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Epithelial cells in primary ovine lens cultures express the gap junction proteins connexin43 (Cx43) and connexin49 (Cx49;
a.k.a. MP70), a homologue of mouse connexin50. In contrast, lens cultures of differentiated, fiber-like cells (termed lentoid
cells) express Cx49 and connexind6 (Cx46), but not Cx43. To investigate the regulation of lens cell gap junctions by protein
kinase C (PKC), differentiating lens cultures were treated with the PKC activator 12-O-tetradecanoylphorbol-13-acetate
(B-TPA). Within 10 min, 8-TPA significantly inhibited the transfer of Lucifer Yellow dye between epithelial, but not lentoid,
cells. This inhibition was correlated with the phosphorylation of Cx43 and was followed by the gradual disappearance of
Cx43 from cell interfaces. The protein kinase inhibitor staurosporine prevented Cx43 phosphorylation and the loss of Cx43
from intercellular junctions. Following treatment of cultures with B-TPA for 2-6 hr, Cx49 disappeared from epithelial
cell interfaces, and by 24 hr of B-TPA treatment, levels of Cx49 detected on immunoblots of purified epithelial membrane
fractions had also diminished significantly. The B-TPA-induced loss of Cx49 both from regions of epithelial cell contact
and from isolated membranes was correlated with the disappearance of Cx49 mRNA. In contrast to the epithelial connexins,
the lentoid connexins Cx49 and Cx46 were unaffected by even extended B-TPA treatment. In spite of lentoid dye transfer
being refractory to B-TPA, significant levels of PKC-a (a B-TPA-sensitive isoform) were detected in the lentoid cell. The
response of lens gap junctions to B-TPA depends upon the stage of differentiation and the complement of connexins
expressed. The contrasting effects of B8-TPA on Cx43 and Cx49 in lens epithelial cells indicate a fundamental difference
in the regulation of these connexin proteins in the developing mammalian lens. © 1997 Academic Press
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INTRODUCTION the same gap junction (Traub et al., 1989), or, as indicated
by experiments using paired oocytes, form heterotypic
channels with each hemichannel consisting of a distinct
connexin (White et al., 1995b). In addition, there is now
strong evidence that connexin heterooligomers exist (Stauf-
fer, 1995). The diversity and differential expression of con-
nexins, together with differences in the permeability (EIf-
gang et al., 1995) or regulatory characteristics of the assem-
bled hemichannels (Bennett et al., 1991), are likely
important in the response of a tissue to the changing cellular
environment associated with development, differentiation,

Gap junction proteins (termed ‘‘connexins’) comprise a
large family of transmembrane proteins (Bennett et al.,
1991; Beyer, 1993) which assemble to form hemichannels
(connexons) (Musil and Goodenough, 1993). Hemichannels
in adjacent cell membranes dock with one and other to
mediate the intercellular transfer of various ions and low-
molecular-weight molecules (Beyer, 1993). A cluster of
these channels at a cell interface, as revealed by freeze frac-
ture electron microscopy, is referred to as a gap junction

(Beyer, 1993). The various connexin genes are differentially
expressed during development (Dermietzel et al., 1989; Fro-
maget et al., 1990; Kumar, 1991) and in adult tissues (Der-
mietzel et al., 1989). Different connexin proteins can be
expressed in the same tissue (Kumar, 1991), be present in

88

or disease.

To study the regulation of mammalian lens gap junctions,
we previously established and characterized primary cul-
tures of differentiating ovine lens cells in which at least
three different connexin proteins are expressed: connexin43
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(Cx43), connexin49 (Cx49 or MP70), a homologue of mouse
connexin50, and connexind6 (Cx46) (TenBroek et al., 1994).
Cx43 has been localized to gap junctions of the anterior,
epithelial layer of the lens (Musil et al., 1990a; Paul et al.,
1991), while Cx49 and Cx46 have been colocalized to junc-
tions of the differentiating fiber cells (Paul et al., 1991; Ten-
Broek et al., 1992; White et al., 1992), which constitute the
bulk of the tissue. Lens epithelial cells in culture initially
produce Cx43, but begin to also produce Cx49 after 5-7
days. As the epithelial cells continue to differentiate, they
become enlarged and translucent and express both Cx49
and Cx46, but not Cx43. These highly differentiated lens
cells are referred to as “lentoid,” or fiber-like, cells (Ten-
Broek et al., 1994). The progression of connexin expression
and differentiation in culture is likely analogous to the dif-
ferentiation of the epithelial cells in the equatorial zone of
the intact lens. In the extensive gap junctions of the lentoid
cells, immunofluorescently labeled Cx46 and Cx49 com-
pletely colocalize (TenBroek et al., 1994), as is found in lens
fiber cell membranes in vivo (Paul et al., 1991; TenBroek
etal., 1992; White et al., 1992). The dye coupling of cultured
epithelial and lentoid cells can be inhibited by treatment
with octanol (TenBroek et al., 1994), which is characteristic
of gap junctions in many other tissues (Bennett et al., 1991).

