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Comparison of Assays for Gap Junctional Communication Using Human Embryocarcinoma
Cells Exposed to Dieldrin. LOCH-CARUSO, R., CALDWELL, V., CIMINI, M., AND JUBERG, D.
(1990). Fundam. Appl. Toxicol. 15, 63-74. Several assays were compared for their ability to
detect inhibition of gap junctional communication in human embryocarcinoma cells exposed
to the pesticide dieldrin. Included in this evaluation was a recently developed assay based on the
transfer of the fluorescent dye derived metabolically from S(and 6)-carboxy-2,7-dichlorofluo-
rescein diacetate. This assay was compared to assays for fluorescence return after photobleaching
(FRAP), transfer of Lucifer yellow after scrape-loading, autoradiographic visualization of [*H]-
uridine nucleotide transfer, and metabolic coupling of 6-thioguanine (6-TG) metabolites. The
scrape-loading assay was the most sensitive assay, detecting inhibition of junctional communica-
tion at all concentrations tested. Additionally, the scrape-loading assay provided the clearest
demonstration of concentration-dependent inhibition of junctional communication, although
the [PH]uridine assay also showed significant concentration-related effects. The 5(and 6)-car-
boxy-2,7-dichlorofluorescein diacetate and 6-TG metabolic coupling assays detected significant
inhibition at the two highest concentrations of dieldrin only. The FRAP assay also detected
substantial inhibition at the two highest concentrations only. These results show that scrape-
loading is the most sensitive assay of those compared in this study for the detection of inhibited
Jjunctional communication. Furthermore, compared to the other assays evaluated, the newly
developed 5(and 6)-carboxy-2,7-dichlorofluorescein diacetate assay is at least as sensitive, yet
less cumbersome, less expensive, and more rapid. Finally, the results show that each of these
assays was easily applied to embryonic cells, suggesting that they may be useful for evaluating
disruption of junctional communication in embryonic cell cultures.  © 1990 Society of Toxicology.

Gap junctional communication allows the di-
rect cell-to-cell transfer of low-molecular-
weight substances (Loewenstein, 1979). This
form of intercellular communication is initially
observed in mammalian embryos at the late
eight-cell preimplantation stage of develop-
ment (Lo and Gilula, 1979; Goodall and John-
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son, 1982) and persists into adulthood, where
it is observed 1n most tissues. Accumulating ev-
idence suggests that gap junctional communi-
cation may play a vital role in morphogenesis
{(Warner and Lawrence, 1982; Weir and Lo,
1982, 1984; Blennerhassett and Caveney,
1984; Warner et al., 1984; Fraser et al., 1987,
Lee et al., 1987, Bevilacqua ef al,, 1990), and it
has been suggested that alteration of junctional
communication patterns could contribute to
abnormal development (Loch-Caruso and
Trosko, 1985; Welsch er al., 1987).

In the present study, we applied several as-
says of gap junctional communication to em-
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bryonic cells in culture, in order to compare
the relative utility of the assays for the study
of disruption of communication by toxicants.
We chose to work with a human embryocar-
cinoma cell line (Huberman et al., 1984) be-
cause the cells are of human embryonic ori-
gin, have in vitro growth and seeding charac-
teristics that render them easy to work with
in each of the assays, and a 6-thioguanine (6-
TG)-resistant mutant, necessary for the 6-TG
metabolic coupling assay, had been isolated
from the parent cell line (Kavanagh ez al,
1986). The pesticide dieldrin was used be-
cause previous studies indicated that it inhib-
ited junctional communication at noncyto-
toxic concentrations in the embryocarci-
noma cell line (Zhong-Xiang et al., 1986).
Additionally, teratogenic and embryolethal
effects were reported following single, high
doses of dieldrin (Ottolenghi er al., 1974);
however, Chernoff et al. (1975) were unable
to confirm the teratogenicity findings when
dieldrin was administered in multiple doses.
Five assays were compared for the detec-
tion of inhibition of junctional communica-
tion: fluorescence return after photobleach-
ing (FRAP) (Wade er al., 1986), Lucifer yel-
low transfer after scrape-loading (El-Fouly et
al., 1987), 6-TG metabolic coupling (Yotti et
al., 1979; Trosko et al., 1985), autoradio-
graphic visualization of [*H]uridine nucleo-
tide transfer (Pitts and Simms, 1977), and an
assay recently developed in our laboratory,
transfer of the fluorescent dye derived meta-
bolically from 5(and 6)-carboxy-2,7-dichlo-
rofluorescein diacetate (CDCFDA). Under
the experimental conditions used, the scrape-
loading assay was the most expedient proce-
dure and demonstrated the greatest sensitiv-
ity and ability to detect concentration-depen-
dent inhibition. While not as sensitive as
scrape-loading, the newly developed CDC-
FDA assay was more rapid and less expensive
than the 6-TG metabolic coupling, {*H]uri-
dine, and FRAP procedures. The CDCFDA
assay may therefore serve as a useful alterna-
tive in experiments where the scrape-loading
assay cannot be applied or where confirma-

