gap junction conductance between cell k
and the impaled cell, and the sum is taken over all neighboring cells.
Since the surrounding cells have approximately identical membrane
potential, and B-cell gap junction conductance is voltage indepen-
dent (Pérez-Armendariz et al., 1991), the holding current can be ex-
pressed as

[h:1m+ (Vh_ Vn) Egi,k:1n1+(vh_ Vn)Gj (3)
keQ

where V, is the potential of the neighboring cells and G, is the sum of
the individual cell-to-cell conductances between the clamped cell and
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neighboring f-cells. The surrounding cells are free to burst, so the
potential V, cycles periodically between the active and silent phase
levels, and the holding current record consists of “‘bursts” of inward
current reflecting the electrical activity of neighboring cells. The silent
and active phase levels of the holding current can be expressed in terms
of the corresponding membrane potential levels in surrounding cells:

Ly=1,+G(V,-V,) @)

ih,u = Im + G](Vh - Vn,a)

where the subscripts s and a denote silent and active phase, respec-
tively. Subtracting Eq. 4 and rearranging yields an expression for the
parallel gap junction conductance

Ih,s - Ih,a
6= )

na~ 'ns

The electrical behavior of the neighboring B-cells is not measured
directly, but because nearby cells display identical electrical activity
(Eddlestone et al., 1984; Meda et al., 1984; Santos & Rojas, 1987), the
burst pattern of the neighboring cells can be estimated by recording a
few voltage bursts from the impaled cell in current clamp mode. The
active to silent phase voltage change so recorded can then be used in
conjunction with the magnitude of the current bursts obtained after
switching to voltage clamp in order to calculate G, Beta cells also
form gap junctions with o-cells (Orci et al., 1975), and electronic
spread of current from neighboring, active B-cells causes small oscil-
lations in o-cell membrane potential (Meda et al., 1986). However,
these oscillations are not large enough to make significant contributions
to the current bursts, and hence G, as calculated with Eq. 5 does not
include coupling conductance between the impaled cell and neighbor-
ing o-cells.

In addition to the assumption that neighboring B-cells exhibit
identical electrical activity, it has also been assumed that the membrane
holding current (Z,,) is constant and that clamping the potential of the
impaled cell has no effect on the magnitude of the voltage bursts of the
surrounding cells. Control experiments in which the K* concentration
was increased to suppress the bursts in surrounding cells and experi-
ments in which the holding potential was altered were used to verify
that errors caused by making these assumptions are small. Further-
more, based on a mathematical model of coupled B-cells, in which this
theory was originally proposed, Sherman and colleagues (1995) predict
that the error in conductance measurement due to the effect of voltage
clamping on the electrical activity of surrounding cells will be less than
5% for single cell-to-cell conductances of 100 nS and less than 25% for
conductances of 400 nS. These values cover much of the range of
B-cell gap junction conductance measured in dual whole-cell voltage
clamp studies (Meda et a., 1991; Pérez-Armendariz et al., 1991).

EXPERIMENTAL METHODS

The details of the electrophysiological technique for recording mem-
brane potential from microdissected mouse pancreatic islets have been
presented elsewhere (Atwater, Ribalet & Rojas, 1978). Briefly, islets
of Langerhans were removed by hand from the pancreata of 2-5 month
old albino mice and pinned to the sample chamber. The perifusion
medium was a modified Krebs solution containing, in mM, 120 NaCl,
24 NaHCO,, 5 KCl, 2.56 CaCl,, 1.13 MgCl,, and was equilibrated with
95% O,: 5% Co, to maintain the pH between 7.4 and 7.5 at 37°C.
Glucose was added without adjusting for changes in osmolarity. Cal-
cium and potassium were increased where indicated by making addi-
tions from 1 M stock solutions of CaCl, or KCl, again without adjusting
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Fig. 1. In situ coupling measurement. (A)
Simultaneous recordings of membrane potential
(top) and holding current (bottom) from a single
B-cell during an in situ coupling conductance
experiment. The arrow at the left indicates switch
rﬂ from current clamp (I, = 0) to voltage clamp (V,
=-80 mV). Arrow at the right indicates return to
current clamp mode. (B) Membrane potential
histogram created from th digitized current clamp
record from the top trace of 1A. Gaussian fit to
the data (solid curve) has peaks at —68.7 mV (V)
and —49.9 mV (V,). (C) Holding current histogram
from the bottom trace of 14 during voltage clamp.
Peaks are at —25.7 pA (I;) and —=74.2 pA (I,).
& Parallel coupling conductance from Eq. 5 was
2.58 nS.
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for osmolarity. In experiments involving forskolin, the drug was added
from a 10 mm stock solution in DMSO, and the control Krebs solution
was augmented with DMSO to the same concentration. The tempera-
ture of the perifusate was controlled with a Peltier heating element
located proximal to the chamber inflow, and was monitored continu-
ously by means of a miniature thermistor (Model HH-80 E, Omega
Engineering, Stamford, CT) placed in the sample chamber.

Membrane potential measurements were made between two Ag-
AgCl wires, one in the microelectrode and the other in the sample
chamber. Microelectrodes were constructed from borosilicate capillary
glass having 2 mm external diameter and 1 mm internal diameter (FHC,
Brunswick, ME) on a vertical puller (Narashige Instruments, Tokyo,
Japan). The electrodes were filled with a 1:1 mixture of 1 M KCl and
1 M K-citrate and had a tip resistance of 150-200 m€. The large
potential difference between the electrodes was offset by connecting
the chamber electrode to a variable voltage source which had one
terminal grounded. The output of the current clamp amplifier was
adjusted to zero using this voltage source prior to penetration of a cell
(Rojas et al., 1995).

Cells were impaled using a current clamp amplifier equipped with
a ‘“‘cell puncture circuit,”” and B-cells were identified based on their
bursting electrical activity in 11.1 mm glucose. Once a 3-cell had been
impaled, a manual switch was used to disconnect the preparation from
the current clamp amplifier and connect it to an amplifier (EPC-7, List
Electronics, Darmstadt-Eberstadt, Germany), which was used for both
voltage and current clamp measurements. Voltage and current records

-50
Holding Current (pA)

~30 -1¢

were printed on a chart recorder (Model 2400S, Gould, Cleveland,
OH), and stored on magnetic tape (Store 4, Racal Recorders, Irvine,
CA) for future analysis.

Coupling measurements were made by first recording several
membrane potential bursts under current clamp conditions to estimate
the electrical behavior of neighboring cells and then switching the
amplifier to voltage clamp mode to record the coupling current. Cells
were held at —80 mV unless otherwise indicated, and all experiments
were performed with 11.1 mm glucose in the perifusion medium. The
voltage clamp amplifier was used with series resistance compensation,
which generally corrected 50-70% of the voltage drop across the high
access resistance of the intracellular microelectrode. For analysis,
membrane potential records containing at least 3 bursts were digitized
at 200-500 Hz using a commercial software package (Axotape 2.0,
Axon Instruments, Foster City, CA). A second software package
(PCLAMP 5.5, Axon Instrs.) was used to construct histograms of mem-
brane potential from the digitized records. These histograms had two
peaks corresponding to the average silent phase and active phase pla-
teau potentials. Bimodal distributions were fit to the data and the volt-
age levels of the two peaks were taken as V,, and V, . The holding
current records were analyzed in an identical manner to determine /,
and [, ,, and coupling conductance was calculated using Eq. 5.