Cx43, Cx49, and Cx46 of ovine lens cultures are all phos-
phoproteins (Arneson et al., 1995; TenBroek et al., 1994).
In various tissues or cell types the phosphorylation of Cx43
following the activation of certain kinases has been tempo-
rally correlated with the inhibition of intercellular commu-
nication (Berthoud et al., 1993; Brissette et al., 1991; Lau
et al., 1992). Cx43 is detected as a phosphorylated species
in both intact chick lens and in chick lens cultures (Musil
et al., 1990a; Musil and Goodenough, 1991), and the phos-
phorylation of Cx43 in cultures of bovine lens epithelial
cells has been correlated with an inhibition of dye transfer
following treatment with the protein kinase C (PKC) activa-
tor 12-O-tetradecanoylphorbol-13-acetate (5-TPA) (Reyn-
hout et al., 1992). 5-TPA has also been found to inhibit de
novo assembly of gap junctions, presumably through the
activation of PKC (Lampe, 1994). Less is known about the
phosphorylation of either Cx46 or Cx49, although the Cx46
homologues Cx56 (chick) and Cx44 (bovine) are both modi-
fied by phosphorylation by presently unidentified protein
kinases (Berthoud et al., 1994; Gupta et al., 1994, Jiang et
al., 1993).

In the studies described here, we show that lens cell devel-
opment in culture and the differential expression of Cx43,
Cx49, and Cx46 affects the responsiveness of gap junctions
to 5-TPA. Although B-TPA significantly affects gap junc-
tion communication mediated by either Cx43 or Cx49 in
the lens epithelial cell, the tumor promoter differentially
affects these two connexins, indicating alternative regula-
tory effects following the activation of PKC. Unexpectedly,
gap junctional communication between the more differenti-
ated lentoid cells, which express Cx49 and Cx46, is not
affected by S-TPA, thus indicating that differentiation in
this instance leads to a loss in sensitivity of lens cell gap
junctions to PKC.
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MATERIALS AND METHODS

Materials. Sheep eyes were obtained from either Farmstead
Foods (Albert Lea, MN) or John Morrell (Sioux Falls, SD). Hanks’
balanced salts solution with calcium and magnesium (HBSS), tryp-
sin, Medium 199 (M199), and penicillin-streptomycin were from
Gibco (Grand Island, NY); fetal bovine serum (FBS) and Fetal Clone
Il from Hyclone (Salt Lake City, UT); formaldehyde from Poly-
sciences (Warrington, PA); 8-TPA,; and 4-a-phorbol 12,13-diacetate
(a-TPA) from LC Services (Woburn, MA); and rhodamine dextran
(3000 M,, anionic, lysine fixable) from Molecular Probes (Eugene,
OR). Enhanced chemiluminescence solutions (ECL) were from Am-
ersham (Arlington Heights, IL). Radiochemicals [a-**P]dCTP and
[**S]methionine were obtained from ICN (Costa Mesa, CA); [*?P]-
orthophosphate from NEN (Boston, MA). Nitrocellulose (0.2 pm)
was from Schleicher & Schuell (Keene, NH), Zeta Probe nylon
membrane from Bio-Rad (Hercules, CA). Paraphenylenediamine,
poly-pL-ornithine, phenylmethylsulfonyl fluoride (PMSF), Protein
A or G Sepharose 4B, x-1lgM agarose, and all other chemicals, unless
stated otherwise, from Sigma Chemical Co. (St. Louis, MO).

Lens cultures and Cx50-transfected Hela cells. Lens cultures
were prepared as described previously (TenBroek et al., 1994), ex-
cept that in the present study a trypsin concentration of 0.25% was
used in most experiments to avoid including any outer cortical
fiber cells in the epithelial cultures. Cx50-transfected Hela cells,
generously provided by Dr. Klaus Willecke, were transfected as
previously described for Cx45-transfected HelLa cells (Elfgang et al.,
1995).

Microinjection of cultured lens cells and transfected HeLa cells.
Lens epithelial and transfected HeLa cells were microinjected ion-
tophoretically with a 3.4% solution (wt/vol) of Lucifer Yellow CH
either by repeated 0.1-sec pulses of a 1.1-nA current or by overcom-
pensation of the negative capacitance circuit in the amplifier until
the impaled cell was brightly fluorescent. Lentoid cells were simi-
larly injected, but with a 2% Lucifer Yellow solution containing
5% rhodamine dextran. The fluorescent dextran served to mark
these irregularly shaped, differentiated cells and allowed for a more
accurate determination of dye transfer from the injected cell. A
Zeiss IM35 fluorescence microscope with a mercury lamp and a
DAGE SIT camera were used to monitor the movement of dye
from injected to neighboring cells and the results were recorded on
videotape for 3 min.