tion with a second assay is desired. Because
the scrape-loading and CDCFDA assays are
easily applied to embryonic cells, they may be
particularly useful for studying disruption of
gap junctional communication by develop-
mental toxicants.

MATERIALS AND METHODS

Chemicals. Dieldrin (99%+ pure) was a gift from Dr.
B. V. Madhukar (Michigan State University) and was
prepared in absolute ethanol as a 5 mM stock solution.
The dieldrin was stored, handled, and disposed of in ac-
cordance with the hazardous chemical guidelines of The
University of Michigan. The dyes, 5(and 6)-carboxyflu-
orescein diacetate (CFDA), CDCFDA, and Lucifer yel-
low CH. were purchased from Molecular Probes (Eu-
gene, OR). Stock solutions of CDCFDA and CFDA were
prepared in 10 mM concentrations in dimethyl sulfoxide
and stored refrigerated. Lucifer yellow CH was prepared
as a 0.05% (w/v) solution in calcium- and magnesium-
free Dulbecco’s phosphate-buffered saline (CMF-PBS)
(Dulbecco and Vogt, 1954) and stored refrigerated. Flu-
orescein-conjugated latex beads (Fluoresbrite carboxyl-
ate microspheres, ca. 1.0 ym in diameter) were pur-
chased from Polysciences (Warrington, PA). 6-Thiogua-
nine was purchased from Sigma Chemical Co. (St. Louis,
MO) and stored frozen as a stock solution (1 mg/ml) in
sterile water.

Cell culture. The human embryocarcinoma (HT) cells
were a gift from Dr. J. E. Trosko (Michigan State Univer-
sity). The HT cell line was originally isolated from PA-1
cells (Zeuthen et al.. 1980) by Huberman et al. (1984)
and has a pseudodiploid karyotype (46, XX,t[15:20]).
The 6-TG resistant (6-TG") cells used in the metabolic
coupling assay were cloned from X-irradiated wild-type
HT cells (Kavanagh er al., 1986) and were also a gift from
Dr. Trosko.

The cells were maintained in growth medium contain-
ing Eagle's salts (Eagle, 1959) supplemented with a 50%
increase of vitamins and essential amino acids except
glutamine, a 100% increase of nonessential amino acids,
1 mM sodium pyruvate, 5.55 mM D-glucose. 14.3 mMm
sodium chloride, 11.9 mM sodium bicarbonate, and 5%
fetal bovine serum. The cells were incubated in humidi-
fied air containing 5% CO, and subcultured after trypsin
digestion as needed to avoid confluence. Routine screen-
ing with the fluorescent dye Hoechst 33258 verified that
cells were free of mycoplasma (Chen, 1977).

CDCFDA dye transfer assay. Cultures of dye-donor
and dye-recipient cells were prepared separately, then co-
cultured for sufficient time to allow cell attachment and
dye transfer. The recipient cells were unlabeled and the
donor cells were double-labeled with fluorescent latex
beads (Mosser and Bols, 1982) and fluorescent dye (Rot-
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man and Papermaster, 1966). The fluorescent dye was
capable of junctional transfer, while the latex beads were
too large to pass through the channels of gap junctions;
the beads thus served to distinguish dye-donor from dye-
recipient cells.

