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Summary. Gap junctional coupling was studied in pairs of murine
pancreatic acinar cells using the double whole-cell patch-clamp
technique. During stable electrical coupling, addition of OAG (1-
oleoyl-2-acetyl-sn-glycerol) induced a progressive reduction of
the junctional conductance to the detectable limit (~3 pS). Prior
to complete electrical uncoupling, various discrete single chan-
nel conductances between 20 and 100 pS could be observed.
Polymyxin B, a potent inhibitor of the protein kinase C (PKC)
system, completely suppressed OAG-stimulated electrical un-
coupling. Dialysis of cell pairs with solutions containing PKC,
isolated from rat brain, also caused electrical uncoupling. The
presence of 0.1 mM dibutyryl cyclic AMP and 5 mm ATP in the
pipette solution, which serves to stabilize the junctional conduc-
tance, did not suppress the effects of OAG or isolated PKC. We
conclude that an increase of protein kinase C activity leads to the
closure of gap junction channels, presumably via a PKC-depen-
dent phosphorylation of the junctional peptide, and that this
mechanism is dominant over cAMP-dependent upregulatory ef-
fects in the experimental time range (=1 hr). A correlation of the
observed single channel conductances with the appearance of
channel subconductance states or various channel populations is
discussed.
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Introduction

Protein kinases appear to play an integral role in
stimulus secretion coupling in pancreatic acinar
cells. Different kinase activities have been demon-
strated in pancreatic acini, including a cAMP-de-
pendent protein kinase, a Ca?*-calmodulin depen-
dent kinase, and protein kinase C (Burnham &
Williams, 1984a; Noguchi et al., 1985). They appear
to be differentially activated by secretagogues such
as secretin and vasoactive intestinal peptide, which
increase the production of cAMP, or cholecystoki-
nin and cholinergic agents, which lead to a G-pro-
tein mediated activation of phospholipase C, result-
ing in an elevation of the intracellular Ca?*

concentration and protein kinase C activity
(Burnham & Williams, 1984b6; Merritt et al., 1986;
Ishizuka et al., 1987; Schnefel et al., 1988). Activa-
tion of PKC and a concomitant increase of amylase
release could also be induced by phorbol esters and
diacylglycerol (Wooten & Wrenn, 1984; Merritt &
Rubin, 1985).

Intercellular communication via gap junctions
has been implied in the control of secretion. Uncou-
pling of pancreatic acinar cells with heptanol has
been shown to increase basal and secretin-mediated
amylase release, while carbachol-induced secretion
remains unaffected (Meda et al., 1987). Also, in ad-
dition to activating PKC, cholinergic agents like
carbachol lead to uncoupling (Iwatsuki & Petersen,
1979), which could explain why heptanol has no
additional effect on carbachol-induced secretion.
Secretion is not investigated in the present work.
We attempt here to clarify whether direct activation
of PKC affects the permeability of gap junctions in
pancreatic acinar cells.

Inhibitory effects of phorbol esters and diacyl-
glycerol on gap junctional communications have re-
cently been reported for cultured cells (Murray &
Fitzgerald, 1979; Yotti, Chang & Trosko, 1979;
Gainer & Murray, 1985; Yada, Rose & Loewen-
stein, 1985) as well as for freshly isolated ceils (Ran-
driamampita et al., 1988). Furthermore, evidence
for the in vitro phosphorylation of lens intrinsic
membrane protein and the 27-kD gap junction sub-
unit of rat liver by protein kinase C is available
(Lampe et al., 1986; Takeda et al., 1987). Since the
subunit of rat liver gap junctions is broadly homolo-
gous with the pancreatic junctional peptide, based
on the subunit antigenic properties (Dermietzel et
al., 1984; Beyer, Paul & Goodenough, 1987), it
seems plausible to assume an analogous effect of
PKC on gap junctions of pancreatic acinar cells.