Membrane preparation. Lens membranes were purified as de-
scribed previously, through sucrose gradient fractionation follow-
ing extraction with 4 and 7 M urea (Louis, 1989). The buffered
solutions used included a protease inhibitor mixture of 0.5 mM
diisopropylfluorophosphate, aprotinin (1 mg/L), pepstatin (1 mg/L),
leupeptin (1 mg/L), 0.5 mM benzamidine, 1 mM EGTA, and 1 mM
EDTA. Lens membrane preparations were frozen in 10 mM Hepes,
10% sucrose (pH 7.0) and kept at —70°C until use.

To isolate membranes from lens cultures, cells were scraped into
4°C Tris buffer (25 mM Tris, 100 mM NacCl, 10 mM EDTA, 0.02%
sodium azide, 50 mM NaFl, 0.5 mM NaVO,, pH 8.0) containing 2
mM PMSF, pepstatin (1 mg/L), leupeptin (1 mg/L), and aprotinin
(1 mg/L), pelleted in a microfuge, and homogenized in fresh Tris
buffer using a 27-gauge tuberculin syringe. Membranes were then
centrifuged at 100,000g, resuspended in 10% sucrose, 10 mM Hepes
buffer (pH 7.3), and either used immediately or stored at —70°C.

Antibodies and cDNA probes. An IgM monoclonal antibody
specific for sheep Cx49 (6-4-B2-C6) (Kistler et al., 1986) was gener-
ously provided by Dr. Jorge Kistler (University of Auckland, N.Z.).
Rabbit antibody to residues 360-382 of Cx43 (CT 360) was kindly
supplied by Dr. Dale Laird, McGill University, Montreal, Canada.
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PKC-a antibody was obtained from Transduction Laboratories, Inc.
(Lexington, KY). Peroxidase-, FITC-, and rhodamine-labeled second-
ary antibodies were products of Boehringer Mannheim (Indianapo-
lis, IN). Full-length cDNA probes to rat heart Cx43 and rat lens
Cx46 were generously provided by Dr. Eric Beyer (Washington Uni-
versity, St. Louis, MO) and Dr. David Paul (Harvard University,
Boston, MA), respectively. A 510-bp cDNA specific for the C-termi-
nus of ovine Cx49 was kindly provided by Ding I. Yang (University
of Minnesota, St. Paul, MN). A 2.0-kb chicken S-actin cDNA which
cross-reacts with ovine S-actin was kindly provided by Jeff Essner
(University of MN).

Immunoblotting. Membrane fractions from lens cultures or
whole lens membranes were analyzed by SDS-PAGE and Western
immunoblotting as described previously (TenBroek et al., 1994).
Primary antibodies were diluted as described in the legends; second-
ary antibody conjugated to peroxidase was diluted 1:8000-1:10,000
and peroxidase activity was detected using enhanced chemilumi-
nescence (ECL). Results were recorded on Kodak X-OMAT RP or
AR film during the first few minutes of the reaction. Autoradio-
graphs and stained SDS—-PAGE gels were scanned in grayscale with
12-bit mode using a Umax Power Look Scanner. The images were
then analyzed using NIH Image 2.5 software. Load variations were
corrected by ratioing the band intensities of autoradiographs with
those from the corresponding stained gel.

Immunofluorescence. Cultures were fixed in 3.5% formalde-
hyde for 20 min at room temperature, rinsed with M199, and per-
meabilized with 0.1% Triton X-100 in HBSS for 30 min at 37°C.
The cultures were then rinsed with HBSS and blocked with M199
+ 20% goat serum for 1 hr prior to application of the primary
antibody at specified dilutions in the same medium. The cells were
immunolabeled for 1-2 hr at 37°C, washed three times with HBSS,
and then incubated with a 1:500 dilution of secondary antibody
conjugated to rhodamine or fluorescein in the goat serum-con-
taining medium for an hour at 37°C. The culture dishes were finally
washed with five changes of HBSS and then covered with a glass
coverslip applied over a drop of 100 mM Tris buffer (pH 9.0), 90%
glycerol containing 0.1% paraphenylenediamine to prevent fading
of fluorescence. For most figures, immunofluorescently labeled cul-
tures were viewed on a Zeiss photomicroscope Model 3 under epi-
fluorescence, using a mercury lamp. For confocal microscopy (Fig.
3), a Bio-Rad MRC-600 was utilized which was equipped with a
krypton/argon laser, a Nikon Diaphot inverted microscope, and a
Nikon 60X Plan Apo objective (NA 1.4). The same brightness and
contrast settings were used to collect 1.5- to 2.0-um width images
of the labeled samples.