To prepare cultures of recipient cells, HT cells were
seeded at a density of 9 X 10° cells per 60-mm tissue cul-
ture dish (Corning) and incubated overnight (16-18 hr)
at 37°C in a humidified 5% CO, atmosphere. To prepare
the dye-donor cells, latex beads were added to subcon-
fluent cultures at a final density of 2.5 X 10° beads/cm?
growth surface area. During the overnight incubation,
the cells phagocytized the beads, which were then re-
tained throughout the experiment. After overnight incu-
bation, the donor cells were rinsed with Dulbecco’s phos-
phate-buffered saline (PBS) (Dulbecco and Vogt, 1954)
to remove unincorporated beads, then loaded with fluo-
rescent dye by incubation for 10 min with 15 uM mem-
brane permeant acetoxy ester parent compound, CDC-
FDA, in PBS containing 1 mg glucose/ml (PBSG).
Within the cell, cytoplasmic esterases removed the ace-
tate groups to form the hydrophilic fluorochrome, 5(and
6)-carboxy-2,7-dichlorofluorescein (CDCF) (Rotman
and Papermaster, 1966). The cultures were rinsed three
times with PBSG to remove unincorporated and surface-
bound dye. The cells were harvested with trypsin, pel-
leted by low-speed centrifugation, and resuspended in
fresh medium. A sample of the cell suspension was
counted with a hemacytometer.

The dye-donors were added to the unlabeled, dye-re-
cipient cell cultures at a density of 4.5 X 10* cells per dish
along with fresh medium containing ethanol (solvent
controls) or dieldrin. The cocultures were incubated 30
min to 3 hr to determine the duration of incubation nec-
essary for donor cell attachment, spreading, formation of
permeable junctions, and dye transfer. Since maximum
levels of dye transfer reached a plateau by 2.5 hr of cocul-
ture (Fig. 1A), this duration of incubation was used in
six subsequent experiments, although 3.5 hr of coculture
were allowed in two experiments with no significant
differences in results. After coculture, the medium was
replaced with ice-cold PBSG and the appropriate
amount of test substance. The plates were put on ice until
they were scored for dye transfer. Replacement of the
medium with ice-cold PBSG retards the establishment of
additional dye-coupling (unpublished observation).

The plates were scored for dye transfer by the examina-
tion of 100 donor-recipient cell contacts at 400X magni-
fication using a Nikon Diaphot-TMD microscope
equipped with a TMD-EF epifluorescence unit and ap-
propriate filters for CDCF fluorescence (excitation wave-
length 450-490 nm with a 520-nm barrier filter). The do-
nor-recipient cell pairs were examined under bright-field
conditions to verify cell-cell contact, then under fluo-
rescence conditions for evidence of dye transfer. Because
the fluorescence of the beads and that of the dye were
spectrally similar. it was easy to distinguish donors and
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FI1G. 1. Assay for fluorescent dye transfer using 5(and
6)-carboxy - 2,7 - dichlorofluorescein  diacetate (CDC-
FDA). Transfer was scored in 100 dye-donor-recipient
pairs per dish. (A) Time course of dye transfer in un-
treated cultures: transfer achieved a plateau after 2.5 hr
in replicate experiments. (B) Inhibition of dye transfer
in cultures exposed to dieldrin: significant inhibition was
observed at 7 and 11 pg/ml (p < 0.05); the data are plot-
ted as the means + SEM of 8-11 dishes.

recipients under the same filter conditions. In each treat-
ment group, 8-11 dishes were scored in separate experi-
ments.

Cytotoxicity was assessed in this assay by the ability of
the donor cells to retain the fluorochrome throughout the
coculture period (Bruning et af., 1980; McGinnes ef al.,
1986: Kolber er al.. 1988). Cytotoxicity would be indi-
cated by the presence of bead-labeled cells that lacked the
cytoplasmic CDCF dye.

Autoradiographic visualization of [*Huridine nucleo-
tide transfer. In this procedure, [*H]uridine was em-
ployed to monitor the formation of communicating
Jjunctions in freshly plated cultures (Pitts and Simms,
1977). Intracellularly, [*H]uridine is phosphoribosylated
to a small nucleotide that is able to pass through gap junc-
tions. To perform the assay, donor cells double-labeled
with [*H]uridine and nontransferrable fluorescent latex
beads were mixed with unlabeled recipient cells. The re-
cipient cells were seeded in 60-mm tissue culture dishes
at a density of 8 X 107 cells/dish the day prior to the ex-
periment. Donor cells were preloaded with latex beads
during a 16- to 18-hr incubation with 2.5 X 10° beads/
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cm? growth surface area. Unincorporated beads were
rinsed from the culture with PBSG, and the donors were
loaded with [*H]uridine (10 xCi/m]) during a 3-hr incu-
bation just prior to coculture with recipient cells. To co-
culture the cells, 2.5 X 10° donors were added to each
recipient cell culture.