In this paper we show that exposure of cell
pairs to OAG (1-oleoyl-2-acetyl-sn-glycerol), an an-
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Table. Composition of buffers used for isolation of protein ki-
nase C®

A B C D E
Tris-HCl 20mM 20 mM 20 mM 10 mM 20 mM
Glycerol 40% 5% 5% 5% 5%
DTE SmmM 20mM (.Omm 1.0 mm 1.0 mmMm
EDTA 2mM 05mM  0.5mM  0.25 mm 0.25 mMm
EGTA SmM  05mM  05mM 0.25 mm 0.25 mm
cAMP S0umM 20 umM  — — —
NaCl — — 1.5 ™M — 100 mm

# All solutions are based on a formula containing | uM Pepstatin
A (Sigma) and 10 U/ml aprotinin (Trasylol, Bayer, Leverkusen,
FRG), at pH 7.5.

alogue of the endogenous activator of PKC, dia-
cylglycerol, leads to electrical uncoupling. This ef-
fect can be eliminated by addition of polymyxin B
(PMB). PMB putatively inhibits PKC by interacting
with phosphatidylserine (Mazzei, Katoh & Kuo,
1982). Moreover, for the first time, purified PKC is
employed to study the effect of increased PKC ac-
tivity on junctional coupling. After the junctional
conductance of well-coupled cell pairs had been re-
duced by OAG or PKC, stepwise changes of the
junctional current could be examined. The discrete
conductances can be compared to those observed
previously during spontaneously occurring uncou-
pling (Somogyi & Kolb, 19884) and to conductances
found in lacrimal gland (120 pS; Neyton & Traut-
man, 1985), in embryonic heart (135-165 pS; Veen-
stra & De Haan, 1986, 1988), in neonatal heart (53
pS; Burt & Spray, 1988) and in Xenopus myolomal
muscle cells (114 pS; Chow & Young, 1987). It will
be discussed whether the examined conductances
reflect subconductance states of one channel or al-
together different channel types.

Materials and Methods

CELL PREPARATION

Acinar cells were obtained through collagenase digestion of the
freshly isolated pancreas of a two to three month-old male NMRI
mouse (Somogyi & Kolb, 1988«). Briefly, the mechanically dis-
sociated pancreatic tissue was digested in KRH-Ca* (Krebs-
Ringer-HEPES) medium with 200 units type [II collagenase
(Worthington, Freehold, NJ) for 15 min. An incubation in cal-
cium-free KRH-EGTA for 15 min followed. In the last step the
tissue was dissociated into single cells, pairs, and small aggre-
gates by treatment with 300 units collagenase (as above) in KRH-
Ca’t for 1 hr. During all incubations the tissue suspension was
rotated in a water bath at 37°C. Cells were stored at 4°C in BME
(Basal Medium Eagle)-Hanks (SIGMA, St. Louis, MO) buffered
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with 25 mM HEPES at pH 7.4, and used up to 36 hr after isola-
tion.

IsoLATION OF PROTEIN KinASE C

All subsequent operations were carried out between 0 and 4°C.
Four rat brains (total weight: 8.5 g) were placed in 42.5 ml buffer
A (see Table for buffers) and homogenized with a Sorvall-Poly-
tron mixer at maximal speed (three times, 30 sec each). The
homogenate was centrifuged at 100.000 x g for 45 min. Subse-
quently the supernatant was filtered through a layer of glass wool
and applied to a DE-52 (Whatman) column (length: 15 cm, diam-
eter: 1.4 cm), equilibrated in buffer B (see Table). After washing
the column with 250 ml of buffer B, elution took place using an 8-
hr linear salt gradient from 0 to 300 mM NaCl in buffer B. Frac-
tions of 4 ml were collected and assayed for PKC activity.

The PKC peak fractions were pooled and the conductivity
was adjusted to that of buffer C (see Table) by adding NaCl. This
solution was applied to a phenyl-sepharose (Pharmacia) column
(length: 15 cm, diameter: | cm) equilibrated in buffer C. After
washing with 200 ml of buffer C, a two-step elution of the column
by linear sait gradients in buffers C and D followed: step | from
1.5 M to 400 mm NaCl for 3 hr and step 2 from 400 to 0 mm NaCl
for another 3 hr. Fractions of 1.5 ml were collected and assayed
for PKC activity.

The fractions containing peak PKC activity were precipi-
tated by dialysis against a 4 M ammonium sulfate solution at
room temperature. After 2 hr of dialysis, the precipitate was
centrifuged for 10 min at 10,000 X g and taken up in 1 ml of buffer
E (see Table). The solution was then applied to a 90-ml Superose
12-prep grade FPLC column (Pharmacia), equilibrated in buffer
E. Fractions of 0.9 ml were collected at a flow rate of 0.3 m!/min
and assayed for PKC activity.