Northern blot analysis. Total RNA was isolated using a modi-
fication of Chomczynski and Sacchi (1987). Cultures were homoge-
nized in ice-cold 5 M guanidine, 0.2 M NaOAc (pH 5.4), 0.5% Sarko-
syl, 1 mM EDTA, and 0.5 M S-mercaptoethanol, extracted three
times with 50% phenol:48% chloroform:2% isoamyl alcohol, and
the aqueous phase precipitated using 3 vol ice-cold 95% ethanol.
RNA was resuspended in either 50 or 100% formamide and 10-15
19 electrophoresed on a 1% agarose—formaldehyde gel for transfer
to a nylon membrane. Blots were prehybridized at 42°C in 50%
formamide, 5X SSPE, 2X Denhardt’s, 0.5% SDS, 0.1% N-lauryl
sarcosine, 150 ug/ml of salmon sperm DNA, and 5% dextran sulfate
and then hybridized for 12 hr at 42°C in the same solution con-
taining the radiolabeled probe (2-5 X 10° cpm/ug DNA). Cx49 and
[B-actin blots were washed progressively with: (1) 2X SSPE, 0.1%
SDS for 20 min X 2 at 20°C; (2) 0.5Xx SSPE, 0.1% SDS for 20 min
at 20°C; and (3) 0.2x SSPE, 0.1% SDS for 20 min X2 at 50°C. Cx43
blots were washed similarly, except that the final washes were in
0.5%x SSPE, 0.1% SDS at 55°C. Radiolabeled blots were exposed

TenBroek, Louis, and Johnson

to Kodak X AR Omat film, and autoradiographs were analyzed
(Molecular Dynamics Sl Personal densitometer) using IP Lab Gel
Densitometry and Gel Analysis software (Signal Analytics Corp.,
version 1.5).

Statistics. When possible, data are expressed as a sample mean
+ the standard error of the mean (SEM). Standard errors were calcu-
lated using the formula: standard deviation (SD)//n. Comparisons
of two sample means were made using the Student’s t test. The
two-tailed probability (P) values were considered significant when
less than 0.05.

RESULTS

B-TPA Inhibits Lens Epithelial, but Not Lentoid,
Cell-to-Cell Communication

To determine whether the tumor promoter and PKC acti-
vator S-TPA inhibits gap junction communication between
lens cells, cultures of ovine lens epithelial and differentiat-
ing lentoid cells were treated with g-TPA (50 ng/ml) or the
inactive isomer of TPA, a-TPA (50 ng/ml), and their ability
to transfer Lucifer Yellow dye was measured. 5-TPA dra-
matically inhibited dye transfer between the epithelial-like
cells by 1-2 hr (Fig. 1A). This suppression was significant
as early as 10 min after the addition of 8-TPA (P < 0.03)
(Fig. 1B) and was maintained for the 48 hr during which the
B-TPA was present (Fig. 1A). By 6-12 hr of treatment the
originally confluent epithelial cells had acquired a fibro-
blast-like appearance with few intercellular contacts. Both
the inhibition of gap junctional communication and the loss
of cell contacts were reversible, but required more than 48
hr of incubation in control medium for a complete recovery
(Fig. 1A).

In contrast to the epithelial cells, Lucifer Yellow dye
transfer between the lentoid cells in the more differentiated
cultures was not significantly attenuated following treat-
ment with 50 ng/ml 8-TPA for differing times up to 48 hr
or with 100 ng/ml S-TPA for 3 hr (Table 1; Fig. 2). The data
from 16 experiments were combined, as no differences were
found when the results were grouped by the age of the len-
toid cells or by the length of time that the cultures were
exposed to B-TPA. The data are expressed as the percentage
of injections which did or did not result in dye transfer. The
number of cells to which Lucifer Yellow dye transfered was
sometimes difficult to assess because of the transparency
and the variable size of the lentoid cells. However, the
boundaries of the injected cells were visualized by coinjec-
tion with rhodamine dextran, and the extent of dye transfer
from these cells appeared to be identical in 5-TPA treated,
untreated, and a-TPA-treated cultures. Treatment of the
differentiating cultures with g-TPA failed to alter the shape
of and degree of contact between the lentoid cells (Fig. 2).

