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S u m m a r y .  This paper reports the inhibitory effects of calmidazo- 
lium (CDZ), a calmodulin inhibitor, on electrical uncoupling by 
CO2. Membrane potential and coupling ratio (V2/VO are mea- 
sured in two neighboring cells of Xenopus embryos (16 to 64 cell 
stage) for periods as long as 5.5 hr. Upon exposure to 100% CO2, 
control cells consistently uncouple even if the CO2 treatments 
are repeated every 15 min for 2.5 hr. CDZ (5 x 10 -8 - 1 x 10 -7 
M) strongly inhibits uncoupling. The inhibition starts after 30, 50 
and  60 min of treatment with 1 x 10 -7, 7 x 10 -8 and 5 x 10 -8 M 
CDZ, respectively, is concentration-dependent and partially re- 
versible. In the absence of CO2, CDZ also improves electrical 
coupling. CDZ has no significant effect on membrane potential 
a n d  nonjunctional membrane resistance. These data suggest that 
calmodulin or a calmodulin-like protein participates in the un- 
coupling mechanism. 

K e y  W o r d s  electrical coupling �9 u n c o u p l i n g  �9 c a l m o d u l i n  - 

cell-to-cell channels �9 gap junctions �9 Xenopus embryos 

Introduction 

A form of direct cell-to-cell communication is be- 
lieved to be mediated by cell-to-cell channels lo- 
cated in gap junctions, the coupling junctions. 
These channels can be closed by a variety of treat- 
ments known to modify the intracellular ionic com- 
position (reviewed in Peracchia, 1980, 1984). A 
large body of evidence indicates that channel occlu- 
sion (cell uncoupling) is induced by divalent cat- 
ions, primarily Ca ++ (Loewenstein, 1981), but re- 
cently intracellular acidification has also been found 
to cause cell uncoupling, suggesting that H + may 
also affect channel permeability (Turin & Warner, 
1977, 1980; Spray, Harris & Bennett, 1981a; Spray, 
Stern, Harris & Bennett, 1982). 

In spite of our knowledge of uncoupling agents, 
little is known about the uncoupling mechanism. 
We have proposed that uncoupling may result from 
a conformational change in the channel proteins in- 
duced by activated calmodulin (Peracchia, Bernar- 
dini & Peracchia, 1981, 1983). This has been formu- 

lated on the basis of morphological and 
electrophysiological data obtained with a calmodu- 
lin inhibitor, trifluoperazine hydrochloride (TFP) 
(Weiss, Fertel, Figlin & Uzonov, 1974). TFP was 
found to prevent the Ca ++ and H+-induced ordering 
of lens gap junction particles, previously shown in 
other tissues to occur associated with electrical cell- 
to-cell uncoupling (Peracchia, 1982a), and to 
strongly inhibit the CO2-induced electrical uncou- 
pling of Xenopus embryonic cells (Peracchia et al., 
1981, 1983). The possible calmodulin involvement 
in gap junction function has also been supported by 
the observation that calmodulin binds specifically to 
the lens and liver gap junction proteins (Welsh et 
al., 1981, 1982; Hertzberg & Gilula, 1981). 

Van Belle (1981) has developed a calmodulin 
inhibitor more powerful and specific than TFP: 
calmidazolium (R 24571). The present study reports 
electrophysiological data demonstrating the inhibi- 
tory effects of calmidazolium on electrical uncou- 
pling of Xenopus embryonic cells, supporting the 
involvement of calmodulin in the regulation of cell 
coupling. A preliminary account of this study has 
been published (Peracchia, 1982b). 