To detect changes in coupling, the protocol described above was
first performed with normal Krebs solution as the perifusate, then the
modulator of interest was added to the solution and the measurement
was repeated 5 to 10 min later. To test for reversibility, the islet was
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perifused with normal Krebs solution for at least five min before the
protocol was repeated. Significance levels of the observed changes in
coupling conductance were determined using the paired student’s r-test.

Results

Iv situ CoUuPLING MEASUREMENTS

Figure 1A shows data from an in situ gap junction con-
ductance experiment, with membrane potential on the
upper trace and holding current on the lower trace. The
left-most portion of the upper trace illustrates typical
bursting electrical activity in the presence of 11.1 mm
glucose, recorded in current clamp mode. When the po-
tential of the cells was clamped at ~80 mV, as indicated
by the arrow on the left, bursts of inward current result-
ing from synchronized bursting in surrounding, coupled
B-cells were recorded. The shape of the current bursts is
nearly identical to that of the previously recorded voltage
bursts, providing evidence that the behavior of neighbor-
ing cells can indeed be estimated from the membrane
potential record of the impaled cell. Returning to current
clamp mode (arrow at right of Fig. 1A) confirmed that
the burst magnitude and frequency were not altered by
the voltage clamp protocol. Figures 1B and C show, re-
spectively, the membrane potential and holding current
histograms generated from the digitized records in Fig.
1A, along with Gaussian fits to the data. The average
voltage change during the bursts (measured as the po-
tential difference between the locations of the two peaks
in Fig. 1B) was 18.8 mV; the average current change
(Fig. 1C) was 48.5 pA. From Eq. 5, the parallel coupling
conductance between this cell and neighboring B-cells
was 2.58 nS. Note that this measurement gives no infor-
mation about the magnitude of individual cell-to-cell
conductances or the number of cells with which this
B-cell communicates.

Similar ‘‘inverted’’ bursts of current were seen in
each of over 35 B-cells which were clamped in the pres-
ence of 11.1 mm glucose, suggesting that no electrically
active B-cell exists in isolation within the intact islet.
In some experiments the electrode tip clogged during the
impalement, as indicated by a gradual decrease in the
baseline holding current and tip resistance measurements
of greater than 300 MQ upon removal from the cell. Fig-
ure 2 shows a coupling conductance magnitude histo-
gram generated from twenty-six recordings in which the
baseline holding current remained constant throughout
the impalement and the electrode resistance was less than
275 MQ at the end of the experiment. The histogram has
two peaks, and the data were fit with a bimodal Gaussian
distribution having peaks at 2.49 (sp 0.25 nS) and 3.47
nS (sp 0.25 nS), as shown in Fig. 2. The maximum and
minimum parallel coupling conductances were 4.11 and
2.10 nS, respectively.
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Occurrences

Fig. 2. Histogram of parallel coupling conductance magnitude from 26
in situ coupling experiments. Bimodal Gaussian fit to the data (solid
curve) has one peak at 2.49 nS (sp 0.25 nS) and one peak at 3.47 nS (sD
0.25 nS). Fit was made using a commercial software package (Sigma-
plot 5.0, Jandel Scientific, San Rafael, CA).

TESTING THE ASSUMPTIONS UNDERLYING THE
IN st METHOD

In situ gap junction conductance measurements are based
on the assumptions that (i) neighboring B-cells exhibit
identical electrical activity, (ii) the -cell membrane cur-
rent (I} is constant at a constant holding potential, and
(iii) clamping the potential of the impaled cell does not
affect the electrical activity of surrounding cells (Sher-
man et al., 1995). While identical electrical activity in
nearby PB-cells has been well established using simulta-
neous intracellular recordings (Eddlestone et al., 1984;
Meda et al., 1984; Santos & Rojas, 1987), the latter two
assumptions require validation.

The issue of constant membrane current arises from
suggestions that the cycling of the B-cell membrane po-
tential between the active and silent phases in the pres-
ence of glucose may be controlled by a voltage-
independent, metabolically regulated ion channel in the
plasma membrane (Henquin, 1988; Cook & Ikeuchi,
1989; Rojas et al., 1990). Metabolically induced oscil-
lations in whole-cell conductance could cause errors in
the junctional conductance measurement by adding an
inward component to the current bursts that is not due to
coupling current. To search for cyclic membrane cur-
rents, the voltage clamp was performed in elevated ex-
tracellular potassium, a condition which suppresses glu-
cose induced bursting in mouse islets (Dean & Mat-
thews, 1970; Dawson, Atwater & Rojas, 1984). With the
changes in coupling current abolished, any oscillations in
holding current could only be attributed to nonjunctional
events. Figure 3 shows a current record from such an
experiment. The holding potential was —80 mV, and in
normal potassium (5 mw), bursts of coupling current
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were observed. When the extracellular potassium was
increased to 25 mwm, the holding current increased and the
bursts disappeared. The same effect was seen in 11 other
B-cells, indicating that any cyclic membrane current
must have magnitude less than about 5 pA. Therefore an
insignificant error is introduced to the coupling measure-
ment by assuming that the entire current burst results
from changes in junctional current.

The effect of the voltage clamp protocol on the elec-
trical activity of neighboring B-cells was determined by
varying the holding potential (V). Figure 44 shows the
results of an experiment in which V,, was varied in steps
of 40 mV from —-80 to 0 mV. At a holding potential of
—80 mV, the current bursts resembled the voltage activity
recorded during current clamp (not shown). Changing
V, to =40 mV dramatically increased the size of the
spikes in the active phase of the current bursts. AtOmV,
the spike size returned to that seen at —80 mV, but the
current change from the silent to active phase was greatly
reduced. The modifications in the shape of the current
bursts were reversible upon returning to a holding po-
tential of —80 mV. The same results were seen in 6 of 6
experiments, demonstrating that the electrical activity of
neighboring B-cells changes when the impaled cell is
voltage-clamped. However, as illustrated in Fig. 4B,
small changes in holding potential in the range of —90 to
=70 mV had very little effect on the shape of the current
bursts. In five experiments, the magnitude of the current
bursts (/,, — I, ;) changed by less than 3% when the
holding potential was varied in the range --70 to —100
mV. These results indicate that hyperpolarized holding
potentials should be used to minimize the effect of volt-
age-clamping on the electrical activity of surrounding
cells, thus yielding the most accurate measurement of
coupling conductance.