B-TPA Triggers the Disappearance of Connexins
from Lens Epithelial, but Not Lentoid, Cell
Interfaces

To determine whether the observed reduction in gap junc-
tional communication was correlated with a redistribution
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FIG. 1. Dye transfer between cultured ovine lens epithelial cells
treated with S-TPA. (A) A representative experiment in which dye
transfer was measured between the cells of 19-day-old epithelial
cultures following treatment with 5-TPA (50 ng/ml) (dark) or with
the inactive isomer a-TPA (50 ng/ml) (light) for 1-2, 11-12, 24—
25,46-47,71-72, or 48 hr plus an additional 48—-49 hours of recov-
ery time (similar results were obtained in 11 separate experiments).
(B) Dye transfer was measured between the cells of 19- to 23-day-
old epithelial cultures following treatment with g-TPA (50 ng/ml)
for 0-60 min (seven different experiments). Data are expressed as
the mean number of neighboring cells receiving dye + SEM three
minutes after microinjection of an epithelial cell with 4% Lucifer
Yellow (as described under Materials and Methods).

of connexins within the cell, lens cultures of a similar age
and level of differentiation (as assessed by the area of the
culture dish covered by lentoid cells) were treated with S-
TPA and immunolabeled for Cx43 and Cx49, the connexin
proteins previously identified in lens epithelial cell cultures

91

(TenBroek et al., 1994). In 2- to 3-week-old epithelial cell
cultures, treatment with g-TPA for 30-120 min resulted in
a gradual disappearance of Cx43 from punctate foci at the
epithelial cell interfaces (Fig. 3). In contrast, Cx49 did not
disappear from epithelial interfaces until 2 hr of 8-TPA
treatment in 2-week-old cultures (data not shown) and 4-
6 hr in 3-week-old cultures (Fig. 3). Cx43 and Cx49 immu-
nofluorescence reappeared at cell interfaces within 48 hr
after the removal of S-TPA (Fig. 3).

To examine the connexin distribution in the lentoid cell
membrane following treatment with S-TPA, similar experi-
ments were performed with more differentiated cultures.
Consistent with the lack of an effect on dye transfer be-
tween the lentoid cells, the immunolocalization of both
Cx49 and Cx46 in lentoid cell membranes was unaltered
by treatment with S-TPA for up to 48 hr (Fig. 4B and data
not shown).

Connexins have been found to vary in their permeability
to low-molecular-weight dyes (Elfgang et al., 1995), and the
permeability characteristics of Cx49 or its homologue,
Cx50, are not yet characterized. Thus, to establish whether
Cx49 (Cx50) channels could mediate Lucifer Yellow dye
transfer, Hela cells transfected with the mouse homologue
of Cx49 (Cx50) were examined by microinjection. Cx50-
HeLa cells, grown to 90% confluency, transfered dye to an
average of 6.5 = 1.1 cells 3 min following injection of one
cell (n = 8). Untransfected HeLa cells showed no dye trans-
fer under identical conditions (n = 7). To determine whether
Cx50-mediated dye transfer was affected by g-TPA treat-
ment in this cell type, Cx50-HeLa cells were treated with
B-TPA (50 ng/ml) for 0-24 hr and dye transfer was mea-
sured. As was found with the lentoid cells, 5-TPA had no
effect on dye transfer between the Cx50-HelLa cells during
this time period (not shown).

Altered Expression of Cx43 and Cx49 during
Differentiation of Lens Cultures

Immunofluorescent antibody labeling of ovine lens cul-
tures indicates that the epithelial cells initially express

TABLE 1
Dye Transfer between Lentoid Cells Following TPA Treatment

B-TPA B-TPA a-TPA No

(50 ng/ml) (200 ng/ml) (50 ng/ml) treatment
n= 78 6 24 62
Transfer? 91 100 88 94
No transfer 9 0 13 7

@ Dye transfer between lentoid cells in ovine lens cultures treated
with either 8-TPA or its inactive isomer a-TPA. Differentiating 1-
to 8-week-old lens cultures containing lentoids were treated with
B-TPA (50 ng/ml) or «-TPA (50 ng/ml) for 1-48 hr or with S-TPA
(100 ng/ml) for 3 hr, and dye transfer was assessed by microinjection
of 4% Lucifer Yellow (as described under Materials and Methods).
The results represent the compilation of 16 separate experiments,
and the data are expressed as the percentage of injections which
did or did not result in dye transfer. Rhodamine dextran was used
to facilitate the identification of the injected cells.
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FIG. 2. Dye transfer between lentoid cells treated with g-TPA. Dye transfer was measured between the cells of 14-day-old lens cultures
containing lentoids and again following treatment with g-TPA (50 or 100 ng/ml). The injected cell was ‘“marked”” with rhodamine dextran.