The dieldrin was diluted in medium immediately prior
to addition to the cocultures, and the cells were incubated
for 2.5 hr. After the transfer period, the cells were washed
with PBS and fixed with 7% (w/v) trichloroacetic acid at
4°C for 30 min, The dishes were rinsed with deionized
water and allowed to dry. For autoradiography, the
dishes were dipped in photographic emulsion, exposed
in the dark at 4°C for 8~ 10 days, and developed with stan-
dard photographic developer and fixer. The culture
dishes were examined under blue excitation (450-490
nm) using a Nikon Diaphot-TMD microscope equipped
with a TMD-EF epifluorescence unit and a 520-nm bar-
rier filter. The dishes were alternately observed under
fluorescence and bright field illumination to identify
contacting donor-recipient pairs and scored for evidence
of nucleotide transfer. Transfer was indicated by grains
over touching cells, one of which was very darkly marked
and contained fluorescent beads, indicating that it was
the donor cell. A total of 100 donor-recipient cell con-
tacts were scored in replicate cultures for each treatment
group.

Fluorescence return after photobleaching. Cell cultures
were prelabeled with CFDA, and the fluorescent dye was
photobleached in selected cells. The photobleached cells
were then analyzed by fluorescence microscopy for re-
turn of fluorescence, presumably due to redistribution of
the dye from adjoining cells via gap junctions (Wade et
al., 1986).

The HT cells were grown in 35-mm culture dishes to
less than 50% confluence. Fresh medium containing eth-
anol (solvent controls) or dieldrin was added to each cul-
ture, which was then incubated for 1 hr. The medium
was removed and the dishes were rinsed three times with
PBSG. To load the dye, the cells were incubated with 10
uM CFDA in PBSG for 10 min followed by three rinses
with PBSG. The cultures were maintained in PBSG con-
taining the appropriate concentration of dieldrin or etha-
nol (controls).

For FRAP analysis, the individual dishes of labeled
cells were placed on the computer-controlled microscope
stage of the ACAS 470 workstation (Meridian Instru-
ments, Okemos, MI). Three cells appropriate for the ex-
periment were selected from a microscopic field, includ-
ing two isolated cells and one cell in contact with other
cells. The microscope stage moved the cells in a two-di-
mensional manner over an inverted epifluorescence mi-
croscope objective which focused an argon ion laser
beam (488-nm wavelength) to a 1-um spot. The laser ex-
cited fluorescence in individual cells at 2.0-um steps in a
two-dimensional raster pattern. The emitted intensities
were color-coded and the digitized pseudocolor images

of fluorescence distribution in the analyzed cells were re-
corded. The digital information was converted to numer-
ical values of fluorescence intensity for the selected cells.
The laser intensity was then significantly increased and a
series of photobleaching pulses (ca. 1 um in diameter)
was delivered to the contacting cell and one of the iso-
lated cells. The third, unbleached cell served as a monitor
of nonspecific dye fading during the procedure. Fluores-
cence imaging scans were performed at reduced laser in-
tensity immediately after bleaching and at 5 and 10 min
after bleaching. Data obtained from the FRAP experi-
ments were converted to the percentage fluorescence in-
tensity relative to prebleach levels. Three or four fields
were evaluated in each treatment group.

Cytotoxicity in this assay was assessed by the ability of
the cells to convert the CFDA to its fluorochrome (Jar-
nagin and Luchsinger, 1980: Jones and Senft, 1985; Jack-
son et al., 1985).

Scrape-loading. The scrape-loading procedure was a
modification of that described by El-Fouly er al. (1987).
The HT cells were grown to near confluence in 35-mm
culture dishes. The incubation medium was replaced
with fresh medium containing ethanol (solvent controls)
or dieldrin, and the cultures were incubated for 1 hr at
37°C in a humidified 5% CO, atmosphere. The medium
was then removed, the cultures were rinsed three times
with prewarmed CMF-PBS, and 1 ml of a 0.05% solution
of Lucifer yellow in CMF-PBS was added to each dish.
The edge of a razor blade was pressed into the monolayer
to form the *‘scrape line” along which the dye enters the
cells. After 1 min the dye solution was removed and the
cultures were rinsed three times with prewarmed PBS.
The cultures remained in PBS for 15 min to allow dye
transfer away from the scrape line. The PBS was then
discarded and the cultures were fixed with approximately
2 ml/dish of 3.7% (v/v) formaldehyde in PBS for 15 min
(Stewart, 1978). Each culture dish was rinsed three times
with CMF-PBS and two drops of 90% (v/v) glycerol were
added to each fixed culture dish followed by a coverslip.