EFreCcT OF TEMPERATURE ON ELECTRICAL COUPLING

Temperature-dependent modulation of voltage and cur-
rent bursts is illustrated in Fig. 5. The upper traces show

Fig. 3. Effect of increasing extracellular
potassium on in siti holding current record.
Switching to current clamp in elevated
potassium confirmed that bursting was
abolished by this condition (not shown).

membrane potential recordings from a B-cell made at 37
and 30°C. The increased burst duration and reduced
burst frequency at lower temperature agree with previous
results (Atwater et al., 1984). The bottom traces show
the holding current records obtained when the voltage of
the same cell was clamped at the two different temper-
atures. While the active-silent phase voltage change was
the same in the membrane potential records at the two
temperatures, the corresponding current change during
voltage clamp was much smaller at 30°C. The coupling
conductances were 2.44 and 1.84 nS at 37 and 30°C,
respectively. The conductance returned to its initial
value after the temperature was restored to 37°C (data
not shown). In 5 of 6 experiments the coupling conduc-
tance decreased by an average of 21% (P < 0.01) when
the temperature was lowered from 37°C to 28-30°C.
The one cell that did not illustrate this trend underwent
large changes in coupling conductance that were not cor-
related with temperature, and may have been due to an
unstable electrode resistance. In the two experiments in
which the electrode stayed in the cell long enough to
return to 37°C, the change in coupling conductance was
reversible.

ErreCT OF CALCIUM ON ELECTRICAL COUPLING

The effect of extracellular calcium concentration on in-
tercellular communication in the islet was determined by
measuring the coupling conductance in both normal
(2.56 mm) and high (7.56 mm) calcium. The results of
one such experiment are illustrated in Fig. 6. While the
active to silent phase voltage difference increased when
calcium was elevated (top traces), the corresponding cur-
rent changes were very similar at the two calcium levels
(bottom traces). The net result for this experiment was a
decrease in coupling conductance from 3.01 nS in nor-
mal calcium to 2.52 nS in 7.56 mM calcium. In 6 of 8
experiments, the coupling conductance was reduced in
elevated calcium (P < 0.01) with a mean change of
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Fig. 4. Bffect of holding potential on coupling current record. (A} Large changes in holding potential alter the shape of coupling current bursts.

Holding potential was under computer control. Membrane potential level

s for this cell under current clamp were V, = 52 mV and V, = ~42 mV.

(B) Small changes in holding potential at hyperpolarized levels have litfle effect on current burst magnitude. To facilitate comparison of burst
magnitude, traces have been shifted to align silent phase levels. Time scale applies to all three traces. Membrane potential levels for this cell under

current clamp were V, = -56 mV and V, = —44 mV.

17.5% in the six cells showing an effect. When the im-
palement lasted long enough to return to normal calcium
concentration, the change in coupling conductance was
reversible (n = 4).

Calcium blocks gap junction channels in many cou-
pled tissues (Oliveira-Castro & Loewenstein, 1971; De
Mello, 1975; Rose & Loewenstein, 1973; Loewenstein &
Rose, 1978; Dahl & Isenberg, 1980; Noma & Tsuboi,
1987; Lazrak & Peracchia, 1993). Since the active phase
of B-cell bursting involves calcium influx via voltage-
gated calcivm channels (Dean & Matthews, 1970; Ri-
balet & Beigleman, 1980; Atwater et al., 1981; Sanios et
al., 1991; Atwater, Kukuljan & Pérez-Armendariz,
1994), we were interested to see if coupling conductance
decreased during the burst due to neighboring cells load-
ing with calcium. To accomplish this, the junctional
conductance was calculated from the voltage and current
changes occurring at the transition from silent to active

phase and compared to that measured using the transition
from active to silent phase. In each of 4 cells tested, the
magnitude of the coupling conductance was smaller at
the end of the burst than at the beginning. The decrease
in coupling conductance during the burst ranged from
6.6% to 14.2%, with an average decrease of 10.9% (P <
0.01) for the four cells.

Errect or ForskoLin oN ELECTRICAL COUPLING

Figure 7 shows the effects of the adenylate cyclase ac-
tivator forskolin on voltage and current bursts. Addition
of 10 um forskolin to the perifusion medium resulted in
an increase in burst frequency and a reduction in the
active to silent phase voltage difference in the membrane
potential records (top traces of 84 and B), as observed
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previously (Henquin, Schmeer & Meissner, 1983; Ikeu-
chi & Cook, 1984; Santos & Rojas, 1987). The reduc-
tion in the magnitude of the voltage bursts in the pres-
ence of forskolin was accompanied by a slight increase
in the active to silent phase difference of the current
bursts (lower traces of 84 and B), such that the coupling
conductance increased from 2.39 to 3.05 nS for this cell.
Similar results were observed in 4 of 4 experiments, with
a mean increase in coupling conductance of 24% for the
group (P < 0.005). In two experiments in which forsko-
lin was subsequently removed from the perifusate, the
coupling conductance approached the original levels, al-
though the conductance was still elevated up to 7 min
after return to normal Krebs solution. The burst fre-
quency also remained elevated at these times, indicating
that the effects of forskolin are slowly reversible.

Discussion

Iv situ TECHNIQUE ALLOWS MEASUREMENT OF GAP
JunctioNn CONDUCTANCE UNDER
PuysioLocical. CONDITIONS

The in situ gap junction conductance measurement tech-
nique is similar in principle to the dual whole-cell volt-
age clamp method that is used to study gap junction
conductance in cell pairs (Veenstra & Brink, 1992). In
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I A

Fig. 5. Lowering temperature reduces coupling
conductance. Top traces show membrane potential
recordings at 37 and 30°C, and bottom traces
show corresponding holding current records when
the voltage was held at —80 mV. Silent phase
levels of the traces have been aligned to facilitate
comparison of burst magnitude. Eight min elapsed
between recording of traces on left and right.
Parallel coupling conductance was 2.44 nS at
37°C and 1.84 nS at 30°C.

the latter technique, the tissue of interest is dispersed to
form cell pairs, and the voltage across the junction be-
tween the two cells is controlled via separate whole-cell
voltage clamp amplifiers. A potential step is applied to
one cell and the change in coupling current is measured
directly from the holding current record of the other cell.
Junctional conductance is calculated by dividing the cur-
rent change by the size of the voltage pulse (Spray, Har-
ris & Bennett, 1981). In the in situ technique, the po-
tential of a single P-cell is held constant, and the syn-
chronized glucose-induced oscillations in membrane
potential of the neighboring B-cells create the periodic
voltage changes necessary to measure coupling conduc-
tance. The conductance so measured is not that of a
single cell-to-cell junction, but the total, parallel conduc-
tance between the clamped P-cell and immediately adja-
cent, active 3-cells. The membrane potential of the sur-
rounding cells must oscillate, and hence coupling can
only be measured in glucose concentrations which sup-
port bursting. Similarly, only modulations in coupling
brought about by stimuli which do not suppress glucose-
induced bursting can be studied.

The two methods are somewhat complementary in
that isolated cell pair experiments yield the conductance
of a single cell-to-cell junction without any information
about the number of neighbors to which a given B-cell is
coupled within the islet, while the in sifu method pro-
vides a measurement of the total conductance between
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B-cell and its neighbors, with no information regarding
the conductance of individual junctions. The major ad-
vantage of the in situ measurements is that they are made
with the B-cells in their native environment under near
physiological conditions (bicarbonate buffer and 37°C),
whereas dual whole-cell measurements require dispersal
of the islet, and are generally carried out at room tem-
perature with HEPES buffer (Meda et al., 1991) to fa-
cilitate patch formation.