Cx43 but not Cx49 (data not shown), but that by 5 days in
culture, Cx49 is expressed and localized to epithelial cell
interfaces (TenBroek et al., 1994). To determine the appro-
priate stage of lens epithelial development for studying the
regulation of both connexins, Cx43 and Cx49 levels were
examined by Western immunoblotting of membranes puri-
fied from 9-, 16-, and 28-day-old cultures. Densitometric
values were obtained from autoradiographs of Western im-
munoblots and corresponding SDS—-PAGE gels to adjust for
loading differences. Membranes isolated from newly con-
fluent 9-day-old lens cultures were found to possess signifi-
cantly more Cx43/mg protein than membranes prepared
from 16-day-old cultures, and 16-day-old cultures possessed
significantly more Cx43 than did 28-day-old cultures. In
contrast, membranes from 9-day-old cultures analyzed by
immunoblotting had significantly less Cx49 than 16- or 28-
day-old cultures. There was no change in Cx49 levels from
16 to 28 days. Outer cortical cell membranes prepared from
sheep lens were included as a negative control for Cx43 and
a positive control for Cx49 (Figs. 5A and 5B). These findings
were in agreement with results obtained by immunofluo-
rescent antibody labeling of similar cultures (data not
shown) and indicated that approximately 2- to 3-week-old
cultures would possess sufficient levels of both connexins
for further studies.

B-TPA Treatment Results in Cx43 Phosphorylation
in Lens Epithelial Cultures

Differentially phosphorylated forms of Cx43 are detected
on Western immunoblots as three to four different species

with apparent molecular weights of 39 to 47 kDa (Kadle et
al., 1991; Musil et al., 1990b). Both a phosphatase-sensitive
45-kDa and an insensitive 42-kDa species of Cx43 were
detected by Western immunoblotting of urea-washed mem-
branes isolated from ovine lens epithelial cell cultures (Ten-
Broek et al., 1994). Two additional phosphatase-sensitive
Cx43 species of 44 and 47 kDa are resolved on immunoblots
of buffer-washed lens epithelial cell membranes (data not
shown and Fig. 5A). All three phosphatase-sensitive species
are phosphorylated, as indicated by their immunoprecipita-
tion from [*P]JATP-labeled ovine lens cultures using Cx43
antibodies (data not shown). The different phosphorylated
forms of Cx43 will be referred to here as P,, P,, and Py
(of increasing apparent molecular weight) and the fastest
migrating, nonphosphorylated, form as NP.

To determine whether the S-TPA-induced changes in in-
tercellular communication and Cx43 localization correlate
with Cx43 phosphorylation, membranes isolated from -
TPA-treated lens cultures were analyzed by immunoblot-
ting. An increase in the phosphorylation of Cx43 was ob-
served following 8-TPA treatment, where a decrease in the
relative amount of Cx43-NP was accompanied by an in-
crease in the relative amount of Cx43-P; (Figs. 5A and 6A).
The shift lasted from 1-2 hr and could be detected as early
as 15 min following S-TPA treatment (Fig. 6A). While the
time at which there was a shift from the NP to the P; form
varied slightly from experiment to experiment, the amount
of Cx43-P; was on average maximal by 30 min following
the addition of 8-TPA, while the amount of Cx43-P, was
maximal by 15 min. In all cases the shift preceded the loss of
Cx43 from the plasma membrane (Fig. 3) and was coincident
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FIG. 3. Immunolocalization of Cx43 and Cx49 in 22-day-old -
TPA-treated ovine lens epithelial cells. Cells were incubated with
50 ng/ml B-TPA for 0, 0.5, 1, 2, 6, or 48 hr followed by 48 hr in
medium lacking S-TPA or for 3 hr in 50 ng/ml «-TPA and were
labeled with both anti-Cx43 (1:500) detected with rhodamine-con-
jugated secondary antibody (1:500) and anti-Cx49 (1:100) detected
with fluorescein-conjugated secondary antibody (1:200), as de-
scribed under Materials and Methods. The control panel shown is
a representative image from the culture treated with a-TPA.

with an inhibition of dye transfer (Figs. 1A and 1B). Treat-
ment of the lens cultures with the inactive isomer a-TPA
(50 ng/ml) did not affect the mobility of Cx43 (data not
shown). Cx43 P, recovered to control levels after 4-6 hr of
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B-TPA treatment (Fig. 6A). When adjusted for protein load,
the amount of Cx43 and its phosphorylation pattern follow-
ing 48 hr of recovery in the absence of 5-TPA were always
similar to controls (Figs. 5A and 6A).