The peak PKC activity fractions, corresponding to a purifi-
cation factor of 650 as compared to the primary brain extract,
were pooled and dialysed for I hr in pipette control buffer (see
electrolyte solutions and media) containing 20% glycerol. This
solution, referred to as PKC stock, was stored n 100 u! aliquots
in liquid nitrogen. To determine whether freezing and prolonged
storage affect PKC activity, an aliquot of enzyme was thawed
and assayed after three months. A phosphorylation rate of 27.3
nmol phosphate/(min - mg protein) was assayed, demonstrating
no loss of activity.

AsSAY OF PrROTEIN Kinase C AcTIvVITY

Protein kinase C was routinely assayed by measuring the incor-
poration of ¥P from (gamma *P) ATP into Histone II1-S (Sigma).
The reaction mixture (total volume 30 pl) contained 50 mm Tris/
HCl at pH 7.5, 0.67 mg/ml of Histone 111-S, 5 mm MgCl,, 0.5 mm
CaCl,, 0.067 mg/ml phospholipid (85% phosphatidylserine,
Sigma B1627), 1.3 ug/ml diolein (85% 1,3 isomer, Sigma D8894),
0.4 mm (gamma 2P) ATP (0.25 MBg/mol) and the enzyme prepa-
ration to be assayed. Phospholipid and diolein were sonicated for
30 sec before use. Standard incubation time was 30 min at room
temperature. Fractions were assayed with and without phospho-
lipid/diolein in order to identify protein kinase C. The assay was
performed according to the procedure of Thalhofer et al. (1988).

In order to characterize PKC activity under conditions
comparable to the double whole cell experiments, assays were
performed at 10-7 M free Ca*, with and without diolein and
phospholipid, respectively. The reaction mixture at which maxi-
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mal activity (19.7 nmol phosphate/(min - mg protein}) was mea-
sured contained: 18.6 mM Na', 43.3 mm CI-, 3.3 mm glucose, 10
mM HEPES, 5 mM EGTA, 1.7 mM ATP, 0.03 mM cAMP, 10-7 M
free Ca'. 1 mM free Mg*', 0.6 mg/ml Histone 111-S, 0.067 mg/ml
phospholipid, 1.3 ug/ml diolein, 0.4 mM (gamma *P) ATP. If
diolein or phospholipid was omitted, phosphorylation rates of
3.9 nmol phosphate/(min - mg protein) and 8.9 nmol phosphate/
(min - mg protein) were obtained., respectively. While no diolein
or phospholipid was added. a basal activity of 6.1 nmol phos-
phate/(min - mg protein) was assayed. The residual activity was
probably due to proteolysis during the preparation, which ren-
ders the enzyme into a permanently active conformation (Inoue
et al., 1977).

RECORDING THE JUNCTIONAL CONDUCTANCE

Double whole-cell experiments (Neyton & Trautmann, 1985)
were conducted at room temperature as described previously
(Somogyi & Kolb, 1988¢). After allowing the cells to settle in a
perfusion chamber (volume 200 wl) for 10 min, a cell pair was
selected and the double whole-celi configuration established.
Rectangular voltage pulses of 100 Hz were applied immediately
after sealing in order to check seal and input resistance. Junc-
tional current records were obtained by applying a rectangular
voltage pulse of varying amplitude to one cell, while the other
was held constant, and reversing the order of the pulsed and
steady cell once every minute to exclude one-sided artifacts.

DATA ANALYSIS

Data were recorded and evaluated as described in Somogyi and
Kolb (1988«). Patch-clamp currents were amplified using two
LIST EPC-7 amplifiers and recorded on a RACAL Store 4 DS fin
tape recorder at a cutoff frequency of 2.5 kHz, or 20 kHz for
input resistance test pulses. Current-voltage data were evaluated
by visual inspection of records charted using a GOULD model
2400 four-channel brush recorder, and entered into a Hewlett
Packard 9825 desktop computer for calculation and presentation.

The junctional conductance was calculated by dividing the
respective differences of the junctional current, Af;, and the
junctional potential difference, AV;, before and after a voltage
pulse (Neyton & Trautmann, 1985). To correct AV; by the voit-
age drop across the electrodes, the series resistances of the pi-
pettes R;(i = 1,2) were determined by the amplitude of the slow
component of the exponential current relaxation after a voltage
jump. The junctional voltage corrected by R; approaches the
applied potential differences between the two pipettes while g;
decreases to the single-channel level, minimizing the error of R;
in the determination and AV/.