ELEVATED PoTASSIUM ABOLISHES (GLUCOSE-INDUCED
CURRENT OSCILLATIONS

The current bursts observed while voltage-clamping a
B-cell in 11.1 mm glucose (Fig. 1A) are assumed to result
solely from coupling current due to the electrical activity
of surrounding cells, that is, nonjunctional membrane
current 1s assumed to be constant. While the hyperpo-
larized holding potential assures that the voltage-
dependent ion channels resident in the membrane of the
impaled cell will remain inactive (Ashcroft & Rorsman,
1989; Atwater et al., 1994), the B-cell membrane may
possess a metabolically regulated, voltage-independent
ion channel with cyclically varying conductance in the
presence of 11.1 mm glucose (Henquin, 1988; Cook &
Ikeuchi, 1989; Rojas et al., 1990). Such a channel could
be the “‘clock’ responsible for controlling burst dura-
tion. If a portion of the current bursts resulted from these

Fig. 6. Effect of extracellular calcium
concentration on membrane potential and holding
current records. Silent phases have been aligned
for purposes of comparison. Top traces show
membrane potential recorded in 2.56 and 7.56 mMm
calcium, and bottom traces show the
corresponding holding currents. Five min elapsed
between recording of left and right traces. Parallel
coupling conductance was 3.01 nS in 2.56 mm
Ca® and 2.52 n$ in 7.56 mm Ca*".

membrane current changes, errors in the gap junction
conductance measurement would result. Two candidate
channels, which are active at hyperpolarized potentials
and subject to metabolic regulation, have been observed
experimentally in pancreatic B-cells (Kpp and Cag), al-
though to date no basis for oscillatory activity of these
channels has been described (Cook & Hales, 1984; Rojas
et al., 1990).

The high potassium experiments illustrated in Fig. 3
were aimed at elucidating any such cyclic membrane
currents. In 25 mM potassium and 11.1 mM glucose,
[B-cells depolarize to a potential above that of the active
phase and become silent, presumably owing to inactiva-
tion of the voltage gated ion-channels involved in burst-
ing (Dawson et al., 1984). The voltage, and hence the
current, across the intercellular junctions no longer
changes periodically, but the hypothetical voltage-
independent ‘‘clock’” of the B-cell should remain active,
because glucose is still present. In all 11 experiments,
the current bursts were completely abolished by 25 mm
potassium, and no periodic membrane currents were ob-
served. These results indicate that voltage-independent,
metabolically driven oscillations in membrane current, if
present, have magnitude below the resolution of the in
situ voltage clamp technique (about 5 pA), and do not
cause significant errors in the coupling measurements
made with this method. Theoretical studies predict that
bursts can be driven by whole-cell currents as small as a
few pA (Sherman, Rinzel & Keizer, 1988), so the pos-
tulated currents may still play an important role in con-
trolling B-cell electrical activity.
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HyperroLARIZED HOLDING POTENTIALS HAVE LITTLE
ErreCT ON BURST ACTIVITY OF ADIACENT B-CELLS

The in situ method also relies on the assumption that the
membrane potential recorded from the impaled cell dur-
ing current clamp is an accurate estimate of the electrical
activity of neighboring cells after switching to voltage
clamp mode. While there is much evidence that neigh-
boring B-cells display similar electrical activity (Eddle-
stone et al., 1984; Meda et al., 1984; Santos & Rojas,
1987), the voltage record of the impaled cell is an accu-
rate representation of the electrical behavior of surround-
ing cells during voltage clamp only if voltage clamping
has no effect on the burst pattern of neighboring cells.
In particular, the voltage clamp protocol must not alter
the active-silent phase voltage difference in the sur-
rounding cells, because this quantity is used to compute
coupling conductance (Sherman et al., 1995). Clamping
the impaled cell causes current to flow into coupled
cells, with the magnitude and direction depending on the
difference between the holding potential and the mem-
brane potential of the neighboring cells. The effect of
injecting current into bursting B-cells has been studied
previously (Atwater et al., 1978; Atwater, Gongalves &
Rojas, 1982). In the cited studies it was noted that pos-
itive current injections dramatically decrease the active-
silent phase voltage change, while negative current in-
jections suppress the spikes somewhat but, importantly,
do not alter the voltage change from silent to active
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Fig. 7. Effect of forskolin on coupling
conductance. (A) Voltage (top) and coupling
current (bottom) bursts in the absence of forskolin.
(B) Corresponding records 6.5 min after addition
of 10 um forskolin. Silent phases aligned to
facilitate comparison. Parallel coupling
conductance was 2.39 nS under control conditions,
and 3.05 nS in the presence of forskolin.

(B)

phase. In agreement with these reports, Fig. 44 shows
that when positive current flows from the impaled cell
into the neighbors (V,, = —40 mV and V, = 0 mV), the
change in current from the active to the silent phase is
reduced, but when negative current flows from the
clamped cell (V, <= —70 mV, Fig. 4B), there is little
change (less than 3%) in the active-silent phase current
difference. These results indicate that the active-silent
phase voltage changes in the neighboring cells are un-
modified by the negative holding potentials used in these
experiments, and the voltage record of the impaled cell
provides a reasonable estimate of the behavior of the
coupled cells during subsequent voltage clamping.

CoupLING CONDUCTANCE HISTOGRAM 1S BIMODAL

The bimodal nature of the coupling conductance histo-
gram in Fig. 2 indicates that at least two subpopulations
of B-cells, differing in terms of extent of electrical com-
munication with neighboring B-cells, exist within the is-
let. Such a difference could be brought about by differ-
ences in the physical number of neighboring B-cells.
While the exact location of each impaled B-cell was not
quantified, many of the conductance measurements were
made from cells near the surface of the islet, where the
population of c-cells is high (Meda, 1989). As discussed
previously, membrane potential oscillations in o-cells
contribute little to current bursts, and hence coupling
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conductance between the impaled cell and neighboring
a-cells is not included in the parallel conductance mea-
surement. Thus the lower mode of the coupling conduc-
tance histogram may represent cells that were in contact
with several o-cells. Also, B-cells on the very surface of
the islet are in physical contact with fewer cells than
those below the surface, and may account for the group
of cells having lower coupling conductances. A second
possibility for the two junctional conductance peaks is
variations in the number or functional properties of gap
junctions between neighboring cells at different locations
within the islet. Meda and coworkers (1980) found twice
as many gap junctions per unit area on the membranes of
B-cells near the surface of the mouse islet as compared to
more centrally located cells. Conversely, dye transfer in
cultured rat islets has been shown to be more extensive at
the core than in the periphery (Michaels & Sheridan,
1981). While the basis of the difference in morpholog-
ical and functional coupling is not known, both results
are consistent with the bimodal distribution of coupling
conductances observed in this experiment. Thus the two
modes of the junctional conductance histogram may rep-
resent peripherally and more centrally located cells.

