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Gap junctional permeability is affected by cell volume changes and 
modulates volume regulation 
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Isolated pancreatic acinar cell pairs became electrically uncoupled by exposure to a mild hypotonic shock. Reduction of bath osmolarity caused 
a delayed closure of gap junctional channels in the minute range. Dialysis of cell pairs by GTP[S] in the double whole-cell patch-clamp mode short- 
ened the tatency and shifted the hypotoni~lly induced electrical uncoupling to lower osmolarity changes. Cellular treatment with cytochalasin 
B catalyzed electrica uncoupling by a hypotonic shock. In a11 cases, etectrical un~uplin~ could be bfocked completely by the protein kinase C 
(PKC) inhibitor polymyxin B. These results provide the first evidence suggesting that changes of cell volume and gap junctional permeability are 
correlated and that a G-protein dependent mechanism is involved. Evidence is presented that gap juntional coupling modulates volume regulation. 
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1. INTRODUCTION 

Evidence has accumulated for the existence of a func- 
tional relationship between the phosphatidylinositol 
(PI) cycle [1] and cytoskeletal organization where PI 
breakdown causes cytoskeletal changes [2,3]. Here we 
present data which would indicate that an imposed 
change on the cytoskeleton affects the activity of the PI 
cycIe and of PKC. A hypotonic shock, causing eel1 
swelling and thus changing the cytoskeleton, increases 
the activity of the PI cycle. The hypotonically evoked 
decrease of gj can be potentiated by GTP[S]. Recently 
it has been reported that the stability of the 
heterotrimeric G proteins depends on the cytoskeletal 
organization and that they have structures similar to 
cytoskeletal proteins [4,5]. Therefore it is suggested that 
cell swelling affects the coupling of the specific G pro- 
teins to their effector phospholipase C (PLC)[I]. To 
determine swelling we measure the cell diameter [6], 
and as a signal for the PKC activity we foIIow the gap 
junctional conductance (gj) [7,8] measured with the 
double whole cell patch clamp method 191. 

2. MATERIALS AND METHODS 

Acinar cel1 pairs were isolated from the pancreas of 2-3 month-old 
male NMRI mouse by enzymatic dissociation [lo]. The double whole 
ceI1 patch clamp technique [PJ was used to measure the gap junctional 
conductance of these exocrine gland ceIIs 11 I,G!]. Patch cIamp dam 
were evaluated as described previously [IO]. The pipette control solu- 
tion contained (in mM): 135 K+, IO Na+, 119 CI-, 0.0001 Ca2+ 
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(pCa7: 3.3 Ca’+tot; pCa6: 4.9 Ca’+tot), 1.0 Mg2’ (6.0 Mg*+tot), 
5.0 ATP’- , 0.1 db-CAMP _, IO glucose, IO HEPES, 5.0 EGTA, pH 
7.4. Including CAMP and ATP in pipette controI was sufficient in 
achieving stable coupling [IOj. Composition of the isotonic (310 
mOsm) bath medium, NaCI-BS (in mM): 145 NaCI, 5 KCI, 1 CaCIz, 
1 MgCIz, IO gfucose, IO HEPES, pH adjusted to 7.4 with NaOH. 
Reduction of NaCI to 135 mM yielded 294.5 mOsm and to 120 mM, 
279 mOsm as indicated. AI1 experiments were carried out at room 
temperature (22-25°C). 

3. RESULTS AND DISCUSSION 

A sudden reduction of the bath osmolarity (n) by 
lOolo (An = 310-279 mOsm = 31 mOsm) induced a 
decrease of the gap junctional conductance (gj) of pan- 
creatic acinar cell pairs (Fig. 1). The latency for the 
decrease of gj was 13.5 +: 1.1 min (n=4). With a 
smaller hypotonic shock of Aa = 15.5 mOsm a signifi- 
cant change of gj could not be observed (n = 5) during 
the typical recording time of about 40 min. Addition of 
GTP[S] to the pipette solution shortened the latency of 
electrical uncoupling (Fig. 2). In the presence of IO PM 
GTP[S] the latency was 9.6 f 0.7 min (n = 3) and at 100 
p&I GTP[SJ 3.2 +- 1.1 min (n = 3) after reduction of the 
bath osmolarity by 31 mOsm. Supplementation of the 
pipette control solution with 100 FM GTP[S] caused a 
significant decrease of gj, also after a smaller hypotonic 
shock of Ahn = 15 mOsm which in the absence of GTP[SJ 
did not affect gj (compare the corresponding curves of 
Figs 1 and 2). These findings indicate a dose-dependent 
mechanism for the action of GTP[S] on the 
hypotonically evoked change of gj. 