In order to obtain an estimate of the nonjunctional mem-
brane resistance R,,;(i = 1,2), the voltage jump difference of the
stimulated cell was divided by the difference between the current
sum of the stimulated and unstimulated cell before and after the
voltage jump.

If cell 1 was pulsed and cell 2 held at a constant potential,
the junctional current difference before and after a voltage jump
was taken to be: Al; = AL(l + R:/R,»). For consistency, the sign
of the junctional parameters (V; and I;) shown in I-V plots is
always respective to system 1, i.e., for I; = I, the actually mea-
sured sign is reversed. Experiments with values of r = R/R,,; =
0.1 (i = 1,2) were rejected. r was constantly monitored in each
experiment and included in the calculation of Al;.
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To demonstrate the time dependence of g; from experi-
ments performed under comparable conditions, the means and
standard deviations (sp) of the combined data sets were calcu-
lated in intervals of 4 min. The mean junctional conductance
values were then displayed (denoted by g;) with their respective
standard deviations, of which only the positive SD bar is shown.
The time axis zero always corresponds to the point at which the
double whole-cell seals were formed.

For the evaluation of single-channel properties, records
were chosen in which discrete steps of the junctional current
could be observed in both records. The trace of the cell held
close to the membrane reversal potential was used for analysis,
since it contained less noise.

Amplitude histograms were obtained using the histogram
function of a Hewlett Packard 5420A digital signal analyzer.
Records were filtered at 40 Hz (eight pole Butterworth, Krohn
Hite-Mod. 3342). Sampling frequencies were always set well
above the cutoff frequency (see also Somogyi & Kolb, 19884).

ELECTROLYTE SOLUTIONS

A high KCl buffer containing ATP and db-cAMP, pCa 7 at pH
7.4, was used as the pipette control solution: 145 mmMm K*, 10 mm
Na*, 127 mM Cl-, 0.1 um Cads, (3.3 mm CaZy), 1.0 mM Mgiz, (6.0
mM MgZh), 10 mm glucose, 10 mm HEPES, S mm EGTA, 5 mm
ATP?, 0.1 mM db-cAMP. ATP and db-cAMP were purchased
from Sigma (St. Louis, MO), HEPES from Serva (Heidelberg,
FRG). The Cat, concentration was determined as in Somogyi
and Kolb (1988a). NaCIl-BS was used as the bath medium: 145
mM NaCl, 5 mm KCI, 1 mm CaCl,, 1 mm MgCl,, 10 mm HEPES,
10 mMm EGTA, pH 7.4.

0AG (1-oleoyl-2-acetyl-sn-glycerol, Sigma, St. Louis, MO)
was stored under nitrogen at —20°C as a stock solution of 20 mg/
ml in DMSO (dimethyl sulfoxide). Before application to cells,
OAG/DMSO was diluted in NaCli-BS to a final concentration of
100 or 200 pg/ml OAG (0.5 or 1% DMSO) and sonified for 5 min
under nitrogen. PMB (polymyxin B sulfate, 7700 USP units/mg,
Sigma, St. Louis, MO) was dissolved in NaCl-BS and added to
the OAG-containing bath buffers in the concentration of 240 or
120 wg/ml. For control experiments, or prior to perfusion of
OAG or OAG/PMB solution, the cells were bathed from the start
in NaCl-BS containing 0.5 or 1% DMSO, depending on which
OAG concentration was intended to be used.

In experiments employing purified PKC, the PKC stock
was diluted by a factor of four or eight in pipette control. About
10 wl of this solution was used to fill both pipette tips, the rest of
the pipette volume containing unmodified pipette control. A sim-
ilar dilution of remaining PKC dialysis buffer (not containing
protein) in pipette control was used in control experiments.

