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Retinoic Acid Modulates Gap Junctional Permeability: A Comparative 
Study of Dye Spreading and Ionic Coupling in Cultured Cells 
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All-trone retinoic acid (RA), which was recently iden- 
titled as a morphogen, affects gap junctional permeahil- 
ity in a dose- and time-dependent manner. In five dif- 
ferent established mammalian cell lines (FL, BRL, 
BICR/Ml&, HEL37, BTBCl) 100 Ccmol/liter RA re- 
duced Lucifer yellow spreading within 30 min to 20- 
60% of the control. Ionic coupling, however, remained 
almost unaffected under the same conditions. Freeze- 
fractured membranes of untreated and RA-treated cells 
were similar with regard to frequency and sizes of gap 
junction plaques. With concentrations of less than 10 
Hmol/liter RA the dye spreading increased significantly 
in the human amniotic cell line FL, pointing to a possi- 
ble modulatory effect of RA on junctional communica- 
tion. 0 1991 Academic Press, Inc. 

In our comparative study we demonstrate with sev- 
eral cell lines time-dependent effects of RA on gap junc- 
tional permeability with doses which may cause a differ- 
entiation. As measured with Lucifer yellow CH, large 
molecules were retained with a much higher efficacy 
than ionic current when the cells were treated with 100 
pmol/liter RA. Under these medium-conditions, the in- 
put resistance was considerably increased. Investiga- 
tions with the electron microscope, however, showed no 
RA induced alterations of gap junction plaques. At con- 
centrations < 10 pmol/liter RA both current and dye 
coupling was increased in FL cells. Preliminary reports 
of our results have been published as abstracts [20,21]. 

MATERIALS AND METHODS 

INTRODUCTION 

Intercellular communication can be mediated by 
membrane proteins which form junctional complexes 
between cells: the gap junctions. They are widely distrib- 
uted in animal tissues [l] and regulate the intercellular 
exchange of small molecules up to A4, = 900 [2]. Gap 
junctions in excitable tissues-including heart [3], 
smooth muscles [4], and neurons [Q-provide a path 
for electrical signaling which is essential for coordinated 
functions. In nonexcitable tissues, e.g., liver or embry- 
onic cells, gap junctions allow the exchange of metabo- 
lites and of molecules with regulatory functions [ 1,6-81. 

Cell culture. Only established cell lines were used for this investi- 
gation: BICR/MIRk, fibroblastoid cells derived from a rat mammary 
tumor [22]; BT5C1, rat glioma cells [23]; BRL, epitheloid rat liver 
cells [24]; FL, epithelial cells derived from human amniotic mem- 
brane (251; HEL37, mouse epidermal cells [26]. 

Retinoids, the natural or synthetic derivatives of vita- 
min A, were described to influence the gap junctional 
permeability, both inhibiting [9-141 and stimulating 
[13] the dye spreading in different cell cultures. Since 
Wolbach and Howe [15] described the cellular effects of 
vitamin A deficiency in rat, various effects on biological 
systems caused by retinoids were detected [16,17]. Re- 
cently, all-truns retinoic acid (RA) was identified as a 
morphogenic substance in the developing chick limb 
bud [18] and in cultured cells [19]. 

All cell lines were cultivated in Dulbecco’s modified Eagle’s me- 
dium (Biochrom KG, Berlin, FRG) supplemented with 3.7 g/liter 
NaHCO,, 100 mg/liter streptomycin sulfate, 150 mg/liter penicillin 
G, and 10% calf serum at pH 7.4 and 37°C in a humidified incubator 
with 6% CO,/air mixture. Cells were passaged in tissue culture flasks 
(Nunc, Roskilde, Denmark) by treatment with 0.25% trypsin in phos- 
phate-buffered solution (PBS) without calcium and magnesium. For 
the experiments cells were cultured in plastic petri dishes (Falcon 
3002 F, Becton-Dickinson, Mountainview, USA) and used as con- 
fluent monolayers or at low density (cell pair measurements). Reti- 
noic acid (RA, Type XX, all-trans; Sigma, St. Louis, MO) was added 
at different concentrations in dimethyl sulfoxide (DMSO; Serva, Hei- 
delberg, FRG). The concentration of DMSO in the medium did not 
exceed 1%. Additional control experiments without RA were per- 
formed with solutions containing 1% DMSO. 