There were two experiments in which multiple cou-
pling conductance measurements were made in the same
islet. In both cases two cells in the same islet had very
different junctional conductances (3.5 and 2.5 nS in one
islet, 3.8 and 2.6 nS in another). These data indicate that
both the high and low coupling conductance populations
exist within the same islet of Langerhans. The physio-
logical significance of the bimodal coupling conductance
distribution remains to be determined.

ELecTRICAL COUPLING IS EXTENSIVE WITHIN THE ISLET
OF LANGERHANS

Every B-cell clamped in the presence of 11.1 mm glucose
(n = 35) was electrically coupled to at least one other
active B-cell, as indicated by the occurrence of current
bursts. This contrasts some dye transfer studies in which
fluorescent tracers injected into one B-cell sometimes did
not spread to any surrounding cells (Kohen et al., 1979;
Michaels & Sheridan, 1981; Meda et al., 1982; Meda et
al., 1986; Meda, 1989). The dye may have damaged the
injected cell, causing it to be uncoupled from surround-
ing cells, or, more likely, the permeability of the gap
junctions to the dye was too low for intercellular spread
to occur. Indeed, B-cell pairs that are electrically cou-
pled are often not dye transferring (Pérez-Armendariz et
al., 1991).

In one previous study using the dual whole-cell volt-
age-clamp method, 67% of B-cell pairs were coupled
with a mean junctional conductance of 215 pS (Pérez-
Armendariz et al., 1991). Adjusting for the approxi-
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mately 30% change in coupling conductance owing to
temperature differences between the two experimental
conditions (Fig. 5), and assuming the islet to consist of
packed spheres of B-cells (12 neighbors for each cell),
one would expect an average parallel coupling conduc-
tance of about 2.2 nS. This calculated value agrees rea-
sonably well with the lower conductance peak (2.5 nS) in
Fig. 2. The slightly higher value observed here may re-
sult from additional experimental differences such as pH
buffers used, or it may be that the dispersal procedure
used in the cell pair study preferentially selected uncou-
pled pairs such that the incidence of coupling is greater
than 67% in situ. Interestingly, in the cell-pair study
several high conductance (400-600 pS) cell-to-cell junc-
tions were observed. Nonrandom distribution of these
high conductance junctions throughout the islet could
account for the high conductance mode of the histogram
in Fig. 2. In another study, only 16% of rat B-cell pairs
were electrically coupled (Meda et al., 1991). The vast
difference between the extent of coupling in that study
and one presented here may be caused by species vari-
ation, although the most likely cause is differences in
experimental technique. Interestingly, in one mathemat-
ical model, the electrical activity of a group of coupled
B-cells could be synchronized by electrical communica-
tion alone when gap junction conductances were distrib-
uted according to the data of Pérez-Armendariz et al.
(1991), but not when the results of Meda et al. (1991)
were used (Smolen, Rinzel & Sherman, 1993). Our re-
sults support the notion that electrical communication
plays a major role in synchronizing the electrical, and
hence secretory, activity of B-cells within an islet.

Crrr-T1o-CeLL EvLectricaL, CONDUCTANCE 1S REDUCED BY
LowERING TEMPERATURE

The effect of temperature on gap junction conductance is
of interest since dual whole-cell voltage-clamp experi-
ments are carried out at room temperature. Reduction of
temperature as far as 25°C in these experiments often
caused the burst pattern to shift to continuous spiking.
Since in situ coupling conductance measurements can
only be made in bursting islets, the temperature was gen-
erally lowered to 28-31°C. As in previous experiments,
lowering the temperature caused an increase in the active
phase duration and often reduced the active-silent phase
voltage difference (Atwater et al., 1984). In 5 of 6 ex-
periments the coupling conductance decreased when the
temperature was lowered, with an average conductance
change in the five cells of 21%. Similar temperature
dependence has been observed for gap junction conduc-
tance in pairs of cardiac myocytes from adult guinea pigs
(Sugiura et al., 1990) and neonatal rats (Bukauskas &
Weingart, 1993), which, like pancreatic B-cells (Meda et
al., 1991), express the gap junction channel protein con-
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nexin 43 (Bennett & Verselis, 1992). The temperature
dependence of the junctional conductance is accounted
for by reduction in ion mobility at low temperature, since
lowering the temperature from 37 to 29°C results in a
16-23% reduction in conductance of agueous KCI solu-
tion (Robinson & Stokes, 1970). These results indicate
that diffusion is the main process governing charge trans-
fer through B-cell gap junction channels, and steady state
junctional conductance measurements made at room
temperature can be reasonably extrapolated to physio-
logical temperature by adjusting for changes in ion mo-
bility.

ELEVATED EXTRACELLULAR CALCIUM BLocks Gap
JuncTtioN ELEcTRICAL CONDUCTANCE

Gap junction conductance is an inverse function of in-
tracellular calcium concentration at physiological levels
in a variety of coupled tissues (Noma & Tsuboi, 1987;
Veenstra & DeHaan, 1988; Peracchia, 1990; Lazrak &
Peracchia, 1993; Crow, Atkinson & Johnson, 1994), and
intracellular calcium measured from the whole islet has
been shown to increase when the extracellular calcium
concentration is elevated (Silva, Rosario & Santos,
1994). In 6 of 8 cells studied, the coupling conductance
decreased by an average of 17.5% when the calcium
concentration was raised from 2.56 to 7.56 mm. The
effect is most likely caused by an increase in the average
cytosolic free calcium level, which may block gap junc-
tion channels directly (Loewenstein & Rose, 1978) or
activate second messengers which mediate the effect on
junctional conductance (Johnston & Ramoén, 1981; Per-
acchia, Bernardini, & Peracchia, 1983). The effect of
raising external calcium on islet intracellular calcium is
quite variable (Silva et al., 1994), so the absence of junc-
tional conductance change in 25% of the experiments
suggests that the intracellular calcium concentration did
not reach sufficient levels to cause uncoupling in these
cells.

CoupLING CONDUCTANCE VARIES DURING
GLUCOSE-INDUCED BURSTING

Islet B-cells load with calcium during the active phase of
the burst (Santos et al., 1991), and one previous study
using simultaneous intracellular impalements and current
injections suggested that gap junction conductance may
decrease during the active phase (Eddlestone et al.,
1984). These results were confirmed in this study, as the
parallel coupling conductance of four cells decreased by
an average of 10.9% during the active phase. The most
likely explanation for this result is that calcium accumu-
lations during the active phase are sufficient to cause
partial uncoupling of the cells, although we cannot rule
out the possibility that oscillations of other second mes-
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sengers are responsible for the cyclic nature of B-cell gap
junction conductance. Note that with the exception of
this section, the coupling conductance measurements re-
ported in this study were made using voltage and current
records containing several bursts, and thus represent the
average of the junctional conductance at the beginning
and end of the burst. Whether oscillations of -cell elec-
trical coupling plays a role in controlling burst duration
or frequency remains to be investigated.

