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ABSTRACT 

Myometrial cells were isolated and cultured from 
term rat uterus. The myometrial origin of the cultures 
was verified by antibody staining of cellular desmin and 
a-smooth muscle actin. The presence of functional gap 
junctions was indicated by transfer of radiolabeled 
nucleotide and microinjected Lucifer yellow dye. The 
cultured cells expressed mRNA recognized by a connexin43 
gap junction cDNA probe. To our knowledge, this is the 
first report that isolated myometrial cells form gap 
junctions in culture. 
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INTRODUCTION 

Gap junctions consist of cell-to-cell membrane 
channels that facilitate the direct transfer of small 
molecules and ions between cells (DeMello, 1987). These 
junctional channels allow the rapid propagation of 
electrical signals and may provide the coupling mecha- 
nism for coordination of myometrial contractility during 
parturition (Garfield et al., 1989). Several gap junc- 
tion proteins have been identified, and there is evi- 
dence for tissue specificity of expression (Beyer et 
al., 1987; Paul, 1986; Risek et al., 1990). In the 
myometrium, 
connexin43, 

expression of the gap junction protein, 
has been demonstrated (Risek et al., 1990). 

Large numbers of gap junctions are present in the 
myometrium of rats, rabbits, guinea pigs, 
humans at parturition, 

sheep and 
but are scarce or absent in the 

non-parturient myometrium (Demianczuk et al., 1984; 
Garfield et al., 1977, 1979, 1982; Garfield and Hayashi, 
1981). Correspondingly, rat myometrial expression of 
connexin43 mRNA is low until the time before labor, 
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peaks during labor, and rapidly recedes following deliv- 
ery (Risek et al., 1990). In vitro, rat myometrial 
explants spontaneously form gap junctions, as demon- 
strated by freeze-fracture microscopy (Garfield et al., 
1978). However, to our knowledge, the presence of gap 
junctions in cultures of isolated rat myometrial cells 
has not been reported. In this study, we present evi- 
dence of gap junctional communication in myometrial cell 
cultures using two functional assays, and show that the 
cultures express an mRNA recognized by a connexin43 cDNA 
probe. 

MATERIALS AND METHODS 

Chemicals. Percoll and density marker beads were 
from Pharmacia (Piscataway, NJ). Defined, iron-supple- 
mented bovine calf serum was from Hyclone Laboratories 
(Logan, UT) and cell growth medium was from Gibco Labo- 
ratories (Grand Island, NY). The dyes, Lucifer yellow 
CH lithium salt and propidium iodide, were purchased 
from Molecular Probes (Eugene, OR). Latex beads (Fluo- 
resbrite carboxylate microspheres, 0.2pm diameter, 2.5% 
solids, were from Polysciences (Warrington, PA). [32P]- 
labeled dCTP and TTP were purchased from ICN Radiochemi- 
cals (Irvine, CA). [SHJuridine was purchased from Amer- 
sham (Arlington Heights, IL). DNA111 lambda molecular 
weight size markers and salmon sperm DNA were from 
Boehringer-Mannheim (Indianapolis, IN). Trichloroacetic 
acid was from EM Industries (Cherry Hill, NJ). NTB2 
photoemulsion, D-19 developer, general purpose fixer, 
and X-omat film were purchased from Eastman Kodak 
(Rochester, NY). Ultrapure formamide and RNA size mark- 
ers were from BRL/Life Technologies (Gaithersburg, MD). 
p-Mercaptoethanol was from Manufacturing Chemists, Inc. 
(Cincinnati, OH). All other chemicals, including diges- 
tive enzymes (Type III trypsin, Type II collagenase and 
Type I DNase) and antibodies (mouse monoclonal anti- 
desmin, mouse monoclonal anti-a-smooth muscle actin, 
FITC-conjugated anti-mouse IgG) were purchased from 
Sigma Chemical Co. (St. Louis, MO). 