Materials and Methods 

EXPERIMENTAL PREPARATION 

Xenopus laevis embryos were used at thel6-64 cell stage. The 
jelly surrounding the embryos was carefully removed with two 
fine forceps, and the embryos were placed on the bottom of a 
saline-filled plexiglass chamber coated with Sylgard 184 resin. 
The preparations were continuously supeffused at room temper- 
ature (-20~ with saline solutions flowing at a rate of 2 ml/min. 
Both a modified Holtfreter's and a modified amphibian Ringer's 
solution were used. The composition of the Holtfreter's solution 
was (in mM): NaC1, 60; KC1, 0.67; CaC12, 0.9; NaHCO3, 10. That 
of the Ringer's solution was (in raM): NaC1, 111 ; KC1, 1.9; CaC12, 
1.32; NaHCO3, 12. Before use, the saline solutions were bubbled 
with 95% O2, 5% COz, to a final pH of 7.2. 
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Fig. 1. Freeze-fracture replica 
of control Xenopus embryo 
cells at a preblastula stage of 
development. The protoplasmic 
face (P) and the exoplasmic 
face (E) of two neighboring cell 
membranes display randomly 
distributed particles and pits as 
well as three small gap 
junctions. The two junctions 
on the right show particles on 
the P face and a few 
complementary pits on the E 
face, that on the left only 
particles. The disordered 
particle packing and the 
center-to-center particle 
spacing ( -10 nm) are typical of 
vertebrate gap junctions fixed 
in a coupled state (Peracchia, 
1980). Bar = 0.1 /xm 

Calmidazolium-saline solutions were prepared by adding a 
concentrated solution of 1-[bis(p-chlorophenyl)metbyl]-3-[2,4- 
dichloro-/?-(2,4 dichlorobenzyloxy) phenetyl] imidazolium chlo- 
ride, calmidazolium (CDZ) (R 24571, Janssen Pharmaceutica, 
Beerse, Belgium) (Van Belle, 1981) to the saline solutions, to 
reach final CDZ concentrations of 1 x 10 -7, 7 x 10 -8 and 5 x 
10 -8 M. CDZ stock solutions, either in HzO (4.8 x 10 -5 M) or in 
DMSO (5 x 10 3 M), were stored at 4~ not longer than 4 weeks. 

To cause cell-to-cell electrical uncoupling, the peffusing sa- 
line or CDZ saline solutions were bubbled with 100% CO2. CO2 
bubbling lowered the pH of the saline solution to 5.8-5.9. CDZ 
(10 7 M) did not affect the pH of the solutions and the pH 
changes caused by COz. When solutions were changed, the new 
solution reached a constant concentration in the bath in less than 
2 min. This was determined by measuring the fluorescence emis- 
sion of a procion yellow solution sampled in the bath at 30-sec 
intervals. 

ELECTROPHYSIOLOGY 

Microelectrodes, pulled from 1.2 mm (OD) glass capillaries with 
a vertical puller (D. Kopf Instruments, Tujunga, CA), were filled 

with a filtered 3 M KCI and t5 mM K-citrate solution. Two micro- 
electrodes with a final resistance of 5-15 Mf~ were inserted into 
neighboring cells of a Xenopus embryo epi-illuminated with a 
fiber optic illuminator (Fiber-lite 180, Dolan-Jenner, Woburn, 
MA) and viewed with a Wild M4A stereomieroscope at 60x 
magnification. 

One microelectrode, connected to a WPI 701 M micro- 
probe amplifier (W-P Instruments, Inc., New Haven, CT), in- 
jected current and measured membrane potential (E0 and elec- 
trotonic potential (V1) in cell one (CO. The other microelectrode, 
connected to a WPI 725 micro-probe amplifier, measured mem- 
brane potential (E2) and electrotonic potential (V2) in cell two 
(Cz). The bath was grounded via an Ag/AgCI electrode. 

Stimulus pulses were produced by a WPI stimulus isolator 
module (1850-A) coupled with a WPI digital pulse generator sys- 
tem. Voltage pulses were converted to constant current pulses 
by the 701 M amplifier. Hyperpolarizing rectangular current 
pulses (5 nA, 300 msec duration) were injected at 10-sec inter- 
vals. The resulting V~ and V2 were displayed on a storage oscillo- 
scope (5113, Tektronix, Beaverton, OR) and on a pen recorder 
(2200, Gould, Cleveland, OH). Each V~ displayed on the oscillo- 
scope was checked for balance. Bridge unbalance was recog- 
nized as a fast rising step in voltage preceding the slower voltage 
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component associated with the membrane. In case of unbalance, 
the 701 M amplifier was quickly readjusted by eliminating the 
fast rising step in voltage. 