A reproducible 60% decrease in total Cx43 detected on
immunoblots was observed within 15 min of S-TPA treat-
ment (P < 0.0001) (Fig. 5B), and the decrease was correlated
with the increase in the P; form of Cx43 (Fig. 6A). Total
Cx43 protein recovered to control levels by 60 min of g-
TPA treatment (Fig. 6B). Immunocytochemistry revealed no
obvious changes in the distribution or intensity of fluores-
cent labeling of plasma membrane Cx43 at 15-20 min. Al-
though the decrease in total Cx43 protein measured on
Western immunoblot could be explained by a rapid degrada-
tion of Cx43 from either or both intracellular and plasma
membrane fractions, it is more likely that a transient modi-
fication of Cx43 affects its antigenicity.

Staurosporine Inhibits the Early Effects of B8-TPA
on Culture Gap Junctions

Staurosporine is an inhibitor of PKC which has been
shown to block the B-TPA-mediated phosphorylation of
Cx43 (Berthoud et al., 1992). To determine whether an in-
crease in protein kinase activity was responsible for the g-
TPA-mediated changes in gap junction communication and
connexin localization in the ovine lens cultures, the effects
of B-TPA on dye transfer, Cx43 phosphorylation, and the
localization of Cx43 were measured in the presence of dif-
ferent concentrations of staurosporine.

Although 100 nM staurosporine was unable to prevent the
B-TPA-induced inhibition of dye transfer or to consistently
prevent the shift in Cx43 mobility detected by Western
immunoblotting, it did significantly inhibit the S-TPA-de-
pendent loss of Cx43 from cell interfaces for up to 2 hr (data
not shown). In contrast, 250 nM staurosporine relieved the
B-TPA-dependent inhibition of dye transfer between the
lens epithelial cells by 65% (Fig. 7A); 250 and 400 nM staur-
osporine also inhibited the decrease in Cx43 detected on
immunoblots following 30 min of S-TPA treatment (Fig. 7B
and data not shown), the shift in Cx43 phosphoforms (Fig.
7B), and the loss of Cx43 from cell interfaces (data not
shown). Treatment with the protein kinase inhibitor in the
absence of 8-TPA had no effect on dye transfer when com-
pared to untreated controls (Fig. 7A) and also did not affect
the relative amounts of the different Cx43 forms as deter-
mined by SDS-PAGE (Fig. 7B). As measured by trypan blue
permeability, staurosporine was toxic to the lens epithelial
cells after exposure times of 4 hr or more. Since significant
changes in Cx49 were not consistently observed until after
4 hr of g-TPA treatment, staurosporine was used only to
study those S-TPA-dependent changes in Cx43 which oc-
curred prior to 4 hr of treatment.

B-TPA Treatment of Lens Epithelial Cultures
Results in a Loss of Cx49 from Purified Membranes

Cx49 in isolated lens membranes migrates with an appar-
ent M, of 64-70 kDa, but in membranes isolated from lens
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Cx46

Immunolocalization of Cx49 and Cx46 in untreated and S-TPA-treated ovine lens epithelial and lentoid cells, respectively. (A)

21-day-old lens epithelial cell cultures were labeled with both anti-Cx49 (1:100) detected with fluorescein-conjugated secondary antibody
(1:200) and anti-Cx46 (1:100) detected with rhodamine-conjugated secondary antibody (1:500), as described under Materials and Methods.
(B) A representative confocal image of a 20-day-old differentiated lens culture containing lentoids treated with 5-TPA (50 ng/ml) for 24
hr and labeled with both anti-Cx49 (1:100) detected with fluorescein-conjugated secondary antibody (1:200) and anti-Cx46 (1:100) detected

with rhodamine-conjugated secondary antibody (1:500).

cultures it migrates as two species of approximately 60 and
64 kDa on SDS-PAGE (TenBroek et al., 1994). Following
phosphatase treatment of membranes isolated from either
the lens or lens cultures, a fraction of the slower form of Cx49
migrates faster, but the kinase responsible for the altered
mobility is unknown (TenBroek et al., 1994). To establish
whether the loss of Cx49 from cell interfaces following 4-6
hr of 8-TPA treatment (Fig. 3) was accompanied by changes
in either the amount of Cx49 immunoreactivity or a shift in
its mobility on SDS-PAGE, Western immunoblots of mem-
branes derived from the 28-day-old S-TPA-treated lens epi-
thelial cultures were labeled with antibody to Cx49. While
there was no evidence of a decrease in Cx49 mobility follow-
ing treatment of the lens cultures with S-TPA for 4-6 hr,
the amount of Cx49 detected in the purified membranes