Intercellular communication measured by dye transfer. Glass mi- 
cropipettes were pulled from capillary glass (Hilgenberg Glas, Mals- 
feld, FRG) with a vertical pipette puller (700 C, David Kopf Instru- 
ments, Tujunga, USA), and backfilled with 4% (w/v) solution of Lu- 
cifer yellow CH (Sigma) in 1 mol/liter LiCl. The dye was 
iontophoretically injected into individual cells for 5-10 s with a nega- 
tive current of about 20 nA supplied by the iontophoresis unit of a 
microelectrode amplifier (L/M-l, modification 500 M9, List-elec- 
tronic, Darmstadt, FRG). All electrophysiological measurements 
were performed under phase contrast microscopes and the microelec- 
trodes were operated by micromanipulators with electrical drives 
(DC3 + STM3, Gebr. Marzhiiuser, Wetzlar, FRG). 

i To whom correspondence and reprint requests should be ad- The incidence of permeable junctions was scored under epifluores- 
dressed. cence illumination (Filter sets 05 or 09, Zeiss, Oberkochen, FRG) in 
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first-order neighbors of the injected cell 2 min after stopping the ion- 
tophoresis of the dye [27]. A normalized coupling ratio is given by CR, 
= (Nl,/Nl) X 100 where Nls is the number of dye coupled and Nl the 
total number of first order neighbors. Photographs were taken on 
Ilford HP5 films. 

InterceUular communication measured by ionic coupling. In addi- 
tion to the microelectrode (El) filled with Lucifer yellow CH a second 
electrode (E2) backiilled with 3 mol/liter KC1 was used which was 
connected to another L/M 1 microelectrode amplifier. Both microelec- 
trodes were inserted into adjacent cells, the dye was injected with El 
as described above and, in addition, square pulses of 3 nA were ap- 
plied. The resulting pulses were traced with E2 in adjacent cells to- 
gether with their membrane potentials. Corresponding to the cou- 
pling ratio measured with Lucifer yellow (CRa) the extent of ionic 
coupling can be quantified in the same way by counting both the 
number Nl, of ionically coupled and the total number Nl of first 
order neighbors: CR,, = (Nl,,/Nl) X 100. Ionic coupling between cell 
pairs was determined with two intracellularly inserted electrodes as 
described by Dertinger and Hiilser [28] and their coupling ratio V,/V, 
is given according to Loewenstein and Kanno [29]. 

Values are presented as means + standard error. Significance was 
tested using the Mann-Whitney U test [30, 311 and the confidence 
level (P value) refers to the corresponding controls. 

Electron microscopy. Monolayers were washed twice in PBS, fixed 
with 2.5% glutaraldehyde in PBS for 30 min at room temperature, 
and glycerinated for cryoprotection. Before freeze fracturing in a 
Balzers BAF 301 instrument at -15O”C, the cells were frozen rapidly 
by propane dip. Fractured cells were replicated by platinum-carbon- 
and carbon-evaporation. Replicas were cleaned for up to 18 h in so- 
dium hypochlorite and washed 5X in distilled water. Electron micro- 
graphs were taken with a Zeiss EM 10 electron microscope. 

RESULTS 

Dye Coupling 
When microinjected into a coupling competent cell, 

the fluorescent dye Lucifer yellow CH spreads intercel- 
lularly into contiguous cells as is demonstrated for BRL 
cells in Fig. 1. Addition of 100 pmol/liter RA reduces the 
number of dye-coupled cells within 30 min considerably 
and to a higher degree after 24 h. The original dye cou- 
pling is resumed within 30 min after washing RA off the 
cells. The quantitative data of this uncoupling effect are 
given in Table 1 for five different cell lines. 