In all the experiments, the two microelectrodes were kept 
in the same two neighboring ceils throughout the experiment. 
The capacity of the cells to uncouple with CO2 was tested several 
times in control salines before superfusing the embryos with 
CDZ-saline solutions as these cells begin to uncouple consis- 
tently with CO2 only from the 16-cell stage on (Turin & Warner, 
1980; G. Bernardini & C. Peracchia, unpublished observation). 

For measuring the effects of CDZ on the membrane resis- 
tance of individual embryonic cells, 16-64 cell embryos were 
dissociated into individual cells by cutting them open, after me- 
chanical removal of the jelly, and shaking them in the Ringer's 
solution of the plexiglass chamber. This method results in the 
dissociation of many healthy cells. For single cell recording, a 
microelectrode was inserted in 50-80 ~m cells. Hyperpolarizing 
current pulses of 100-200 pA were injected and the resulting 
potentials were recorded through the same microelectrode as 
described above. The input resistance was calculated both before 
and during exposure to 100% CO2 in the presence and absence of 
1 x 10 -7 M CDZ. The measurements were performed after CDZ 
treatments 30 to 300 rain long. The input resistance was mea- 
sured in each cell every 50 sec, and both its mean and standard 
error values from several cells were calculated. 

ELECTRON MICROSCOPY 

Xenopus embryos, fixed overnight at room temperature with a 
3% glutaraldehyde solution buffered to pH 7.4 with 0.1 M Na- 
cacodylate, were freeze-fractured with a Balzers BAF 301 
freeze-etch unit (Balzers High Vacuum Corp., Santa Ana, CA), 
as previously described (Peracchia & Peracchia, 1980). The rep- 
licas were viewed and photographed with an AEI EM 801 elec- 
tron microscope. 

Results 

JUNCTION ULTRASTRUCTURE 

Gap junctions and spot desmosomes are the only 
junctions connecting neighboring cells of Xenopus 
embryos at early stages of development. At the 
blastula stage, also tight junctions appear, both as 
maculae and zonulae occludentes. The gap junc- 
tions (Fig. 1) are scarce and tend to be aggregated 
into 5-10 ~m 2 areas. They range from 0.05 to 3 txm 
in diameter, the majority being -0 .1  txm, and dis- 
play structural features typical of vertebrate gap 
junctions (Peracchia, 1980), with particles loosely 
packed at a center-to-center spacing of - 1 0  nm. 

ELECTRICAL COUPLING AND UNCOUPLING 

Xenopus embryo cells from the two-cell stage on 
have a membrane potential of - 3 0  to -60  mV and 
are electrically well coupled. Hyperpolarizing cur- 
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Fig. 2. Effects of 1 x 10 -7 M calmidazolium (CDZ) in Holtfreter 
on CO2-induced electrical uncoupling of two adjacent cells of a 
Xenopus embryo. Time course of the coupling ratie (V2/VI) was 
sampled from a continuous chart recording. The bars represent 
the periods of exposure to 100% CO2 and CDZ. Before CDZ 
treatment a 5-rain exposure to CO2 causes uncoupling, resulting 
in VJV1 as low as 0.025. Uncoupling inhibition starts after ap- 
proximately 30 min of CDZ treatment and proceeds fairly rap- 
idly, such that after 72 min of CDZ treatment a 6-min exposure to 
CO2 does not lower V2/V~ below 0.53. Upon removal of CDZ 
there is a partial recovery of the uncoupling mechanism. Notice 
that CDZ also reversibly increases the coupling ratio (Vz/V~) in 
the absence of CO2 

rent pulses of 5 nA injected into C1 result in V~ of 3- 
5 mV and slightly smaller V2. The coupling coeffi- 
cient (V2/V1) is 0.6-1 in cells superfused with 
Holtfreter's solution (Figs. 2 and 5D) and 0.4-0.6 in 
cells superfused with Ringer's solution (Figs. 3D 
and 6B). Upon superfusion with either saline bub- 
bled with 100% CO2 (Figs. 3A, 5A and 6A), at first 
both cells become slightly hyperpolarized (3-5 mV) 
for approximately 1 min and then depolarize, E~ and 
E2 reaching values of - 5  to - 1 0  mV. V1 increases 
and V2 decreases, causing the coupling coefficient 
(V2/V1) to progressively decrease, starting 1-2 min 
after the beginning of CO2 treatment, down to val- 
ues of 0.01 to 0.05 within 5-7 min of CO2 treatment 
(Figs. 2, 3D, 5D and 6B). Upon return to normal 
saline, El, E2 and V2/V1 rapidly return to control 
values, the recovery process taking 5-10 min (Figs. 
3A, 5A and 6A). 