Cell Culture. Myometrial cells were isolated from 
the uterus of a Sprague-Dawley rat on day 19 of gesta- 
ti??. Who1 uterine tissue was minced and placed in 
Ca S+ - and Mg -free Hank's Balanced Salt Solution (HBSS) 
containing 150 pg/ml Type III trypsin, 150 pg/ml Type II 
collagenase and 100 pg/ml Type I DNase. The tissue was 
then refrigerated for 15-18 h at 4OC. Following enzy- 
matic digestion, the tissue was filtered through ths$e 
layers of cheesecloth, washed twice with Ca2+- and Mg - 
free HBSS and pelleted by centrifugation. The cell 
pellet was suspended in 38% Percoll and centrifuged at 
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30,000 x g for 30 min. The myometrial cell band (densi- 
ty = 1.05-1.10) was identified with density marker 
beads, collected, and placed in culture flasks contain- 
ing growth medium (Eagle's salts [Eagle, 19591 with 2X 
non-essential amino acids, 1.5X vitamins, 1.5X essential 
amino acids except L-glutamine, 1 mM sodium pyruvate, 
5.5 mM D-glucose, 14.3 mM NaCl, and 11.9 mM NaHC03, pH 
7.4) supplemented with 10% calf bovine serum. Cell 
cultures were maintained at 37Oc in a 5% CO2 atmosphere, 
and subcultured by trypsin digestion as needed to avoid 
confluence. 

The WB rat liver epithelial cells were a gift from 
Dr. James Trosko (Michigan State University), and were 
used as controls in the Northern blot analysis. The 
cells were grown in the medium described above, supple- 
mented with 5% calf bovine serum. The cells were main- 
tained at 37OC in a 5% CO2 atmosphere, and subcultured 
by trypsin digestion as needed to avoid confluence. 

Desmin and Q-Smooth Muscle Actin Antibody Assays. 
Antibody reaction was visualized by indirect immunofluo- 
rescence. The fibroblastic human embryonic palatal 
mesenchyme (HEPM) cell line was purchased from American 
Type Culture Collection (Rockville, MD) and included as 
a negative control. Cells were plated on coverslips in 
60-mm dishes and cultured for two days. Following 
culture, the cells were fixed with acetone at -2O'C for 
10 min and air-dried. The coverslips were incubated 
with 95 ~1 of bovine calf serum for 30 min at 37Oc to 
inhibit nonspecific binding, 
distilled water, 

then gently rinsed with 
overlayed with 95 ~1 of the designated 

monoclonal antibody (anti-desmin at 1:20 dilution or 
anti-actin at 1:600 dilution), and incubated for an 
additional hour at 37'~. The coverslips were rinsed in 
phosphate buffered saline (PBS), and 95 ~1 of FITC- 
conjugated anti-mouse IgG antibody were applied to each 
coverslip (1:96 dilution). The coverslips were incubat- 
ed at 37OC for either 1 h (desmin assay) or 30 min 
(actin assay). Control coverslips were exposed only to 
the FITC-conjugated anti-IgG antibody. 
dilutions were made in PBS. 

All antibody 
Coverslips were mounted 

onto slides, cell side down, 
cence microscopy. 

and viewed by epifluores- 

Microiniection. Myometrial cells were grown to 
subconfluence (20,000-35,000 tells/60-mm dish), and 
microinjected with PBS containing a mixture of 0.05% 
(w/v) propidium iodide and 0.5% (w/v) Lucifer yellow 
dyes. Propidium iodide is a DNA-binding dye and will 
not transfer to adjacent cells (Goulet et al., 1988), 
while Lucifer yellow is small enough to pass through gap 
junctions (Stewart, 1978). The medium on the culture 
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dishes was aspirated following injection of the dyes and 
replaced with fresh medium. Injected cells were visual- 
ized with a Nikon Diaphot inverted microscope under 
epifluorescence conditions using blue excitation (460- 
490 nm) for evidence of Lucifer yellow transfer and red 
excitation (510-570 nm) to identify propidium iodide in 
the injected cell. At least five injected cells were 
scanned per plate for evidence of Lucifer yellow trans- 
fer to cells adjacent to the injected cell. Propidium 
iodide was also injected alone into some cells to verify 
that this dye did not transfer. 