Ionic Coupling 

Although the dye transfer in all five cell lines was 
significantly reduced (P < 0.01) after addition of 100 
pmol/liter RA, the spreading of ionic current was less 
affected in the three cell lines where the electrical cou- 
pling was tested. Table 1 summarizes these results 
which were obtained 30 min after adding 100 pmol/liter 
RA to FL, BRL, and BICR/MlR, monolayer cultures. 
Even after 24 h incubation with the same amount of RA 
the electrical coupling was not reduced as drastically as 
the dye coupling. As can be seen from Table 1 the dye 
spreading in FL cells decreased with incubation time. 
We, therefore, investigated the time course of the effect 
of RA on junctional communication with FL cells grown 
as monolayers. After different incubation periods both 

dye and current spreading were measured. Dye spread- 
ing reached its minimum of CR, - 10% after a 2-h treat- 
ment and remained at this level. Current spreading was 
only slightly affected by this concentration of RA. It 
decreased to constant values CR, of about 90% with a 
minimum of about 70% after 1 h (Fig. 2). 

The intercellular communication in FL and BRL cells 
was also measured at isolated cell pairs where any effect 
will be detected with a higher sensitivity than in mono- 
layer culture. The ionic coupling between pairs of FL 
and BRL cells, respectively, was reduced only slightly 
after addition of 100 pmol/liter RA as can be seen from 
Table 2. 

Reestablishing Dye Transfer 
The recovery from RA-mediated inhibition was very 

fast: dye spreading, as in the controls, resumed within 
30 min after removal of RA when the cells had been 
incubated with 100 rmol/liter RA for 30 min. In BRL 
cells, even after 24 h incubation, the dye transfer re- 
gained 66% of its control values within 30 min after 
washing (Table 1, see also Figs. lg and lh). One hour 
after removal of RA the dye transfer in FL cells was 
almost 20% higher than the control value (Table 1). 
Therefore, the effect of lower concentrations of RA on 
dye transfer was tested with FL cells. The data obtained 
after treating FL monolayer cells for 1 h with 10 pmol/ 
liter to 0.01 pmol/liter RA are shown in Fig. 3. Under 
these low concentrations significantly higher dye 
spreading (P < 0.01 for 10 pmollliter to 0.01 flmollliter 
RA) and slightly increased ionic coupling (P < 0.10 for 1 
and 0.1 pmol/liter RA; P 6 0.20 for 0.01 pmol/liter RA) 
were observed. 

Electron Microscopic Observations 

The intercellular passage of dye molecules is enabled 
by gap junctions which have been found electron micro- 
scopically in all five cell lines. BICR/MlR, cells were 
characterized by large, FL cells by small and the other 
three cell lines by intermediate sizes of gap junction 
plaques. When the cells were treated with 100 pmol/ 
liter RA for 30 min no qualitative differences in plaque 
sizes and distribution of the particles were seen; we, 
therefore, did not perform a quantitative analysis of gap 
junction plaques. 

DISCUSSION 

An induced inhibition of gap junctional communica- 
tion by RA as determined with Lucifer yellow was first 
reported for epithelial rat liver cells (BRL) where the 
dye spreading disappeared within 2 min after 100 pmol/ 
liter RA was added [8, 91. Similar results were found 
with mouse embryo limb mesenchymal cells which 
reacted upon 3.3 pmol/liter RA by a loss of dye coupling 
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FIG. 1. The effect of 100 pmolkter RA on junctional transfer of Lucifer yellow between BRL cells in a confluent monolayer. The phase 
contrast and corresponding fluorescence pictures show dye transfer in control cultures (a, b) and inhibition of dye transfer 30 min (c, d) and 24 
h (e, f) after the addition of RA. The inhibitory effect of a 30-min incubation was reversed 30 min after removal of RA (g, h). Bar: 50 pm. 