INHIBITION OF ELECTRICAL UNCOUPLING 

BY CALMIDAZOLIUM (CDZ) 

Superfusing Xenopus embryos with either saline 
containing 5 x 10 .8 to 1 x 10  . 7  M CDZ, for periods 
as long as 4 hr strongly inhibits electrical uncou- 
pling by 100% CO2 without affecting membrane po- 
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Fig. 4. Time course of V~ and V2 amplitudes from the experiment 
shown in Fig. 3. Note the lack of significant changes in V: and V2 
amplitudes (in the intervals between CO2 exposures) during the 
CDZ treatment. This indicates that the CDZ treatment does not 
significantly affect input and transfer resistances 
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Fig. 3. Effects of 7 x 10 -8 M calmidazolium (CDZ) in Ringer on 
CO2-induced electrical uncoupling of two adjacent cells of a 
Xenopus embryo. A and B show low speed chart recordings of 
membrane (E,,/7;2) and electrotonic (V~, 1/2) potentials in cell one 
(CO and two (C2), respectively, during the periods indicated in D 
by the double-headed arrows (left without CDZ and right with 
CDZ). The large arrows mark beginning ( t )  and end (,~) of 
exposures to 100% CO2, and the double-headed arrows labeled 
with Roman numerals refer to the corresponding oscilloscope 
recordings (V1 and 1/2) shown in C. D shows the time course of 
the coupling ratio (V#VO sampled from the continuous chart 
recording shown in part in A and B. The bars represent the 
periods of exposure to 100% CO2 and CDZ. CDZ inhibition of 
CO2 uncoupling starts 50 rain after the beginning of the treatment 
and proceeds fairly linearly at a slower rate than with 1 x 10 .7 M 
CDZ (Fig. 2). After 112 rain of CDZ treatment, Vz/V: does not 
decrease below 0.26 with a 6-rain exposure to CO2 (B, C (V) and 
D), while before CDZ treatment the same cells reach a V2/V~ of 
0.01 with a 5-min exposure to CO~ (A, C(I1), and D). Note the 
partial recovery of the uncoupling mechanism after removal of 
CDZ (D). In C, vertical bar = 10 mV; horizontal bar = 150 msec 

tential and input resistance. The onset as well as the 
rate of uncoupling inhibition are dose-dependent 
(Fig. 7). The inhibition starts after approximately 
30, 50 and 60 min of treatment with 1 x 10 .7 M (Fig. 
2), 7 x 10 -8 M (Fig. 3D) and 5 • 10 -8 M (Fig. 5D) 
CDZ, respectively; approximately at the same time 
the cells stop dividing. The uncoupling inhibition 
progresses fairly linearly, at a dose-dependent rate, 
for at least 1 hr (Fig. 7). In cells exposed to a low 
CDZ concentration, an increase in CDZ concentra- 
tion causes a rapid increase in the rate of uncou- 
pling inhibition (Fig. 5D). 

The greatest uncoupling inhibition is obtained 
with 1 x 10 -7 M CDZ (Fig. 2), but even 5 x 10 -8 M 
CDZ (Fig. 5) is effective. In CDZ-treated cells, 

longer exposures to CO2 (up to 15 min) do not sig- 
nificantly lower the V2/V1 values below those 
reached after the usual 5-6 min of CO2 exposure. 

Throughout the length of a CDZ treatment the 
amplitudes of V~ and I/2, in the absence of COs, do 
not vary significantly and are similar to those of the 
control and recovery periods, indicating the lack of 
a sizable change in input resistance. This is clearly 
seen in Fig. 4, where the potentials (V1 and 1/2) of 
the experiment shown in Fig. 3, are individually 
plotted against time. 