The culture dishes were examined under blue excita-
tion (450-490 nm) using a Nikon Diaphot-TMD micro-
scope equipped with a TMD-EF epifluorescence unit and
a 520-nm barrier filter. A 10 X 10 square grid micrometer
was placed in the eyepiece of the microscope. Fields were
selected for analysis in an unbiased manner, using a ruler
placed along the edge of the stage. The stage was ad-
vanced in 1-mm increments along the ruler length, and
for each field the culture dish was adjusted to a “best fit”
line with the edge of the micrometer grid against the edge
of the scrape line. The number of squares in the grid
where fluorescence was detected was determined for each
field. The squares directly on the edge of the scrape line
were not included as these cells were predominantly
loaded with the dye directly from the scraping. This pro-
cedure was applied to both sides of the scrape line. A total
of 18 fields were scored in each dish in replicate experi-
ments.
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Because Lucifer yellow is a membrane-impermeant
dye, cytotoxicity was assessed by uptake of the dye in
cells distant from the scrape line.

Metabolic coupling assay. The assay for metabolic
coupling is based on transfer of the toxic metabolite of
6-TG from wild-type 6-TG sensitive cells to 6-TG* cells
(Yotur et al., 1979). In cocultures of wild-type and 6-TG"
cells incubated in 6-TG-containing medium, cell sur-
vival and subsequent colony formation are limited to
those 6-TG" cells that fail to form communicating junc-
tions with wild-type cells. Increased colony formation in
medium containing a test substance can thus be used as
an indicator of inhibited junctional communication.
The assay was performed as described by Kavanagh et al.
(1986) with minor modifications.

To perform the assay, the appropriate cell combina-
tions were seeded into 60-mm tissue culture dishes and
allowed to attach before exposure to the dieldrin. To
measure metabolic coupling, a mixture of 200 6-TG"
cells was seeded with 3 X 10° wild-type cells, densities
that allowed ample cell contact and opportunity for met-
abolic coupling. As a measure of cytotoxicity, cell sur-
vival was determined in cocultures of 200 6-TG" cells and
10* wild-type cells, a Iower cell density that allowed negli-
gible metabolic coupling. The control groups consisted
of cocultures treated with ethanol (solvent) only. Plating
efficiencies were obtained by growing 200 6-TG" cells per
dish, and these data were compared to data from a group
in which 200 6-TG" cells were grown with 10* wild-type
cells per dish. Negligible differences were observed be-
tween the mean colony formation values of these two
groups (107.5 and 106.6, respectively). The colony count
from the latter group was used to calculate the relative
cell survivals and recoveries. The wild-type cell popula-
tion was checked for spontaneous mutants by plating 3
X 10° cells per dish in the presence of 6-TG, and no col-
ony formation was observed. The growth media of all
treatment groups contained 6-TG (10 pg/ml). There
were eight plates per treatment group.

Dieldrin was added in 1 ml of medium 4 hr after the
cells were seeded, followed 30 min later by the addition
of 6-TG (10 ug/ml). The plates were changed to fresh
medium containing 6-TG (10 ug/ml) after 3 days of incu-
bation. After a total of 9 days the plates were stained with
crystal violet and the number of colonies per plate was
scored using a semiautomated colony counting system
(VPC Systems, Ann Arbor, MI). Cell survivals and recov-
eries were then calculated as the percentage plating effi-
ciency.

Statistical analysis. The data were analyzed by the x>
or Kruskal-Wallis statistic, as appropriate (Gad and
Weil, 1982), using Microstat software (Ecosoft, India-
napolis, IN). When a significant (p < 0.05) effect was ob-
served with the x° analysis, each treatment group was
compared to the appropriate control group using the x°
(large #) or Fisher’s exact (small n) test and adjusting the
significance level as described by Everitt (1977). Similar

multiple comparisons were made when a significant
effect (p < 0.05) was observed with the Kruskal-Wallis
test, using the distribution-free multiple comparison tests
described by Hollander and Wolfe (1973).