Radiolabeled Nucleotide Transfer. To monitor trans- 
fer of radiolabeled nucleotide, unlabeled recipient 
cells were cocultured with donor cells double-labeled 
with [3H]uridine and fluorescent latex beads (non-trans- 
ferable marker) (Pitts and Simms, 1977; Mosser and Bols, 
1982). Recipient cells (75,00O/dish) were seeded onto 
glass coverslips in 60-mm tissue culture dishes and 
incubated for 24 h. Donor cells were incubated for 24 h 
in 25-cmzflasks containing 20 11 of the latex bead 
stock. The donor cells were then washed free of unincor- 
porated beads and incubated with 10 @i ["Hluridine in 
glucose-supplemented (0.1% w/v) PBS at 37OC for 3 h. The 
donor cells were digested with trypsin, washed twice 
with Ca++- and Mg++-free HBSS, and added to the recipi- 
ent cultures at a density of 60,000 cells/dish. The 
donor and recipient cells were cocultured for 6 h at 
37OC in a 5% C02/95% O2 atmosphere, then fixed for 30 
min with 7% (v/v) ice-cold trichloroacetic acid. The 
glass coverslips were allowed to air dry, and were 
coated with photoemulsion (50% Kodak NTB2). The slides 
were placed in a light-tight box and stored at 4OC for 
9-12 days. The slides were developed for 4 min with 
Kodak D-19 developer, rinsed with distilled water, and 
fixed with Kodak Acid Fixer. Using a Nikon Diaphot 
inverted microscope, recipient cells were identified as 
non-bead-labeled cells in physical contact with bead- 
labeled donor cells. The slides were scored for evi- 
dence of radiolabeled nucleotide transfer by the devel- 
opment of silver grains in the film overlaying recipient 
cells, At least 50 cell pairs were scored per slide. 

RNA Preparation and Northern Blot Analysis. Stand- 
ard procedures for RNA isolations, transfers and hybri- 
dizations were performed as outlined by Sambrook et al. 
(1989) with the following modifications. 

Total RNA was isolated from cultured cells and rat 
liver tissue (positive control) following homogenization 
with a 30 ml glass/teflon homogenizer in 15 ml denatur- 
ing solution (6 M guanidinium HCl, 0.3 M NaOAc, 0.1% 
(v/v) sarcosyl, 0.75% (v/v) p-mercaptoethanol). A chlo- 
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Ficr. 1. The myometrial origin of the cells was con- 
firmed by staining with anti-a-smooth muscle actin 
antibody, visualized by indirect immunofluorescence with 
an FITC-conjugated second antibody (A, phase contrast: 

fluorescence). x141. 

Ficr. 2. Transfer of Lucifer yellow is indicated by 
fluorescence in cells adjacent to the microinjected cell 
(arrow). A, phase contrast: B fluorescence. X225. 
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reform/phenol extraction was performed on the homoge- 
nate, followed by centrifugation 
min at 4OC. 

(1300 x g) for 20 

HybondTM 
Poly(A)+ RNA was prepared from liver using 

messenger affinity paper (Amersham, Arlington 
Heights, IL) with the protocol outlined by the supplier. 

For Northern blots, approximately 15 pg of total 
RNA or 5 pg liver poly(A)+ RNA was electorphoresed 
on a 0.9% formaldehyde 

Ti 
el with size standards. RNA was 

transferred to a Nytran 0.45 PM nylon filter (Schleich- 
er & Schuell, Keene, NA) for 18 h in 10X SSPE. After 
transfer, the filter was baked briefly at 80°C, then 
cross-linked using a UV transilluminator. 