Upon CDZ washout, the cells partially recover 
their ability to uncouple with CO2 (Figs. 2, 3D, 5D 
and 7) even after CDZ treatments longer than 4 hr 
(Fig. 5D), but whether or not a complete recovery 
of the uncoupling mechanism can be achieved, was 
not determined. In many experiments CDZ also im- 
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proved coupling. A sizeable increase in V2/V1 in the 
absence of CO2 (Figs. 2 and 6B) was observed in six 
experiments; in one experiment V2/V1 increased 
only after the CDZ concentration was increased 
from 5 x 10 -8 to 1 x 10 .7 M (Fig. 5); only in one 
experiment was there no change in VJVI with 10 .7 
M CDZ. The increase in V2/V1, in the absence of 
CO2, obviously has to be considered in evaluating 
the effects of CDZ on uncoupling. In Fig. 2, for 
example, since V2/VI in the absence of CO2 is 
greater during CDZ treatment than during the con- 
trol period, the increase in the minimum V2/VI in 
CO2, during CDZ exposure, is less significant in 
terms of improved junctional conductance than one 
would expect if only the V2/V~ minima were consid- 
ered. However,  in spite of this, the CDZ-induced 
uncoupling inhibition is obvious in all the experi- 
ments. For example, in Fig. 5 the starting V2/Vl'S in 
CDZ are similar or smaller than those recorded in 
the absence of CDZ, yet the V2/V~'s drop less with 
CO2 than before the CDZ treatment. In the absence 
of CDZ the cells are able to uncouple repeatedly 
and effectively, with COz, for several hours, even if 
the CO2 treatments are repeated every 15-20 min 
(Figs. 6 and 7). 

CDZ does not significantly affect the nonjunc- 
tional membrane resistance. In individual embry- 
onic cells isolated from 16-64 cell embryos and 
treated with 1 x 10 .7 M C D Z ,  the membrane resis- 
tance, in the absence of CO2, and its increase during 
CO2 exposure are not significantly different from 
those of control cells. This is seen in Fig. 8, which 
plots mean and standard error values of the mem- 
brane resistances calculated from 14 cells treated 
with 1 x 10 .7 M CDZ for periods ranging from 30 to 
300 min (Table) and from 11 control cells. 

Discussion 

This study shows that a specific calmodulin 
blocker, calmidazolium (CDZ) reversibly inhibits 
the CO2-induced cell-to-cell electrical uncoupling of 
Xenopus embryos at the 16-64 cell stage, without 
significantly affecting the membrane potential and 
the input resistance of these cells. CDZ may pre- 
vent the occlusion of the cell-to-cell channels of gap 
junctions, which together with rare desmosomes 
are the only junctions connecting the cells of Xeno- 
pus embryos at this early stage of development. 

The inhibitory effect of CDZ begins after a 
dose-dependent delay. A reason for the delay could 
be the slow diffusion of CDZ across the plasma 
membrane. CDZ, an analogue of sepazonium, is a 
lipophilic compound and thus is expected to enter 
the cells by diffusing through the lipid bilayer. How- 
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Fig. 5. Effects of 5 x 10 8 and 1 x 10 -7 M calmidazolium (CDZ) 
in Holtfreter on CO2-induced electrical uncoupling of two adja- 
cent cells of Xenopus embryo. Labeling is as indicated in Fig. 3. 
The location of the oscilloscope potentials shown in C is indi- 
cated in D (with Roman numerals); that of the I and H potential is 
also indicated in A and B, respectively. With 5 x 10 8 M CDZ the 
inhibition of COz uncoupling starts 60 rain after the beginning of 
the treatment and proceeds fairly linearly at a slow rate (D). 
After 137 rain of treatment with 5 x 10 -8 M C D Z ,  W2/V 1 does not 
decrease below 0.2, with a 5-rain CO2 exposure [B, C(//), and 
D(II)], while without CDZ the same cells reach a V2/V~ of' 0.025 
with a similar COa treatment [A, C(1), and D(1)]. Upon increase 
to 1 x 10 -7 M CDZ (O, arrowhead), the rate of inhibition in- 
creases sharply such that in 55 min V:/V~ decreases with COz 
only to 0.48 [C(VI) and D(V1)]. After CDZ removal, the Jinhibi- 
tion continues for approximately 30 rain, resulting in VJVt with 
CO2 as high as 0.67 [C(VIII) and D(VIII)], then decreases 
sharply such that 67 min after CDZ removal a CO2 exposure 
lowers V2/V1 to 0.36 [C(X) and D(JO]. In C, vertical bar = 10 mV, 
horizontal bar = 100 msec 