within 1 h [ 141. Lucifer yellow has a molecular weight of abolic cooperation is demonstrated with an exchange of 
M, = 457 and is, therefore, used as an indicator of inter- radioactive-labeled nucleotides [32]. Using this method, 
cellular transfer of metabolites. Direct evidence for met- Pitts et al. [8] also found a reduced junctional communi- 
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TABLE 1 
Dye-Coupling (CR& and Ionic-Coupling (CR,,) in Monolayers of Different Cell Lines 

Cell line Incubation time CR, n P CR, n. P 

FL 

BRL 

BICR/MlR, 

HEL 37 

BT5Cl 

0.5 h control 
0.5 h RA 
24 h control 
24hRA 
(4 
(b) 
0.5 h control 
0.5 h RA 
24 h control 
24hRA 
(a) 
0.5 h control 
0.5 h RA 
Cc) 
0.5 h control 
0.5 h RA 
Cc) 
0.5 h control 
0.5 h RA 
(c) 

62.07 + 4.01 45 92.30 k 2.50 16 
30.35 + 6.31 65 0.01 87.40 + 2.50 11 0.05 
63.40 + 3.10 20 95.00 2 2.40 20 

9.70 + 2.70 29 0.01 84.30 + 3.30 29 0.01 
45.60 f 6.00 32 nsl. 
74.60 + 5.10 15 n.d. 
93.09 + 2.24 62 99.30 f 0.60 35 
31.49 f 4.66 80 0.01 83.40 + 6.20 41 0.01 
97.85 + 1.17 21 98.90 + 1.50 10 
37.46 + 4.52 50 0.01 61.60 k 8.00 15 0.01 
66.60 + 4.90 17 n.d. 
99.21 + 0.79 14 100.00 f 0.00 15 
42.19 f 7.09 17 0.01 100.00 f 0.00 18 n.s. 
98.30 f 1.70 10 n.d. 
83.78 k 3.57 9 n.d. 
12.09 f 3.82 11 0.01 n.d. 
73.33 f 6.67 3 n.d. 
83.00 f 5.16 11 n.d. 
20.00 * 4.14 4 0.01 n.d. 
73.00 f 13.00 10 n.d. 

Note. Decrease of coupling after incubation with 100 pmollliter RA for 30 min and 24 h. Reestablishing of coupling (a) 30 minor (b) 1 h after 
washing off RA with medium from cultures which had been incubated for 24 h with R& (c) 30 min after washing off RA with PBS from cultures 
which had been incubated for 0.5 h. CRs, percentage of first-order fluorescent neighbors (mean f standard error of the mean); Cb, percent- 
age of first-order neighbors coupled by ionic current (mean + standard error of the mean); n, number of injected cells, pooled from l-10 dishes; 
n.d., not determined, P, statistical confidence level (Mann-Whitney U test) of difference between control and RA-treated dishes; n.s., not 
significant (P > 0.20). 

cation to an undetectable level after adding 100 pmol/ 
liter RA to BRL and V79 (Chinese hamster lung fibro- 
blasts) cell cultures. They interpreted their results as an 
inhibitory effect by the closure of junctional channels. 
With the same technique, Wilder and Liitzelschwab 
[ 111 found only a reduction of metabolic cooperation in 
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FIG. 2. Dye and current transfer in FL monolayer cells after 
incubation with 100 rmol/liter RA for different times (0, mean of 
CR,,; n , mean of CRs; bars: standard error of the mean). 

rat liver cells (RLB) at 100 pmol/liter RA, an effect 
which the authors discussed as a persistence of a consid- 
erable portion of gap junctions in the open state. 