Previously it had been shown that stimulation of this 
exocrine cell type by a cholinergic secretagogue (car- 
bamoylchoIine - CCh) reduced gj, a reduction which 
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Fig. 1. Effect of reduction of bath osmolarity on gap junctional con- 
ductance gj (a), and on the simultaneously measured relative change 
(tilde) of cell diameter (b). (a) At t=O the bath osmolarity was 
reduced either by 5% to 294 mUsm (filled circtes) or by 10% to 279 
m&m (filled triangles). Open squares denote a control experiment 
with isotonic bath (310 m&m). For clearer presentation gj was nor- 
malized to the maximal value of gj @Ima*) of the corresponding experi- 
ment. (b) Ad/& was determined for isolated single cells (fllled circles) 
and for single cells within coupled cell pairs (filled triangles), respec- 
tively. At r = 0 the bath osmolarity was reduced by 10%. Open circles 
and open triangles show the corresponding msufts For the same seiec- 
tion of single cel& but after pr~n~bati~n of the cell suspension in an 
isotonic bath containing 20 $4 c~b~oylcholine (CCh) for 15 min. 
Electrical uncoupling by CCh [S] accelerates the volume regulation of 

cells within cell pairs (compare open and filled triangles). 

could be potentiated by GTP[S] in a dose~d~~~dent 
manner [8] I No effect on gj was observed in the absence 
of CCh for concentrations of GTP[S] up to 500 FM. 
Evidence had also been presented that the CCh-induced 
and GTP[S]-potentiated electrical uncoupling is 
mediated by PKC ]7,8,13]. It is known that 
secretagogues cause a transient rise of PKC and [Ca’ ’ ]i 
by activating the ‘dual pathway’ receptor -+ G-protein 
--+ phospholipase C (PLC) -+ IP3 and DAG, the former 
releasing Ca2 + from intracellular stores and the latter 
activating PKC [14-161, We propose here that 
hypotonic shock also modulates this dual pathway. 
Therefore we examined whether G-protein dependent 
stirm.$ation of PI-breakdown, leading to an increase of 
PKC activity, is responsible for electrical uncoupling. 
We probed this hypothesis with the specific PKC in- 
hibitor polymyxin B (PMB), a polycationic peptide an- 

Fig. 2. Potentiation of osmoticahy-induced decrease of gap junctiona 
conductance gI by GTP[S]. Filled triangles: Addition of IO0 pM 
GTP[S] to pipette control solution; reduction of bath osmolarity by 
5% at I = 0 (compare to filled circles of Fig. la). Filled circles (filled 
squares): Addition of 10 FM (1OQ sM) GTP]S] to pipette control sotu- 
tion; reduction of bath osmoIarity by 10% at t = 0. Open squares: Ad- 
dition of 100 $4 CTP[S] to pipette control solution; isotonic bath 

(310 mOsm) throughout the recording. 

tibiotic 1171, which competitively inhibits PKC with 
respect to phosphatidy~serine~ without affecting cyclic 
AMP or cyclic GMP-dependent protein kinases f 18). In 
pancreatic acinar ceils, PMB has been shown to 
eliminate PKC-dependent substrate protein 
phosphorylation [ 191. Recently, we have demonstrated 
that PM3 suppresses ~-oleoy~-2-acety~-~~-g~ycero~ 
(GAG) - as well as CCh~GTPrS]-induced uncoupling 
[7]. Fig. 3 shows that addition of 10 FM PMB to the 
pipette solution completely suppressed GTP[S]- 
potentiated uncoupling by hypotonic shock. These fin- 
dings support the hypothesis that activation of PKC 
might be involved in the hypotonic~ly evoked uncou- 
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Fig. 3. Effects of polymyxin B (PMB) or cytochalasin B on 
osmotically-induced decrease of gap junctional coupling gj, At t = 0 
the bath osmolarity was reduced by 10%. Open squares: 10 pM 
GTP[S] and 10 $4 (PMB) were included in pipette control. PMB sup- 
pressed the GTPlS] potentiated decrease of electrical un~~pii~. FiII- 
ed triangles: Preincubation of an acinar cell pair in a control bath 
solution containing 5 pM cytochalasin B for 15 min; pipette control 
was used as filling solution. For comparison the filled circIes present 
an experiment where pipette control was used as filling solution 

without additives to the bath. 