ForskoLIN INCREASES [3-CELL
ELECTRICAL COMMUNICATION

Activation of adenylate cyclase by forskolin consistently
resulted in a rapid increase in junctional conductance
(Fig. 7). These results agree with a previous study using
dual intracellular impalements in intact islets, in which
the electrical coupling ratio between two B-cells in situ
was found to increase within minutes after stimulation
with forskolin (Santos & Rojas, 1987). Conversely, in
one study of 3-cell pairs, no change in gap junction con-
ductance was observed when the cells were exposed to
dibutyryl-cAMP (Pérez-Armendariz et al., 1991). The
discrepancy between results obtained in situ and those
observed with the dual whole-cell method could be
caused by ‘‘washout’” of cytosolic constituents in the
latter technique, which may have resulted in intracellular
depletion of key components involved in mediating the
effect of increased cAMP on junctional conductance.
The mechanism by which cAMP increases junc-
tional conductance is not clear. While long-term expo-
sure to elevated cAMP levels enhances coupling (Flagg-
Newton, Dahl & Loewenstein, 1981; Weiner & Loewen-
stein, 1983) by stimulating de novo synthesis of gap
junction channels (Mehta, Yamamoto & Rose, 1992), the
rapid modulation of conductance observed in this and
other experiments (Stagg & Fletcher, 1990) probably re-
sults from gafing of existing connexons (Bennett et al.,
1991). A role for protein kinase A (pkA) is indicated by
experiments in which injection of the catalytic subunit of
this protein into cells expressing connexin 43 leads to a
rapid increase in intercellular communication, while in-
hibition of pkA has the opposite effect (Godwin, Green
& Walsh, 1993; Nnamani et al., 1994). However, to date
there is no evidence that connexin 43 is directly phos-
phorylated by pKA (Bennett et al., 1991). Interestingly,
agents that elevate cAMP inhibit intercellular communi-
cation in some tissues expressing connexin 43, suggest-
ing that cell-specific expression of second messengers
that link elevated cAMP to changes in junctional con-
ductance are important in determining the effect of the
cyclic nucleotide (Stagg & Fletcher, 1990; Bennett et al.,
1991). Since metabolism of glucose is accompanied by
production of cAMP (Charles et al., 1973; Sharp, 1979;
Prentki & Matschinksy, 1987), our results suggest that
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the rapid increase in B-cell electrical coupling observed
in dual intracellular experiments following glucose stim-
ulation (Eddlestone et al., 1984) may be mediated by a
cAMP-dependent mechanism.

Conclusions

Synchronous glucose-induced bursting electrical activity
in B-cells within the islet of Langerhans makes it possible
to measure the coupling conductance between a [-cell
and its nearest neighbors in situ under physiological con-
ditions. The bimodal nature of the coupling conductance
histogram indicates heterogeneity in intercellular com-
munication within the islet of Langerhans. Decreases in
temperature and elevations in extracellular calcium both
result in a reversible decrease in gap junction conduc-
tance, while activation of adenylate cyclase by forskolin
results in a slowly reversible increase in cell-to-cell elec-
trical communication. The effect of temperature can be
reconciled by changes in ion mobility, while the rapid
effects of calcium and forskolin probably result from
direct or indirect gating of existing gap junctions. The
results indicate that electrical coupling among B-cells is
quite extensive and subject to physiological modulation,
and support the hypothesis that intercellular communi-
cation plays an important role in the overall function of
the islet.

The authors thank Dr. Arthur Sherman for sharing his insights on in situ
coupling measurements, and for helpful discussions throughout the
work. DM acknowledges partial support by a National Institutes of
Health training grant to the Johns Hopkins University, Department of
Biomedical Engineering (5 T32 GM7057). This work was supported in
part by a National Science Foundation PYT award (ECS-9058419) to
NFS.

References

Asheroft, F.M., Rosman, P. 1989. Electrophysiology of the pancreatic
B-cell. Prog. Biophys. Molec. Biol. 54:87-143

Atwater, L, Dawson, C.M., Eddlestone, G.T., Rojas, E. 1981. Voltage
noise measurements across the pancreatic f-cell membrane: cal-
cium channel characteristics. J. Physiol. 314:195-212

Atwater, I, Gongalves, A., Herchuelz, A., Lebrun, P., Malaisse, W.J.,
Rojas, E., Scott, A. 1984. Cooling dissociates glucose-induced in-
sulin release from electrical activity and cation fluxes in rodent
pancreatic islets. J. Physiol. 348:615-627

Atwater, 1., Gongalves, A.A., Rojas, E. 1982. Electrophysiological
measurement of an oscillating potassium permeability during the
glucose-stimulated burst activity in mouse pancreatic B-cell.
Biomed. Res. 3(6):645-648

Atwater, 1., Kukuljan, M., Pérez-Armendariz, EM. 1994, Molecular
biology of the ion channels in the pancreatic B-cell. In: Molecular
Biology Diabetes, Part 1. B. Draznin and D. LeRoith, editors. pp.
303-331. Humana Press, Inc., Totowa, NJ

Atwater, 1, Ribalet, B, Rojas, E. 1978. Cyclic changes in potential and
resistance of the B-cell membrane induced by glucose in islets of
Langerhans from mouse. J. Physiol. 278:117-139

Bennett, M.V.L., Barrio, L.C., Bargiello, T.A., Spray, D.C., Herizberg,

D. Mears et al.: In Situ Gap Junction Conductance

E., Saez, J.C. 1991. Gap junctions: new tools, new answers, new
questions. Neuron 6:305-320

Bennett, M.V.L.,, Verselis, V.K. 1992. Biophysics of gap junctions.
Seminars Cell Biol. 3:29-47

Bukauskas, F.F., Weingart, R. 1993. Temperature dependence of gap
junction properties in neonatal rat heart cells. Pfluegers Arch.
423:133-139

Charles, M.A., Fanska, R., Schmid, F.G., Forsham, P.H., Grodsky,
G.M. 1973. Adenosine 3’-5’-monophosphate in pancreatic islets:
glucose-induced insulin release. Science 179:569-571

Cook, D.L., Hales, C.N. 1984. Intracellular ATP directly blocks K*-
channels in pancreatic B-cells. Nature 311:269-271

Cook, D.L., Ikeuchi, M. 1989. Tolbutamide as mimic of glucose on
B-cell electrical activity. ATP-sensitive K* channels as common
pathways for both stimuli. Diabetes 38:416-421

Crow, J.M., Atkinson, N.M., Johnson, R.G. 1994, Micromolar levels of
intracellular calcium reduce gap junction permeability in lens cul-
tures. Invest. Opthalmol. Vis. Sci. 35(8):3332-3341

Dahl, G., Isenberg, G. 1980. Decoupling of heart muscle cells: corre-
lation with increased cytoplasmic calcium activity and with
changes of nexus ultrastructure. J. Membrane Biol. 53:63-75

Dawson, C.M., Atwater, L., Rojas, E. 1984. The response of pancreatic
B-cell membrane potential to potassium induced calcium influx in
the presence of glucose. Q. J. Exp. Physiol. 69:819-830

Dean, P.M., Matthews, E.K. 1970. Electrical activity in pancreatic islet
cells: effect of ions. J. Physiol. 210:265-275

De Mello, W.C. 1975. Effect of intracellular injection of calcium and
strontium on cell communication in heart. J. Physiol. 250:231-245