For Lucifer yellow even an undetectable transfer of 
dye does not indicate a total closure of gap junction 
channels as we have demonstrated for different cell 
lines after incubation in 100 pmol/liter RA by simulta- 
neous measurements of dye spreading and ionic cou- 
pling. Such a discriminating intercellular communica- 
tion has been observed during embryonic development, 

TABLE 2 
Measurements of Ionic Coupling between Cell Pairs after 

Incubation with RA (100 pmol/liter) for 30 min 

Cell line Incubation Coupling ratio V, /V, n P 

FL control 0.67 f 0.037 37 
DMSO 0.69 f 0.053 21 
RA 0.57 1- 0.045 35 olbs; 

BRL control 0.61 zk 0.047 24 
DMSO 0.58 f 0.054 17 n.s. 
RA 0.53 + 0.056 12 0.10 

Note. V,N,, coupling ratio, mean f standard error of the mean; n, 
number of measurements, pooled from 2-10 dishes; P, statistical con- 
fidence level (Mann-Whitney U test) of difference between control 
and RA-treated dishes; n.s., not significant (P > 0.20). 
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im 1 

FIG. 3. Dye and current transfer in FL monolayer cells after 
incubation with different concentrations of RA for 1 h (W, coupling 
ratio of dye coupled cells; lB, coupling ratio of ionically coupled cells; 
bars: standard error of the mean). (A, P < 0.01; 0, P < 0.10; 0, P 
a 0.20, 0, n.8.). 

where the incidence for the transfer of molecules 
through gap junctions varies considerably between em- 
bryos of different species even when they are electrically 
coupled [33, 341. Whether RA regulates the junctional 
coupling in these cases is unclear, even when it has been 
demonstrated that RA acts as a natural morphogenic 
signal in the developing chick limb bud [18]. Interest- 
ingly, low doses of RA in the nanomolar range can be 
sufficient for an induction of cellular differentiation [ 19, 
351 and have been found to influence the intercellular 
dye spreading in normal and transformed cells in cul- 
ture [13]. 

Our experiments confirm the stimulation of dye 
spreading for low doses of RA. In vitro, stimulation of 
intercellular communication can only be demonstrated 
with a cell line which normally does not exhibit a cou- 
pling ratio CR, of 100%. The human amniotic cell line 
FL is electrically coupled to CR,] -92% whereas the dye 
coupling CR, -62% (see Table 1). When these cells had 
been exposed to 100 pmol/liter RA for 24 h they re- 
gained their original coupling ratio (CRJ within less 
than 1 h after washing off the morphogen. The coupling 
ratio (CR,) even exceeded the control level (see Table 
l), which we interpreted as an incomplete washing and, 
therefore, tested the influence of lower doses (Fig. 3). 
Every dose smaller than 10 pmol/liter RA significantly 
(P d 0.01) increased the dye coupling ratio (CI&J to 
about 90% and the electrical coupling ratio (CR,,) 
reached almost 100% (P < 0.10; P < 0.20). 

Stillweil et al. [36] showed a decrease of the electrical 
resistance of RA-containing artifical lipid bilayers, an 
effect which should be mediated by intercalation of RA 
into the lipid bilayer. Applied to living cells, RA may 
cause steric irregularities in the cell membrane and thus 

induce a partial closure of membrane channels. Our pre- 
liminary data indicate that not only gap junction chan- 
nels but also other membrane channels are affected. 
The input resistance of FL cell pairs increased from - 1 
GQ to -2 GQ when the cells were incubated with 100 
pmol/liter RA. As can be seen from Fig. 2 the same con- 
centration of RA reduced the junctional permeability in 
a graded process, an effect which can also be interpreted 
by steric irregularities. Furthermore, it explains why the 
input resistance of a plasma membrane is increased 
without noticeable changes of the gap junction plaque 
sizes: the freeze fracture technique cannot distinguish 
between open and closed gap junction channels. 
Whether a specific interaction of RA with cellular re- 
ceptors [37, 381 may be responsible for the observed 
stimulation of gap junctional permeability when lower 
doses of RA were applied remains unresolved. Prelimi- 
nary results [39] indicate that at the single channel level 
the conductance of gap junction channels in human hep- 
atoma cells (PLC) remains unaffected under 10 pmol/ 
liter RA. Stimulation and reduction of gap junctional 
permeability may interfere with different regulatory 
sites. Each, however, may alter the gap junction channel 
kinetics. 
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