ever, its size (tool wt = 688) and positive charge 
may slow the diffusion process and its lipophilicity 
may cause it to distribute evenly among the various 
lipid compartments of the cell, keeping low for 
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Fig. 6. Effects of repeated C O  2 treatments on electrical coupling between Xenopus embryo cells (Ringer). Labeling is as indicated in 
Fig. 3. The location of the oscilloscope potentials I to V shown in C is indicated with Roman numerals in A and B; that of the V1 
potentials is only indicated in B. Note that CO2 treatments repeated for over 2 hr in the absence of CDZ cause similar uncoupling effects 
(B), as Vz/V~ decreases consistently to values of 0.01-0.04. Upon treatment with 1 x 10 -v M CDZ, uncoupling inhibition gradually 
develops (B), as subsequent CO2 exposures are progressively less effective in lowering the coupling ratio (Vz/VO. In C, vertical bar = 10 
mV; horizontal bar = 150 msec 

some time its cytoplasmic concentration. That CDZ 
enters the cells is suggested by the fact that cell 
division stops approximately when the uncoupling 
inhibition starts. Indeed, there is evidence that 
calmodulin is involved in microtubule function dur- 
ing mitosis (Welsh, Dedman, Brinkley & Means, 
1978, 1979) and that CDZ inhibits the Ca++-induced 
microtubule polymerization (Schliwa, Euteneuer, 
Bulinski & Izant, 1981). 

The inhibition of uncoupling is not the result of 
an exhaustion of the uncoupling mechanism be- 
cause in the absence of CDZ the cells are able to 
uncouple repeatedly for several hours, with a simi- 

lar time course, and because the CDZ inhibition is 
dose dependent and is partially reversible. The 
CDZ-induced improvement of electrical coupling, 
in the absence of CO2, indicates that some of the 
intercellular channels may be closed even in control 
conditions. A CDZ inhibition of the occluding 
mechanism would result in an increase in the frac- 
tion of open channels at any given time, thus im- 
prove coupling. Alternatively, CDZ could increase 
the conductance of the open channels or increase 
the total number of available channels. 

The effects of CDZ are not the result of changes 
in the electrical properties of the nonjunctional 
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Fig, 7. Time course of minimum coupling ratios (Vz/V1) mea- 
sured between neighboring Xenopus embryo cells upon expo- 
sures to 100% CO2 in the presence of 1 x 10 -7 M (filled circles), 7 
x 10 -8 M (open circles), 5 X 10 8 M (triangles) CDZ and in the 
absence of CDZ (x's) 
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Fig. 8. Time course of the membrane resistances of individual 
cells (50-80/zm in diameter), isolated from 16-64 cell Xenopus 
embryos, in control conditions (filled circles) and after treatment 
with 1 x 10 -7 M CDZ for periods of 30-300 rain (open circles), 
before and after exposure to 100% COz. The points on the curves 
are means _+ SE values of input resistance calculated from 11 
control cells and 14 CDZ-treated cells. The cells were injected 
with hyperpolarizing current pulses of 100-200 pA 

T a b l e .  

CDZ (10 -7 M) 
exposure time 
(in minutes) 

Input resistance in MI2 (mean --+SE) 

Before CO2 effect After CO2 effect 
(0-100 sec) (100-200 sec) 

30-60 (5 cells) 8.16 -+ 2.04 10.78 -- 3.04 
60-180 (7 cells) 4.9 -+ 0.64 8.84 _+ 2.44 

180-300 (2 cells) 5.25 _+ 0.79 11.3 4- 3.89 

Mean -----SE values of input resistance in individual cells isolated 
from 16-64 cell Xenopus embryos (before and after CO2 expo- 
sure) and treated for different lengths of time with 1 x 10 -7 M 
CDZ, in the presence and absence of 100% COz. Note that even 
CDZ treatments of 3 to 5 hr have little effect on membrane resis- 
tance. 