Eddlestone, G.T., Gongalves, A., Bangham, J.A., Rojas, E. 1984. Elec-
trical coupling between cells in islets of Langerhans from mouse. /.
Membrane Biol. 77:1-14

Falke, L.C., Gillis, K.D., Pressel, D.M., Misler, S. 1989. ‘Perforated
patch recording’ allows long-term monitoring of metabolite-
induced electrical activity and voltage-dependent Ca>* currents in
pancreatic islet B cells. FEBS Lett. 251:167-172

Flagg-Newton, J.L., Dahl, G., Loewenstein, W.R. 1981. Cell junction
and cyclic AMP: L Upregulation of junctional membrane perme-
ability and junctional membrane particles by administration of cy-
clic nucleotide or phosphodiesterase inhibitor. J. Membrane Biol.
63:105-121

Gilon, P., Henquin, J.C. 1992. Influence of membrane potential
changes on cytoplasmic Ca®* concentration in an electrically excit-
able cell, the insulin-secreting pancreatic B-cell. J. Biological
Chem. 267(29):20713-20720

Godwin, A.J., Green, LM., Walsh, M.P. 1993. In situ regulation of
cell-cell communication by the cAMP-dependent protein kinase
and protein kinase C. Mol. Cellular Biochem. 128:293-307

Halban, P.A., Wollheim, C.B., Blondel, B., Meda, P., Niesor, E.N.,
Mintz, D.H. 1982. The possible importance of contact between
pancreatic islet cells for the control of insulin release. Endocrinol-
ogy 111:86-54

Hengquin, J.C., 1988. ATP-sensitive K channels may control glucose-
induced electrical activity in pancreatic B-cells. Biochem. Biophys.
Res. Commun. 156:769-775

Henquin, J.C., Schmeer, W., Meissner, H.P. 1983. Forskolin, an acti-
vator of adenylate cyclase, increases Ca”*-dependent electrical ac-
tivity induced by glucose in mouse pancreatic B cells. Endocrinol-
ogy 112:2218-2220

Tkeuchi, M., Cook, D.L. 1984. Glucagon and forskolin have duat ef-
fects upon islet cell electrical activity. Life Sciences 35:685-691

in’t Veld, P.A., Pipeleers, D.G., Gepts, W. 1986. Glucose alters con-
figuration of gap junctions between pancreatic islet cells. Am. J.
Physiol. 251:C191-C196

in’t Veld, P., Schuit, F., Pipeleers, D. 1985. Gap junctions between



D. Mears et al.: [n Situ Gap Junction Conductance

pancreatic B-cells are modulated by cyclic AMP. Eur. J. Cell Biol.
36:269-276

Johnston, M.F., Ramén, F. 1981. Electronic coupling in internally per-
fused crayfish segmented axons- Ca®* effect involves an interme-
diate. J. Physiol. 317:509-518

Kohen, E., Kohen, C., Rabinovitch, A. 1983. Cell-to-cell communica-
tion in rat pancreatic islet monolayer cultures is modulated by
agents affecting islet-cell secretory activity. Diabetes 32:95-98

Kohen, E., Kohen, C., Thorell, B., Mintz, D.H., Rabinovitch, A. 1979.
Intercellular communication in pancreatic isiet monolayer cultures:
a microfluorometric study. Science 204:862-865

Kukuljan, M., Gongalves, A.A., Atwater, I. 1991. Charybdotoxin-
sensitive K 4, channel is not involved in glucose-induced electri-
cal activity in pancreatic B-cells. J. Membrane Biol. 119:187-195

Lazrak, A., Peracchia, C. 1993. Gap junction gating sensitivity to phys-
iological internal calcium regardless of pH in Novikoff hepatoma
cells. Biophys. J. 65:2002-2012

Loewenstein, W.R., Rose, B. 1978. Calcium in (junctional) intercellu-
lar communication and a thought on its behavior in intracellular
communication. Ann. N.Y. Acad. Sci. 307:285-307

Meda, P. 1989. Gap junction coupling and secretion in endocrine and
exocrine pancreas. In: Cell Interactions and Gap Junctions. N. Sper-
elakis and W.C. Cole, editors. pp. 59-83. CRC Press, Boca Raton

Meda, P., Atwater, L., Gongalves, A., Bangham, A., Orci, L., Rojas, E.
1984. The topography of electrical synchrony among B-cells in the
mouse islet of Langerhans. Q. J. Exp. Physiol. 69:719-735

Meda, P., Bosco, D., Chanson, M., Giordano, E., Vallar, L., Wollheim,
C., Orci, L. 1990. Rapid and reversible secretion changes during
uncoupling of rat insulin producing cells. J. Clin. Invest. 86:759—
768

Meda, P., Chanson, M., Pepper, M., Giordano, E., Bosco, D., Traub,
0., Willecke, K., El Aoumari, A., Gros, D., Beyer, E.C., Orci, L.,
Spray, D. 1991. In vivo modulation of connexin 43 gene expression
and junctional coupling of pancreatic fB-cells. Exp. Cell Res.
192:469-480

Meda, P., Denef, J.F., Perrelet, A., Orci, L. 1980. Non-random distri-
bution of gap junctions between pancreatic B-cells. Am. J. Physiol.
238:C114-C119

Meda, P., Kohen, E., Kohen, C., Rabinovitch, A., Orci, L. 1982. Direct
communication of homologous and heterologous endocrine islet
cells in culture. J. Cell Biol. 92:221-226

Meda, P., Michaels, R.L., Halban, P.A., Orci, L., Sheridan, J.D. 1983.
In vivo modulation of gap junctions and dye coupling between
{3-cells in the intact pancreatic islet. Diabetes 32:858-868

Meda, P., Perrelet, A., Orci, L. 1979. Increase of gap junctions between
pancreatic B-cells during stimulation of insulin secretion. J. Cell
Biol. 82:441-448

Meda, P., Santos, R.M., Atwater, I. 1986. Direct identification of elec-
trophysiologically monitored cells within intact mouse islets of
Langerhans. Diabetes 35:232-236

Mehta, P.P., Yamamoto, M., Rose, B. 1992. Transcription of the gene
for the gap junctional protein connexin 43 and expression of func-
tional cell-to-cell channels are regulated by cAMP. Molec. Biol.
Cell. 3:839-850

Meissner, H.P. 1976. Electrophysiological evidence for coupling be-
tween f cells of pancreatic islets. Nature 262:502-504

Michaels, R.L., Sheridan, J.D. 1981. Islets of Langerhans: dye coupling
among immunocytochemically distinct cell types. Science
214:801-803

Michaels, R.L., Sorenson, R.L., Parsons, J.A., Sheridan, J.D. 1987.
Frolactin enhances cell-to-cell communication among B-cells in
pancreatic islets. Diabetes 36:1098-1103

Nnamani, C., Godwin, A., Ducsay, C.A., Longo, L.D., Fletcher, W H.