RESULTS

Junctional communication was deter-
mined in the scrape-loading assay by the ex-
tent of dye transfer away from the scrape line.
Extensive dye transfer was observed in sol-
vent controls (Fig. 2A, phase contrast; Fig.
2B, dark field), with a noticeable reduction of
dye transfer observed at the lowest concentra-
tion of dieldrin, 3 ug/ml (Fig. 2C, phase con-
trast; Fig. 2D, dark field). At the highest con-
centration, 11 pg dieldrin/ml, no dye transfer
was observed (Fig. 2E, phase contrast; Fig.
2F, dark field). Quantitatively, dye transfer
after scrape-loading was markedly inhibited
to less than 50% of control values at all
concentrations of dieldrin, and the inhibi-
tion was concentration-dependent (Fig. 3, p
< 0.05). The results were highly consistent
between replicate experiments (Fig. 3). Dye
uptake by cells distant from the scrape line
was not observed, suggesting that cytotoxicity
was minimal.

Dye transfer in the CDCFDA assay was in-
dicated by the observation of dye in contact-
ing bead-labeled donors and non-bead-la-
beled recipients, as seen in the solvent control
culture shown in Figs. 4a (phase contrast) and
4b (dark field). Figures 4c (phase contrast)
and 4d (dark field) show an example of cells
exposed to 5 ug dieldrin/ml in which no
transfer was observed. Since no significant
differences were observed between the experi-
ments scored after 2.5 hr and those scored af-
ter 3.5 hr coculture, these data were com-
bined in Fig. 1B. Some inhibition was ob-
served at concentrations of 5 ug dieldrin/ml
(79% of control value, n.s.), with near-maxi-
mal inhibition at 7 and 11 ug dieldrin/ml
(Fig. 1B, p < 0.05). Cytotoxicity was not ob-
served at any of the concentrations tested,
based on the ability of the bead-labeled donor
cells to attach and retain the membrane-im-
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F1G. 2. Transfer of the fluorescent dye, Lucifer yellow, following scrape-loading. The scrape line is indi-
cated by arrows. Solvent controls: (A) phase contrast, (B) dark field. Cultures exposed to 3 ug dieldrin/ml:
{C) phase contrast, (D) dark field. Cultures exposed to 11 ug dieldrin/ml: (E} phase contrast, (F) dark field.
X93.

permeant fluorescent dye during the cocul-
ture period.

The results of the [*H]Juridine nucleotide
transfer assay were similar to those of the CD-
CFDA assay except that statistically signifi-
cant inhibition was observed at 5 ug dieldrin/
ml (Table 1, p < 0.05), even though the inhi-
bition (92% of control value) at this concen-
tration was less than that observed with the

CDCFDA assay. Near-maximal inhibition
was observed at 7 and 11 ug dieldrin/ml (Ta-
ble 1, p < 0.05).

In the 6-TG metabolic coupling assay, in-
hibition of junctional communication was
suggested by the increased recovery of 6-TG"
mutants in cocultures, which were signifi-
cantly increased with exposure to 7 or 11 pg
dieldrin/ml (Fig. 5, p < 0.05). Additionally,
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F1G. 3. Transfer of the fluorescent dye. Lucifer yellow,
following scrape-loading in cultures exposed to dieldrin.
The extent of transfer from the scrape line was deter-
mined with a micrometer and expressed as the mean
+ SEM percentage dye transfer relative to controls. All
values in the 11 pg/ml group were zero. A total of 18
microscopic fields per treatment were scored in replicate
experiments. Significant inhibition of dye transfer was
observed at all concentrations of dieldrin.

the responses at 7 and 11 ug dieldrin/ml were
similar, although the degree of inhibition at
these concentrations was only about 50% of
control. In parallel cultures exposed to diel-
drin, cytotoxicity was indicated by cell sur-
vival. Significant inhibition of cell survival
was observed at both 7 and 11 ug dieldrin/ml
(p <0.05), with average values of 82 and 65%
of control, respectively (Fig. 5). Because de-
creased cell survival was observed at the same
concentrations at which increased recovery
of 6-TG" cells was observed, the metabolic
coupling data may be confounded by altered
cell densities due to cytotoxicity. Nonethe-
less, it would be predicted that altered cell
density alone could not account for the mag-
nitude of the effect observed at 7 ug diel-
drin/mi].