The filter was halved and each half hybridized 
separately to connexin32 and connexin43 cDNA probes. 
Size markers were hybridized to 100 ng DNA111 lambda 
molecular weight size markers. Probes were nick-trans- 
lated from 100 ng of connexin32 or connexin43 cDNAs 
with[32P]-labeled dCTP and TTP. Filters were prehybri- 
dized at 65'C for 2 h in Northern hybridization solution 
(50% formamide, 5X SSPE, 0.1% SDS and 150 pg/ml dena- 
tured salmon sperm DNA [Sambrook et al., 1989]), fol- 
lowed by hybridization at 42OC for 18 h in 10 ml of 
Northern hybridization solution. Filters were washed 
twice in 5X SSPE at 65'C for 10 min and once in 2X SSPE 
for 10 min, then exposed to Kodak X-omat film. 

RESULTS 

Identification of Mvometrial Cells. The cultured 
rat myometrial cells bound the anti-desmin and anti-a- 
smooth muscle actin antibodies, with virtually every 
examined cell exhibiting fluorescence. The anti-a&in 
antibody clearly stained the actin filaments in the 
myometrial cells (Fig. 1). The fibroblastic HEPM cells 
served as a negative control, and accordingly, failed to 
exhibit antibody staining. Since desmin is predominant- 
ly characteristic of muscle cells (Lazarides, 1982), and 
a-smooth muscle actin is an actin isoform specific for 
smooth muscle cells (Skalli et al., 1986), these results 
indicate that the cultured uterine cells are of smooth 
muscle origin. 

Transfer of Lucifer Yellow Followins Microiniec- 
tion Myometrial cells were microinjected simultaneously 
with'propidium iodide and Lucifer yellow, then assessed 
for transfer of dye to adjacent cells. Propidium iodide 
was never observed in cells other than the injected 
cell, verifying its usefulness as a marker of the in- 
jected cell. Lucifer yellow was observed in cells adja- 
cent to the injected cell in every case (n=36), denoting 
the presence of communicating junctions (see example in 
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_piu 3. Autoradiograph showing transfer of radiolabeled 
nucleotide. Donor cells (arrow) are distinguished by 
the presence of fluorescent latex beads (B, fluores- 
cence) and heavier grain development (C, bright field). 
Recipient cells are those lacking beads and in contact 
with donor cells. A, phase contrast. x103. 

Fig. 2). Several experiments using cultures of various 
passages showed similar transfer of Lucifer yellow 
between myometrial cells (data not shown). 

Radiolabeled Nucleotide Transfer. Autoradiographic 
visualization of radiolabeled nucleotide transfer showed 
a transfer rate of 86.6 + 4.8% (mean + SD of 10 cul- 
tures). Donor cells were clearly distinguished from 
recipients by the presence of fluorescent latex beads 
and heavier silver grain development (Fig. 3). Those 
donor-recipient cell pairs in which positive transfer 
was observed were denoted by the presence of silver 
grains in the recipient cells, particularly organized 
around the nucleus (Fig. 3). 

Northern Blot Analvsis. Total RNA isolated from the 
cultured myometrial cells hybridized strongly with the 
connexin43 probe but not with the connexin32 probe (Fig. 
4). A single 3.2 Kb message was recognized by the con- 
nexin43 probe, similar to the findings of Risek et al. 
(1990), who reported hybridization with a 3.6 Kb message 
in RNA isolated directly from myometrial tissue. RNA 
from rat liver tissue and cultured WB rat liver epithe- 
lial cells served as controls for hybridization to the 
connexin32 and connexin43 probes, respectively. Total 
and poly(A)+ RNAs from rat liver tissue expressed a 1.6 
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Fiu. 4. Northern blot analysis of cultured rat myometri- 
al cell and control RNAs with connexin43 (left side, 
uppercase letters) and connexin32 (right side, lowercase 
letters) cDNA probes. Lanes A and a, rat liver tissue 
total RNA; B and b, rat liver tissue poly(A)+ RNA; C and 
c, WB cell total RNA; and D and d, cultured rat myome- 
trial total RNA. Arrowheads indicate location of 4.4, 
2.4, 1.4 Kb RNA size markers. Approximately 15 pg total 
RNA or 5 pg poly(A)+ RNA were loaded in each lane. 