175

1994. Regulation of cell-cell communication mediated by connexin
43 in rabbit myometrial cells. Biol. Reprod. 50(2):377-389

Noma, A., Tsuboi, N. 1987, Dependence of junctional conductance on
proton, calcium and magnesium ions in cardiac paired cells of
guinea-pig. J. Physiol. 382:193-211

Oliveira-Castro, G.M., Loewenstein, W.R. 1971. Junctional membrane
permeability: effects of divalent cations. J. Membrane Biol. 5:51—
77

Orci, L. Malaisse-Lagae, F., Ravazzola, M., Rouiller, D., Renold, A.E.,
Perrelet, A., Unger, R. 1975. A morphological basis for intercellu-
lar communication between A- and B-cells in the endocrine pan-
creas. J. Clin. Invest. 56:1066-1070

Peracchia, C. 1990. Increase in gap junction resistance with acidifica-
tion in crayfish septate axons is closely related to changes in intra-
cellular calcium but not hydrogen ion concentration. J. Membrane
Biol. 113:75-92

Peracchia, C., Bernardini, G., Peracchia, L.I.. 1983, Is calmodulin in-
volved in the regulation of gap junction permeability? Pfluegers
Arch. 399:152-154

Pérez-Armendariz, M., Atwater, I. 1986. Glucose-evoked changes in
[K*] and [Ca®'] in the intercellular spaces of the mouse islets of
Langerhans. /n: Biophysics of the Pancreatic B-cell. I. Atwater, E.
Rojas and B. Soria, editors. pp. 31-51. Plenum Press, New York

Pérez-Armendariz, M., Roy, C., Spray, D.C., Bennett, M.V.L. 1991.
Biophysical properties of gap junctions between freshly dispersed
pairs of mouse pancreatic beta-cells. Biophys. J. 59:76-92

Pipeleers, D., in’t Veld, P., Maes, E., van de Winkel, M. 1982. Glu-
cose-induced insulin release depends on functional cooperation be-
tween islet cells. Proc. Natl. Acad. Sci. USA 79:7322-7325

Prentki, M., Matschinsky, F.M. 1987. Coupling mechanisms in insulin
secretion. Physiol. Rev. 67:1185-1248

Ribalet, B., Beigelman, P.M. 1980. Calcium action potentials and po-
tassium permeability in pancreatic B-cells. Am. J. Physiol.
242:C296-C303

Robinson, R.A., Stokes, R.H. 1970. Electrolyte solutions. Butter-
worths, London

Roe, M.W., Lancaster, MLE., Mertz, R.J., Worley, J.F., Dukes, LD.
1993. Voltage-dependent intracellular calcium release from mouse
islets stimulated by glucose. J. Biol. Chem. 268:9953-9956

Rojas, E., Hildalgo, J., Carroll, P.B., Atwater, I. 1990. A new class of
calcium channels activated by glucose in human pancreatic -cells.
FEBS Lerr. 261:265-270

Rojas, E., Stokes, C.L., Mears, D., Atwater, I. 1995. Single-
microelectrode voltage clamp measurements of pancreatic -cell
membrane ionic currents in situ. J. Membrane Biol. 143:65-77

Rorsman, P., Trube, G. 1986. Calcium and delayed potassium currents
in mouse pancreatic B-cells under voltage-clamp conditions. J.
Physiol. 374:531-550

Rosario, L.M., Atwater, L., Scott, A.M. 1985, Pulsatile insulin release
and electrical activity from single ob/b mouse islets of Langer-
hanss. Adv. Exp. Med. Biol. 211:413-425

Rose, B., Loewenstein, W.R. 1975. Permeability of cell junction de-
pends on local cytoplasmic calcium activity. Nature 254:250-252

Santos, R.M., Rojas, E. 1987. Evidence for modulation of cell-to-cell
electrical coupling by cAMP in mouse islets of Langerhans. FEBS
Lett. 220:343-346

Santos, R.M., Rosario, .M., Nadel, A., Garcia-Sancho, J., Soria, B.,
Valdeolmillos, M. 1991. Widespread synchronous [Ca®*]; oscilla-
tions due to bursting electrical activity in single pancreatic islets.
Pfluegers Arch. 418:417-422

Scott, A.M., Atwater, 1., Rojas, E. 1981. A method for the simultaneous
measurement of insulin release and B cell membrane potential in
single mouse islets of Langerhans. Diabetologia 21:470-475

Sharp, G.W.G. 1979. The adenylate cyclase-cyclic AMP system islets



176

of Langerhans and its role in the control of insulin release. Digbe-
tologia 16:287-296

Sherman, A.S., Rinzel, I., Keizer, J. 1988. Emergence of organized
bursting in clusters of pancreatic J-cells by channel sharing. Bio-
phys. J. 54:411-425

Sherman, A., Xu, L., Stokes, C.L. 1995. Estimating and eliminating
junctional current in coupled cell populations. A computational
study. J. Membrane Biol. 143:79-87

Silva, A.M., Rosario, L.M., Santos, R.M. 1994, Background Ca®* in-
flux mediated by a dihydropyridine- and voltage-insensitive chan-
nel in pancreatic B-cells. J. Biological Chem. 269(25):17095-
17103

Smolen, P., Rinzel, J., Sherman, A. 1993. Why pancreatic islets burst
but single B cells do not. Biophys. J. 64:1668-1680

Sorenson, R.L., Brelje, T.C., Hegre, O.D., Marshall, S., Anaya, P,
Sheridan, I.D. 1987. Prolactin (in vitro) decreases the glucose stim-
ulation threshold, enhances insulin secretion, and increases dye
coupling among islet B cells. Endocrinology 121:1447-1453

Spray, D.C., Harris, A.L., Bennett, M.V.L. 1981. Equilibrium proper-
ties of a voltage-dependent junctional conductance. J. Gen. Physiol.
77:77-93

Stagg, R.B., Fletcher, W.H. 1990. The hormone-induced regulation of

D. Mears et al.: In Situ Gap Junction Conductance

contact-dependent cell-cell communication by phosphorylation.
Endocrine Rev. 11:302-325

Stokes, C.L., Rinzel, I. 1993. Diffusion of extracellular K* can syn-
chronize bursting oscillations in a model islet of Langerhans. Bio-
phys. J. 65:597-607

Sugiura, H., Toyama, J., Tsuboi, N., Kamiya, K., Kodama, . 1990.
ATP directly affects junctional conductance between paired ven-
tricular myocytes isolated from guinea pig heart. Circ. Res.
66(4):1095-1102

Valdeolmillos, M., Nadal, A., Soria, B., Garcia-Sancho, J. 1993. Flu-
orescence digital image analysis of glucose-induced [Ca®*] oscil-
lations in mouse pancreatic islets of Langerhans. Diaberes
42:1210-1214

Veenstra, R.D., Brink, P.R. 1992. Patch-clamp analysis of gap junc-
tional currents. /n: Cell-Cell Interactions: A Practical Approach.
B.R. Stevenson, W.J. Gallin, and D.L. Paul, editors. pp. 167-201.
Oxford University Press, Oxford

Veenstra, R.D., DeHaan, R.L., 1988. Cardiac gap junction channel
activity in embryonic chick ventricle cells. Am. J. Physiol.
254:H170-H180

Wiener, E.C., Loewenstein, W.R. 1983. Correction of cell-cell com-
munication defect by introduction of a protein kinase into mutant
cells. Nature 305:433-435