Results

EFrrecT OF OAG AND IsoLATED PKC oON
ELECTRICAL COUPLING

Electrical coupling of freshly isolated murine pan-
creatic cells was monitored in the double whole-cell
configuration. In a previous paper (Somogyi &
Kolb, 19884), it had been shown that addition of 0.1
mM db-cAMP and 5 mm ATP to the pipette solution
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Fig. 1. («) Uncoupling induced by l-oleoyl-2-acetyl-sn-glycerol (OAG) and inhibition thereof by polymyxin B (PMB). The time course
of the mean junctional conductance (g; * sp) of four experiments, in which OAG served as an uncoupling agent, is shown by the solid
line., OAG was added to the bath medium 5 min after the beginning of an experiment in the concentrations of 200 ug/ml (7 = 2) and 100
pg/ml (n = 2), corresponding to | and 0.5% dimethy! sulfoxide (DMSO) in the bath, respectively (see Materials and Methods). The
broken line represents two control experiments in which 1% DMSO was included in the bath solution throughout the experiment. In
three experiments using the protein kinase C inhibitor PMB (dotted line), a solution of 200 ug/ml OAG (1% DMSO), supplemented by
240 pg/ml PMB (7 = 2) or 120 pg/mi PMB in an additional experiment, was used to replace the bath medium 5 min after initiation of the
recording. () Uncoupling induced by purified protein kinase C (PKC). The solid line connects the mean junctional conductance data
sets of four experiments in which PKC was added to the pipette medium. In three of these experiments, the PKC stock was diluted by a
factor of eight (2.5% glycerol in bath and pipette), while in one a fourfold dilution was used (5% glycerol in bath and pipette; see
Materials and Methods). The broken line represents the time course of g; of three control experiments. A fourfold dilution of protein-
free, used dialysis buffer was employed as a control pipette solution in two experiments (5% glycerol in bath and pipette), while a 20-

fold dilution was used in another experiment (1% glycerol in bath and pipette; see Materials and Methods).

was sufficient to maintain a stable junctional con-
ductance, which could be recorded for over 60 min.
For the following experiments, a pipette control so-
lution (see Materials and Methods) yielding such
stable electrical coupling was chosen.

After 5 min of recording under control condi-
tions the NaCl-BS bath electrolyte was replaced by
the same solution containing OAG (100-200 pg/ml;
0.5-1% DMSO). Figure la shows the correspond-
ing time course of the mean junctional conductance
(g;) of four different cell pairs. g; decreases by
more than three orders of magnitude within an ex-
posure time of 30 min. To test whether the solvent
DMSO affected junctional coupling, control experi-
ments were performed in which 1% DMSO was
added to the bath. No significant changes of g; were
observed under these conditions (n = 2, broken
line, Fig. 1a).

In order to ascertain whether the effect of OAG
is due to the specific activation of PKC, we investi-
gated the combined action of OAG and polymyxin
B. The latter amphipathic antibiotic has been deter-
mined to be a potent inhibitor of PKC activity being
more than 100 times more specific for the PKC than
for the Ca’*/calmodulin system (Wrenn & Wooten,
1984). The dotted line in Fig. la shows the time
course of g; in three experiments in which a bath
solution containing 200 ug/ml OAG, 1% DMSO and

120 pg/ml (n = 1) or 240 pug/ml (n = 2) PMB was
employed. The figure indicates that PMB in these
concentrations suppresses OAG-induced uncou-
pling.

As an alternative to the stimulation of endoge-
nous PKC by OAG, PKC activity can also be ele-
vated by intracellular introduction of this enzyme.
We have therefore added isolated rat brain PKC to
both pipette solutions to check if this also causes
uncoupling. After enabling PKC to diffuse into both
cells through the broken membrane patches, a pro-
gressive decrease of g; could be observed (Fig. 15).
Since the PKC activity required stabilization by
glycerol, which may cause cell swelling, the cells
were preincubated for at least 15 min in NaCl-BS
containing the same concentration of glycerol as the
pipette PKC solution.

Control experiments were performed to assure
that neither externally nor internally applied glyc-
erol, nor residual components in the PKC buffer
were responsible for uncoupling. Therefore, used
dialysis buffer (not containing protein) was diluted
with pipette control solution, analogously to the
PKC experiments, while the bath solution was mod-
ified by the equivalent concentration of glycerol.
The results show that under control conditions of
up to 5% glycerol no significant effect on g; could
be observed within a time span of at least 45 min.
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Fig. 2. (a—c). Single-channel analysis of the junctional conductance during uncoupling induced by 200 pg/ml OAG. (a) Junctional
current record taken at t = 37 min into the recording. /, depicts the junctional current at alternating V; of —49 and 67 mV (Materials and
Methods). The counter-record, I, was cut along the current axis by 30 pA (see markings). (b) Histograms of the junctional current, [,
marked by time axis brackets in a. Histogram I (V; = —49 mV) shows the discrete channel amplitude of —3.5 pA as the distance
between the maxima. Three current steps are depicted in histogram I/ (V; = 67 mV), the peak distances counted starting at the first
maximum being: AI; = 1.7 pA, AI, = 3.8 pA, Al; = 2.4 pA. A large single current step followed by a smaller one in a is shown in
histogram III (V; = 67 mV), the current maxima differences corresponding to 5.9 and 1.7 pA. (c) I-V plot of observed conductances.
Current voltage values taken between 35 and 40 min from the same experiment as above are shown. The filled symbols correspond to
the values described in a and b. Three different slope conductances could be fitted by linear regression: g, = 31.4 = 1.6 pS, P,(current
zero potential) = —1.0 mV (triangles), g, = 64.4 = 1.7 pS, P, = —0.8 mV (circles), g; = 96.1 £ 3.7 pS, and P, = 1.1 mV (squares). R, =
11.8 MQ, R, = 7.0 mQ, R,,; = 1000 M{}, and R,,, = 3000 MQ