Kb message that hybridized with connexin32, as reported 
by Paul (1986), while WB rat liver epithelial cells 
expressed a 3.2 Kb message that hybridized with the 
connexin43 probe (Spray et al., 1990; Trosko et al., 
1990) (Fig. 4). 

DISCUSSION 

Gap junctions have been identified in rat myometri- 
urn using quantitative freeze-fracture microscopy and 2- 
deoxyglucose distribution in myometrial strips (Cole et 
al., 1985; Cole and Garfield, 1986). However, to our 
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knowledge, there are no reports of gap junctions in 
cultures of isolated rat myometrial cells. Using two 
functional assays and Northern blot analysis, data from 
our study suggest that these membrane structures do 
exist in cultured myometrial cells isolated from preg- 
nant rats. 

Indirect immunofluorescence staining with anti- 
bodies to desmin and a-smooth muscle actin confirmed the 
myometrial origin of the cultures, since these proteins 
are characteristic of smooth muscle (14,15). The fy- 
smooth muscle actin antibody better suited our purposes 
for identifying myometrial cells, as clear staining of 
the actin fibers was evident. 

Microinjection of Lucifer yellow into myometrial 
cells resulted in transfer of dye to adjacent cells in 
all cases. Secondary transfer, or transfer from one 
noninjected recipient cell to another, was common. 
Propidium iodide was useful as a permanent marker of the 
injected cell, as this dye did not transfer to adjacent 
cells. 

The radiolabeled nucleotide transfer experiments 
supported the microinjection studies. Radiolabeled 
nucleotide transfer was evidenced by silver grain devel- 
opment, heaviest in the donor cells with a lighter 
pattern in recipient cells. The silver grains were 
localized around the nuclei in both instances, as a 
result of RNA incorporation. Gap junction-mediated 
transfer of radiolabeled nucleotide was less prevalent 
than transfer of dye following microinjection (87% vs. 
lOO%, respectively). Radiolabeled nucleotide transfer 
may be less sensitive than dye microinjection due to 
background silver grain development, which increases the 
difficulty of scoring for transfer and may increase the 
number of false-negative transfers counted. In addi- 
tion, different culture conditions may contribute to the 
variability in intercellular communication levels: 
established cultures (24-48 h after subculture) were 
used in the microinjection experiments, while freshly 
plated cultures (6 h) were required for the nucleotide 
transfer experiments. 

The gap junction protein expressed in the cultured 
myometrial cells belongs to the connexin43 class, based 
on hybridization of the connexin43 probe to total RNA 
isolated from the cells. These results show that the gap 
junction protein expressed by myometrial cells in cul- 
ture is similar, and perhaps identical, to that ex- 
pressed in vivo by the myometrium just prior to and 
during parturition (Risek et al., 1990). 

These experiments have demonstrated the presence of 
functional gap junctions in cultured rat myometrial 
cells, and identified an RNA transcript that is recog- 
nized by a connexin43 cDNA probe. For the study of 



914 Ceil Biology International Reports, Vol. 74, No. 10, October 1990 

myometrial gap junctions, cell cultures provide several 
advantages over in vivo models. For example, rapid 
functional measures, such as those used in the present 
study, can be easily applied to assess gap junctional 
responses to hormones, drugs, and toxicants. Further- 
more, regulation of the junctions can be probed by 
manipulation of cell culture conditions. These ap- 
proaches may facilitate our understanding of the role of 
gap junctional communication in myometrial function. 
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