While the FRAP assay appeared to dis-
criminate between the different dieldrin ex-
posures, the FRAP response in contacting
cells was highly variable (Fig. 6). A significant
concentration effect was detected at 10 min
post-scan (Fig. 6, p < 0.05), but post-hoc
analyses failed to detect significant differ-
ences between any exposure level and con-
trols at p < 0.05. Statistical significance was

achieved between the control and the 11 ug
dieldrin/ml group at p < 0.10. It should be
noted that Hollander and Wolfe (1973) have
suggested that the conservative nature of the
distribution-free multiple comparison post-
hoc test, recommended for these types of
data, may warrant the use of p values greater
than 0.05. Nonetheless, it is apparent from
inspection of Fig. 6 that the high degree of
variability contributed to the relatively poor
discrimination between treatment groups.
No FRAP was observed in isolated photo-
bleached cells, indicating that the FRAP ob-
served in contacting cells was cell contact de-
pendent. However, substantial decreases in
relative fluorescence were detected in some
isolated unbleached cells, with values ranging
from 62 to 93% of prebleach values. This sug-
gests that uncontrolled photobleaching may
have contributed to the variability observed.
Dieldrin exposure did not alter the ability of
the cells to metabolize the parent compound
to the fluorochrome, suggesting that cytotox-
icity was minimal.

DISCUSSION

Each assay detected significant inhibition
of junctional communication by dieldrin, but
only scrape-loading was able to detect inhibi-
tion at the lowest concentration tested. Addi-
tionally, the scrape-loading assay was the
only one to clearly discriminate between in-
termediate levels of inhibition at different
concentrations of dieldrin. With both the
CDCFDA and the [*H]uridine assays, inhibi-
tion was slight (although statistically signifi-
cantin the [*H]uridine assay) at 5 ug dieldrin/
ml, but was nearly total at 7 and 11 ug/ml.
The FRAP data were highly variable, obscur-
ing differences between treatments.

From a different perspective, these data
suggest that the CDCFDA, [*H]uridine, met-
abolic coupling, and FRAP assays may be
more sensitive to the presence of communi-
cating junctions compared to the scrape-
loading assay, exhibiting high response levels



LOCH-CARUSO ET AL.

FIG. 4. Fluorescent dye transfer using 5(and 6)-carboxy-2,7-dichlorofluorescein diacetate (CDCFDA).
Dye transfer was indicated by the observation of dye in touching bead-labeled donors (arrows) and non-
bead-labeled recipients. as seen in the solvent control culture in (a) phase contrast and (b) dark field. No
dye transfer is evident in the example shown in (c) phase contrast and (d) dark field, cells exposed to 5 ug
dieldrin/m}. X251.
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TABLE 1

TRANSFER OF > HJURIDINE NUCLEOTIDE IN
CULTURES EXPOSED TO DIELDRIN

Dieldrin (ug/ml)
0 3 5 7 11
Experiment | 994 98 91° 58 12

Experiment 2 100 99 92% 82 0*

¢ Each value is the total number of positive transfers
scored in 100 cell pairs.
b Significantly different from controls (p < 0.001).

even under conditions of incomplete inhibi-
tion. These assays may therefore be preferred
for investigations in which it is critical to de-
termine the presence of any gap junctional
communication.

While each of these procedures provides a
measure of junctional communication, the
techniques may assess different aspects of this
phenomenon. The gap junction protein has a
half-life in the range of 2-10 hr in liver celis
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F1G. 5. Decreased cell survival (solid line) was observed
at 7 and 11 pg dieldrin/ml. Inhibition of metabolic cou-
pling is suggested by the increased recovery of 6-TG" cells
(dashed line) observed at 7 and 11 ug dieldrin/ml; how-
ever, this interpretation may be confounded by the cyto-
toxicity at these concentrations (see text). Data are ex-
pressed as the mean percentage control + SEM. The
SEMs of the 0 gg/ml groups were 1.48 and 1.12 for the
cell survival and metabolic coupling experiments, re-
spectively. The SEM of the 11 ug/ml group in the meta-
bolic coupling experiment was 1.06. There were eight
dishes per group.
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FiG. 6. Fluorescence return after photobleaching
(FRAP) in cultures exposed to 0 (open circles), 3 (closed
circles), 5 (open triangles), 7 (closed triangles), or 11
(open squares) ug dieldrin/ml. Fluorescence intensity
was determined prior to and immediately after photo-
bleaching, and at 5 and 10 min after photobleaching in
cells in contact with other cells. The data are expressed
as the means + SEM of the percentage of the prebleach
value. Although a significant concentration effect was de-
termined (Kruskal-Wallis statistic, p < 0.05), no statisti-
cally significant differences were detected between any of
the dieldrin-exposed groups and controls.