DiSCRETE FLUCTUATIONS OF THE JUNCTIONAL
CONDUCTANCE IN THE PRESENCE OF OAG AND
ELevaTeED PKC

Uncoupling following PKC activation enabled the
analysis of junctional current fluctuations at low
junctional conductances. Figure 2a shows the junc-

tional current at 37 min after the start of one partic-
ular experiment in which 200 pg/mi OAG was em-
ployed. The upper current trace, I;, shows the
response of the steadily clamped cell 1 to potential
changes in the coupled cell 2. The potential of cell 1
was held close to the resting potential at —5 mV, to
minimize the contribution of the nonjunctional
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membrane current. Therefore, I, closely agrees
with the junctional current /;. The current of the
pulsed cell (lower trace) is larger since it contains a
significant nonjunctional membrane current contri-
bution on top of the junctional current at 44 and —72
mV pipette potential.

Within the trace of I, (Fig. 2a), steps of different
amplitudes, which are also reflected in the noisier
record of I,, can be discriminated. In this and other
experiments, current records within which single-
channel opening or closing events could be distin-
guished were digitized for analysis in the time range
of 3 to 5 min before total uncoupling. Due to the
slow fluctuating kinetics and interspersed, extended
closed periods of the channels, roughly 50 opening
or closing events, could be analyzed in each experi-
ment. Therefore, frequency histograms of the sin-
gle-channel conductances were not suitable for
clearly determining the channel-size frequency dis-
tributions or the voltage dependence on the single-
channel level (no voltage dependence could be ob-
served for the macroscopic junctional current).

Three different junctional current amplitudes,
as shown in the amplitude histograms (Fig. 2b) of
the record segments denoted by brackets, I, I and
11l in Fig. 2a, could be identified. The current am-
plitude values are marked by filled symbols in the
corresponding I-V plot, showing a linear current
voltage relationship (Fig. 2¢). Linear regression re-
veals the following conductances: g;; = 31.4 + 1.6
pS(n=11,g,=644 = 1.7pS(n=14), g3 = 96.1
* 3.7 pS (n = 6). The corresponding zero current
potentials are —1.0, —0.8 and 1.1 mV, respectively.

Single-channel conductances could also be
identified in other experiments using OAG. One ex-
periment showed a single-channel conductance of
89.2 = 2.2 and 45.2 = 1.2 pS (Somogyi & Kolb,
1988b). The identified junctional current fluctua-
tions in the other experiments showed a large vari-
ability, ranging from conductances of 20 to 90 pS.
As a general parameter, mean conductances of 64.7
+ 3.6 (n = 26) and 47.2 * 4.4 pS (n = 28) could be
derived in different experiments. Similar observa-
tions were made in the experiments using isolated
PKC to induce uncoupling. In this case, a maximal
conductance of 100.9 = 2.8 pS (n = 10) could be
determined as shown in the records and analysis
presented in Fig. 3. Though variable, lower junc-
tional conductance fluctuations were observed us-
ing this protocol, they could not be clearly corre-
lated to a limited set of discrete conductances.