membrane as significant changes in membrane po- 
tential and input resistance were not detected. 
While a direct measurement of membrane resis- 
tance in the intact embryos could not be performed, 
the lack of significant changes in the membrane re- 
sistance of isolated embryonic cells, both in the 
presence and absence of CO2, after long exposures 
to CDZ clearly indicates that this drug has a mini- 
mal, if any, effect on the nonjunctional membrane 
resistance. This is also supported by the fairly con- 
stant values of input and transfer resistance in the 
cells of intact embryos. Indeed, only a very large, 
two to three orders of magnitude, increase in non- 
junctional membrane resistance could account for 
an increase in Vz/V1, in the presence of 100% CO2, 

from 0.025 (control) to 0.53 (CDZ) (Fig. 2) (Socolar 
& Loewenstein, 1979). 

The uncoupling inhibition is likely to result 
from calmodulin inhibition because the CDZ con- 
centrations effective on uncoupling are similar to 
those that specifically inhibit calmodulin. In fact, 
the I50 (50% inhibition) of various calmodulin-acti- 
vated enzymes is given by CDZ concentrations in 
t h e  10-8-10 -7 M range and these doses do not affect 
various dopaminergic and serotonergic receptors 
(Van Belle, 1981) which are affected by Is0-doses of 
other calmodulin blockers (phenothiazines) (Back- 
more et al., 1981). 

However, the possibility that CDZ inhibits un- 
coupling via a mechanism not involving calmodulin 
cannot be discarded. An apparent uncoupling inhi- 
bition could result from an increase in the paracellu- 
lar resistance (between the blastocoele and the bath). 
Indeed, a reduction in the effects of CO2 would oc- 
cur if CDZ were causing a decrease in tight-junction 
permeability as this would result in a more effective 
current flow from cell to cell through the intercellu- 
lar spaces. However, this is unlikely because in our 
freeze-fracture replicas tight junctions were seen 
only at later stages of embryonic development, the 
only junctions present up to the 64-cell stage being 
gap junctions and spot desmosomes. In any event, 
there is no evidence that CDZ has any effects on 
tight-junction function and/or on paracellular resis- 
tance. 

A calmodulin involvement in coupling regula- 
tion would not be surprising, as a vast literature 
reports the close relationship between an increase 
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in cytoplasmic-free calcium and electrical uncou- 
pling (reviewed in Loewenstein, 1981). However, 
the present study and previous findings on the inhi- 
bition of CO2 uncoupling by trifluoperazine hydro- 
chloride (Peracchia et al., 1981, 1983) raise a num- 
ber of questions. Uncoupling by CO2 is believed to 
be a consequence of cytoplasmic acidification and, 
possibly, to be the result of a direct action of H § on 
the channel proteins (Turin & Warner 1977, 1980; 
Rink, Tsien & Warner, 1980; Spray et al., 198ta). A 
possible interpretation is that the CO2-induced un- 
coupling is also a Ca ++ mediated phenomenon 
(Rose & Rick, 1978). Indeed, recently fine changes 
in the structure of isolated gap junctions have been 
detected by X-ray diffraction with increased [Ca ++ ] 
but not with decreased pH (Unwin & Ennis, 1983). 
However, the relationship between these changes 
and the channel function is still hypothetical. Alter- 
natively, calmodulin could be affected by H +, as it 
is by Ca ++ and other divalent cations. Calmodulin 
crystallizes at pH 6 as well as in Ca +§ media (Kret- 
singer, t980), and each of its Ca ++ sites contains 
several carboxyl groups with a high pKg. Indeed, in 
troponin C, a molecule structurally and functionally 
similar to calmodulin, the carboxyl groups of the 
Ca ++ sites have a pKa of 6.0 and their protonation 
induces conformational and tyrosyl fluorescence 
changes (starting at pH 6.5) similar to those caused 
by Ca ++ (Lehrer & Leavis, 1974). Recently, similar 
data have been obtained with calmodulin (Steiner, 
Lamboy & Sternberg, 1983). This study, using such 
criteria as tyrosine 4~e,n relaxation time, circular di- 
chroism, and viscosity, showed that calmodulin in 
lovered pH mimics in conformation its Ca-activated 
form. However, the independent effect of H + on 
calmodulin activity is yet to be tested. 