(Yanceyeral, 1981; Traub et al., 1983; Revel
et al., 1984; Willecke ef al., 1988), suggesting
that the communicating channels themselves
may be highly dynamic structures. However,
since our exposures in the scrape-loading and
FRAP experiments used established cultures
and the exposures were only for 1 hr, the pri-
mary effect measured with these assays was
most likely inhibition of previously formed
channels. In contrast, since the CDCFDA,
[*Hluridine, and 6-TG assays required replat-
ing of cells and, consequently, the formation
of new communicating gap junctions, the re-
sponses measured by these assays may pri-
marily reflect impairment of the establish-
ment of junctional communication.

Because of differences in the experimental
procedures, it was not possible to use the
same length of exposure to dieldrin in each
assay. Limitation of the exposure to 1 hr with
the FRAP assay was based on practical con-
siderations necessary for controlling day-to-
day variations in culture conditions and in-
strument sensitivity. Since the assay required
20-30 min to analyze each field, it was neces-
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sary to limit the exposure to a reasonable du-
ration. The scrape-loading experiments were
performed with | hr exposures to allow com-
parison to the FRAP assay. With the CDC-
FDA and [*H]uridine assays, the exposure
duration was determined by the amount of
time required for the cells to attach, spread,
and form communicating junctions (2.5 hr).
The 3-day exposure with the 6-TG metabolic
coupling assay allowed consistency with the
procedure as previously published (Yotti et
al., 1979; Trosko et al., 1985; Kavanagh et
al., 1986; Zhong-Xiang et al., 1986); addi-
tionally, exposure durations of 1 or 2.5 hr
were difficult to control and execute due to
the nature of the assay. An additional differ-
ence between the assays is that the scrape-
loading assay required confluent cultures,
while the other assays required nonconfluent
cultures.

In this comparison of assays, scrape-load-
ing was the most sensitive, discriminating,
rapid, and inexpensive one to perform. Addi-
tionally, the newly developed CDCFDA as-
say demonstrated several advantages com-
pared to the [*H]uridine, 6-TG metabolic
coupling, and FRAP assays. While most sim-
ilar to the [*H]uridine assay, the CDCFDA
assay was much less expensive and time-con-
suming to perform since it relied on the trans-
fer of a fluorescent dye instead of radiolabel;
this eliminated necessary precautions for ra-
diation hazards, as well as the added effort,
time, and expense of autoradiography. Com-
pared to the metabolic coupling assay, the
CDCFDA assay was also easier, faster, and
less expensive, since it required fewer and
smaller cultures and can be completed in a
few hours instead of requiring many days.
The variability encountered with the FRAP
assay was high compared to that of the CDC-
FDA and other assays, most likely resulting
from factors difficult to control, including the
concentration of fluorescent dye in neighbor-
ing cells, the number of contacting cells, un-
controlled photobleaching, and changes in
instrument sensitivity. Additionally, because
the FRAP assay is dependent on image analy-

sis instrumentation, the CDCFDA assay has
the advantage of requiring only a fluores-
cence microscope.

Previously published reports have shown
that the FRAP, 6-TG metabolic coupling,
[*H]uridine nucleotide transfer, and scrape-
loading assays can be applied to various cell
types. Similarly, we have successfully applied
the CDCFDA dye transfer assay to several
different cell types in our laboratory, includ-
ing uterine cell lines and human embryonic
palatal mesenchyme cells. However, not all
cells are easy to work with in each assay, and
in this case, as well as when verification with
a second assay is desired, the newly developed
CDCFDA assay may be a sensitive, inexpen-
stve, and rapid alternative. Since the scrape-
loading and CDCFDA assays are easily ap-
plied to embryonic cells, they may be particu-
larly useful for studying alteration of gap
junctional communication by developmen-
tal toxicants.
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