Discussion

We have shown that stimulation of freshly isolated
pancreatic acinar cells by the diacylglycerol OAG
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causes gap junction channel closure in dialyzed cell
pairs. To suppress spontaneous electrical uncou-
pling of the cells due to an interruption of cellular
metabolism by washout of intermediary metabo-
lites, ATP and cAMP were added to the pipette
solution in all the experiments (Somogyi & Kolb,
19884a). Ca?" was buffered at 107 M, a concentra-
tion at which PKC can be well activated by diacyl-
glycerol in the presence of membrane lipids (Nishi-
zuka, 1984), but which is not high enough to induce
uncoupling independently, as demonstrated by the
control experiments. The ongoing dialysis of the
cells with this high capacity Ca?* buffer (5 mm
EGTA) should assure that no significant variations
of the cytosolic Ca?" concentration occur during the
experiment. Though some loss of PKC from the cell
to the pipette is expected before addition of OAG,
putative translocation of endogenous kinase to the
membrane after stimulation should stabilize PKC
activity at an elevated level.

These results are similar to previous reports
showing that intercellular communication could be
inhibited when PKC was activated by diacylglyc-
erol or phorbol esters either on cell lines (Yotti et
al., 1979; Enomoto et al., 1981; Yancey et al., 1982;
Fitzgerald et al., 1983; Davidson, Baumgarten &
Harley, 1985; Enomoto & Yamasaki, 1985; Yada et
al., 1985) or freshly isolated rat lacrimal glands
(Randriamampita et al., 1988). The rate of the OAG-
PKC mediated uncoupling is similar to those al-
ready reported (Yada et al., 1985; Randriamampita
et al., 1988).

To exclude the possibility that the effect of
OAG is due to an unspecific effect on the mem-
brane, or is mediated by degradation products of
diacylglycerol, we tested the combined action of
OAG and polymyxin B. Polymyxin B, a cyclic poly-
cationic peptide antibiotic, is a highly potent inhibi-
tor of PKC (Wooten & Wrenn, 1984; Wrenn &
Wooten, 1984). Our data show (Fig. la) that the
uncoupling influence of OAG is completely inhib-
ited by addition of 240 ug/ml polymyxin B.

A major finding of this paper is that dialysis of a
cell pair with purified PKC leads to uncoupling,
PKC-induced electrical uncoupling starts within the
same time range as the dialysis fo the cells (3—6 min;
Pusch & Neher, 1988). Since we expect dialysis of
proteins such as PKC (mol wt ~80 kDa) to be
slower than that of smaller molecules (about 50% of
the pipette concentration of protein should be
reached in the cell after 15 min, according to Pusch
and Neher (1988)), only a small percentage of the
pipette PKC concentration may be present in the
cell during the onset of uncoupling, observed 5-10
min after the start of the experiment. Considering
that high concentrations of PKC were employed,
complete exchange was apparently not necessary to
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raise PKC activity sufficiently to initiate uncou-
pling.

A question that may arise is whether the en-
zyme is expected to be active once it has entered
the cell, since no effort has been made to elevate
cellular diacylglycerol levels. Assays (see Materials
and Methods) of this preparation in the presence of
1077 M free Ca’* have shown that, although PKC
activity was maximal in the presence of diacyl-
glycerol (DG) and phosphatidylserine (PS), it only
diminished to 2/3 of maximal activity if DG was
omitted, (in the presence of PS) and was still at a
level of 1/3 of the maximal phosphorylation rate if
both DG and PS were omitted in the test. There-

fore, since PS, but not DG, is expected to be
present in the cell membrane, specific PKC activity
under double whole-cell conditions should lie be-
tween basal and PS stimulated levels.

Another aspect of the described experiments is
the interaction of PKC with the cAMP-associated
pathway. Since cAMP and ATP in the pipette were
necessary to stabilize initial coupling (Somogyi &
Kolb, 1988a), it is conceivable that the effect of
PKC may be counteracted under these conditions.
It has been shown that TPA-induced inhibition of
junctional communication in Balb-¢-3T3 cells could
be eliminated by cAMP, an effect that requires de
novo protein synthesis (Enomoto et al., 1984). Our
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observations show that cAMP does not prevent the
reduction of coupling induced by PKC. This result
should be viewed in light of the fact that the double
whole-cell configuration and the time span of re-
cording should not permit additional protein synthe-
sis.