The mechanism by which calmodulin activation 
may affect channel permeability is not known. The 
channel protein could be calmodulin receptors and 
undergo conformational changes upon interaction 
with activated calmodulin. Alternatively, calmodu- 
lin could activate an enzymatic machinery, affect- 
ing the channel protein indirectly. In view of the 
well-known calmodulin involvement in both the 
synthesis and the breakdown of cAMP, calmodulin 
inhibition could affect coupling via a change in 
cAMP concentrations. Indeed, an increase in 
cAMP has been shown to improve coupling in vari- 
ous cultured cells (Azarnia, Dahl & Loewenstein, 
1981; Flagg-Newton, Dahl & Loewenstein, 1981; 
Flagg-Newton & Loewenstein, 1981) and in rat 
heart (Estap6-Wainwright & DeMello, 1983), while 
it caused uncoupling in the horizontal cells of the 
retina (Teranishi, Negishi & Kato, 1983) and it ac- 
celerated uncoupling in cat heart (Wojtczak, 1982). 
Calmodulin inhibition could interfere with phospho- 

rylation of the channel protein or associated pro- 
teins, as calmodulin activates a number of kinases. 
Recently, the function of a variety of membrane 
channels has been proposed to be modulated by 
cAMP and phosphorylation (Siegelbaum, Camardo 
& Kandel, 1983; Green & Gillette, 1983; Bean, No- 
wycky & Tsien, 1983). 

Recent data, however, may support a more di- 
rect calmodulin involvement in channel function. In 
lens junctions, calmodulin has been shown to bind 
directly and in a Ca++-independent manner to the 
junction protein (MIP 26) (Welsh et al., 1981, 1982; 
Hertzberg & Gilula, 1981) and similar results have 
been obtained with the liver gap-junction protein, 
but here the binding was Ca ++ dependent (Hertz- 
berg & Gilula, 1981). The intrinsic tryptophan fluo- 
rescence of isolated MIP 26 decreases by 20% in the 
presence of Ca++-activated calmodulin, indicating 
conformational changes in the junction protein 
(Girsch & Peracchia, t982). These data have been 
confirmed in circular dichroism experiments in 
which Ca++-activated calmodulin was found to in- 
crease the helical content of MIP 26 (Girsch & 
Peracchia, 1983a). In addition, preliminary experi- 
ments indicate that the permeability of large chan- 
nels formed by the incorporation of lens gap-junc- 
tion protein (MIP 26) into liposomes is reversibly 
regulated by Ca-calmodulin (Girsch & Peracchia, 
1983b). 

A calmodulin involvement in cell coupling has 
also been suggested in insect epidermis (Lees- 
Miller & Caveney, 1982). In this system calmodulin 
inhibitors induced rather than inhibited uncoupling. 
However, the concentrations at which they induced 
uncoupling were much greater (5-100 times) than 
those known to specifically inhibit calmodulin. 
Moreover, the calmodulin inhibitors consistently 
caused a drastic membrane depolarization in paral- 
lel with uncoupling. In this study, whether or not 
the uncoupling was the result of calmodulin inhibi- 
tion rather than depolarization was not convinc- 
ingly proven. Indeed, recently Obaid, Socolar and 
Rose (1983) have shown that depolarization itself 
can cause uncoupling in another insect epithelium 
(Chironomus salivary gland cells). There are rea- 
sons to believe that pH and voltage sensitivity of 
channel conductance belong to different regulatory 
sites (Spray, Harris & Bennett, 1981b). 

In conclusion, this study shows that CDZ, a 
specific calmodulin blocker, strongly inhibits elec- 
trical uncoupling by 100% C O  2 and improves cou- 
pling in Xenopus embryo cells. These data confirm 
and extend previous findings on the inhibitory ef- 
fects of another calmodulin blocker, trifluoperazine 
hydrochloride, on electrical uncoupling in amphib- 
ian embryos (Peracchia et al., 1981, 1983) and sug- 
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gest that direct cell-to-cell communication may be 
regulated by calmodulin or a calmodulin-like pro- 
tein. 
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