7 



Volume 276, number 1,2 FEBS LETTERS December 1990 

pling. Enhanced PI-breakdown has indeed been observ- 
ed during and after cell exposure to a hypotonic shock 
[201. 

A second candidate for the mediator of gap junc- 
tional uncoupling is an increase of [Ca’+]i, since in 
many cases cell swelling by a hypotonic shock is linked 
t0 a Cai2+ increase [21,22]. In the foregoing ex- 
periments [Ca2 + ]i in the pipette solutian was buffered 
to 10- 7 M with 3.3 mM CaCfz and 5 mM ECTA. By use 
of a nominally Ca-free pipette control solution, con- 
taining 5 mM EGTA ([Ca*+]i r lo-‘M), the 
hypotonically induced electrical uncoupling could be 
completely suppressed even for cells dialyzed with solu- 
tions containing 100 FM GTP[S]. In the latter case an 
increase of [Ca2’]i has been reported [23], fn our ex- 
periments GTP@] induced variations of [Cat + ]i should 
have been suppressed by the presence of 5 mM EGTA, 
Ca2 + i thus is essential for uncoupling, but this require- 
ment is met by the presence of resting levels of [Ca’+]i. 
This inhibition of GTP[S]-enhanced uncouphng by 
[Ca*‘]i 5 IO-’ M is in accordance with the observa- 
tion that fCa”‘]i leveis below 10e7 M inhibit the 
stimulation of PLC activity by GTP[S] [24]. In addi- 
tion, PKC requires Ca2+ for its activation, in- 
dependently of other modulators [25,26], When we buf- 
fered jCa2t]; to 10m6 M, uncoupling was not ac- 
celerated compared to those experiments with IO-’ M 
Ca2 + I. This Ca2 + i concentration also had no effect on 

gj in the absence of a hypotonic shock within an obser- 
vation time of 40 min. 

Finally, the question arises as to the nature of the 
signal transduction sequence leading to gap junctiona 
channel closure after a h~otonic shock. To gain insight 
into the link cytoskeleton-PI cycle, we investigated the 
role of the microfilament structure of pancreatic acinar 
cell pairs by addition of 5 FM cytochalasin B (CB) to the 
isotonic bath. Cytochalasins are fungal metabolites that 
inhibit actin polymerization yielding to disruption of 
the actin network within 2-3 min f27], Within a prein- 
cubation period of 15 min, no significant change of & 
and of cell diameter was observed. Thereafter, 
hypotonically induced electrical uncoupling became ac- 
celerated (Fig. 3). This catalytic action of CB suggests 
an involvement of microfilaments. interestingly, two 
actin-binding proteins, gelsolin and profifin, found in 
brain, specifically interact with phosphatidylinositol 
4,Sbisphosphate (PIP& CB affects this interaction 
[2,3]. With this in mind we propose the following signal 
transduction sequence: A hypotonic shock may affect 
the cytoskeletal organization, which is responsible for 
the stability of the heterotr~meric G-protein f4], such 
that Gor_o~p is liberated and can increasingly activate its 
effector PLC. The ‘receptor’ of hypotonically induced 
uncoupling would then be the network of the 
cytoskeleton and not of any specific receptor molecule. 
Consequently, hydrolysis of PfPz by PLC would in- 
crease PKC activity, which finally would lead to gap 
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junctional channel closure. It is tempting to suggest that 
CB increases the substrate (PIP2) availabihty [2,3f, 
making it susceptible to hydrolysis and thereby catalyz- 
ing the PKC mediated junctional uncoupling. 

To elucidate the possible physiological role of cell 
coupling for volume regulation, cell coupling and cell 
diameter were measured simultaneously (Fig. 1). After 
hypotonic shock the volume regulation of an isolated 
single ceil occurs more rapidly than that of a cell within 
a cell pair. But after electrical uncoupIin~ of a celf pair 
by CCh [8] a cell pair behaves like single isolated cells 
(see Fig. lb). Therefore we suggest that gap junctional 
channel closure after e.g. a hypotonic shock, could 
facilitate the cell volume regulation of an individual cell 
within the celf syncytium. 
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