As a model, we propose that cAMP-dependent
phosphorylation of the junctional protein, directly
or indirectly, is a precondition for it to be conduct-
ing, whereas additional phosphorylation by PKC
leads to channel closure. This proposal would ex-
tend the established view of dual regulatory control
of junctional permeability by upregulatory cAMP
and downregulatory PKC-dependent phosphoryl-
ation (Yada et al., 1985). However, this regulatory
mechanism may not be the same in all cells, e.g. in
horizontal retina cells, cAMP depresses communi-
cation (Teranishi, Negishi & Kato, 1983; Piccolino,
Neyton & Gerschenfeld, 1984; Lasater, 1987). But
other mechanisms of gap junction closure besides
direct PKC-induced phosphorylation of the con-
nexon are conceivable. As an alternative, phosphor-
ylation of other regulatory proteins may exert an
inhibitory influence on coupling. A PKC-induced
stimulation of another kinase such as the src-gene
product, exhibiting tyrosine phosphorylation activ-
ity, is such a possibility (Azarnia et al., 1988).

The observation of single-channel fluctuations
at a reduced junctional conductance allows the esti-
mation of the channel radius from the determined
discrete conductances. A simple, right cylindrical
pore model serves as the basis of the following cal-
culations (Hall, 1975; Hille, 1984). The pore con-
ductance should, in this case, correspond to the in-
verse of the sum of the internal pore and
pore-mouth access resistances. The expression for
the channel conductance is derived as g = (omr?)/(1
+ 0.57r), r being the pore radius, / the pore length
and o representing the solution conductivity inside
the pore. We have measured the conductivity of the
employed pipette control solution to be 1.65 S/m
using a conductometer. This value could approxi-
mate the conductivity in the pore after dialysis of
the cells. For a lower limit of the channel length of
18 nm (Caspar et al., 1977; Makowski et al., 1977,
Zamphigi, Hall & Kreman, 1985), pore diameters of
0.66, 0.94, 1.14 and 1.2 nm have been calculated for
conductances of 30, 60, 90 and 100 pS, respectively,
which were analyzed from single-channel records of
the experiments. These values of the pore diameter
(d) are smaller, although in a comparable range,
than those derived from electron microscopy (d =< 2
nm; Unwin & Zampighi, 1980) and those estimated
from dye transfer studies (d ~ 1.6-2.0 nm;
Schwarzmann et al., 1981). Similar estimates for the
heart gap junction channel size have lead to com-
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paratively larger diameter values for the same con-
ductance (60 pS), since the cytoplasmic resistivities
of ventricular muscle cells, instead of the pipette
electrolyte, i.e., the cell dialysis solution, were used
in the caiculations (Burt & Spray, 1988).

Finally, we would like to discuss the observed
conductance steps in terms of unitary or intermedi-
ate conductances of gap junction channels. Discrete
conductance fluctuations during PKC-mediated un-
coupling have been observed between 20 and 100
pS. In all experiments, a maximal step of 90 to 100
pS could be identified, whereas lower frequently
occurring conductances, e.g. 31, 64 pS, could vary
in value from experiment to experiment. Similar ob-
servations have been made previously during spon-
taneous uncoupling of freshly isolated murine pan-
creatic acinar cells and cultured CHO cells, in
which the analyzed discrete conductances were not
the same in all experiments (Somogyi & Kolb
1988a). Two models could account for these results.
Either the single channels making up a gap junction
are a priori not homogeneous in their conductance,
or PKC-mediated modulation, e.g. by phosphoryi-
ation, causes conformational changes in the chan-
nel, resulting in states of lowered conductance.

The existence of varying connexon subunits of
21 and 27 kD in the exocrine pancreas (Traub et al.,
1988) suggests the existence of pores composed of
different subunits, yielding homomeric or hetero-
meric structures. Such a model could explain the
occurrence of different discrete conductance levels
during uncoupling by the reduction of the open
probability of initially mixed channel populations
through the action of PKC. The evidence available
to us does not support nor disprove the presence of
mixed channel populations in a single gap junction
plaque.

Since single-channel conductance values before
PKC-induced uncoupling are not available, it can-
not be conclusively shown that a PKC-mediated
mechanism is responsible for the appearance of
multiple discrete conductances. If the channel sub-
unit contains a phosphorylation site for PKC, as in
hepatocyte gap junctions (Takeda et al., 1987), it is
conceivable that progressive conformational
changes in the channel could take place as the sub-
units become consecutively phosphorylated. Such a
process may not only affect the open probability,
but also the inner diameter and shape of the individ-
ual pore. But this question remains elusive because
single-channel parameters can only be analyzed
when few channels are active, which may not be
representative of the majority of channels previ-
ously conducting. Neither can a model be excluded
that suggests the a priori presence of junctional
channels with subconductance states, in which all
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open states are more or less equally reduced in their
frequency of occurrence by a PKC-dependent pro-
cess.
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