decreased significantly (30-36% of controls) and was negligi-
ble by 24 hr of exposure to 8-TPA (0-15% of controls) (Fig.
5B). Cx49 could again be detected 48 hr after the removal of
B-TPA (Fig. 5B). The small amount of Cx49 detected 24 hr
after the addition of S-TPA (Fig. 5B) may reflect the presence
of lentoid cells, since they occasionally appear in differentiat-
ing epithelial cultures after 28 days. Thus, Cx49 was simi-
larly examined in 14- to 21-day-old lens epithelial cultures,
which are significantly less differentiated as measured by
numbers of lentoids. Treatment of the younger cultures with
B-TPA for 2 hr significantly depressed Cx49 levels detected
by Western immunoblotting, and the protein was not detect-
able by 25 hr of g-TPA treatment. The Cx49 protein levels
also failed to recover from S-TPA treatment as quickly as in
28-day-old cultures. Treatment with o-TPA did not signifi-
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cantly affect the level of Cx49 (Fig. 8). Thus, Cx49 is more
sensitive to S-TPA in the younger, potentially less differenti-
ated, lens epithelial cells.

Protein Kinase C Is Detected in both the Epithelial
and the Lentoid Cell

To determine whether the observed loss of gap junction
sensitivity to S-TPA in the lentoid was due to a loss of PKC
during lens development, differentiating lens cultures were
immunofluorescently labeled with antibodies specific for
PKC-a, a S-TPA-sensitive isoform of PKC. Both epithelial
and lentoid cells showed significant levels of PKC-a labeling
(Fig. 9). Although PKC-a typically migrates from the cytosol
to the membrane in the presence of S-TPA (50 ng/ml), an
obvious translocation of PKC-a was not seen in the lens
epithelial cell using immunolabeling and confocal micros-
copy. PKC-a was found in both cytosol and membranes of
untreated lentoid cells. Following treatment with the tumor
promoter, less PKC-a was detected in the cytoplasm of the
lentoid but no change was detected in the membrane label-
ing. Membrane label was not detected using secondary anti-
body alone (not shown). The epithelial and lentoid cells could
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FIG. 5. Western immunoblots of Cx43 and Cx49 in ovine lens
cell membranes. (A) Immunoblot showing Cx43 in membranes pre-
pared from outer cortical lens fiber cells and from ovine lens epithe-
lial cell cultures at 9, 16, and 28 days and Cx43 in membranes
prepared from 28-day-old cultures following treatment with 5-TPA
(50 ng/ml) for 1, 2, 4, 24, or 96 hr (48 hr in S-TPA and 48 hr in
recovery medium). The immunoblot was probed with anti-Cx43
(1:8000), followed by goat anti-rabbit peroxidase-labeled antibody
(1:10,000), and the peroxidase was detected by ECL. (B) Immunoblot
showing Cx49 in membranes prepared from outer cortical lens fiber
cells and from ovine lens epithelial cell cultures after 9, 16, and 28
days in culture and Cx49 in membranes prepared from 28-day-old
lens cultures following -TPA treatment for 1, 2, 4, 24, or 96 hr
(48 hr with 8-TPA followed by 48 hr without the phorbol ester).
The immunoblot was probed with anti-Cx49 (1:350), followed by
goat anti-mouse peroxidase-labeled antibody (1:8000).
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FIG. 6. (A) Relative levels of the different phosphorylated forms

of Cx43 following treatment of lens cultures with g-TPA. The data
represent the mean of 10 experiments in which Western immu-
noblotting of Cx43 was performed following treatment of 19- to
28-day-old lens epithelial cell cultures with 50 ng/ml g-TPA for
the indicated time periods. The immunoblots were probed with
anti-Cx43 (1:8000), followed by goat anti-rabbit peroxidase-labeled
antibody (1:10,000), and the peroxidase was detected as described
under Materials and Methods. The levels of the different phosphor-
ylated forms of Cx43 were analyzed densitometrically and ex-
pressed relative to control values. Data are shown as the mean of
these values + SEM. (B) Cx43 levels in ovine lens culture mem-
branes following g-TPA treatment for the indicated times. Values
shown are adjusted for sample load and expressed as the percentage
of the control levels of Cx43.

not be examined individually by protein analysis because it
is not yet possible to physically separate the two cell types.

Cx49, but Not Cx43, Transcript Levels Are Altered
by B-TPA Treatment

The reduced levels of Cx49 protein detected following
TPA treatment of the lens cultures could be the result of a
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FIG.7. (A) The effect of stauroporine on the 5-TPA-mediated inhi-

bition of dye transfer in ovine lens epithelial cell cultures. 20- to 24-
day-old cultures were examined for their ability to communicate by
microinjection of 4% Lucifer Yellow prior to and during preincuba-
tion with 250 nM staurosporine (as described under Materials and
Methods). After 30 min of preincubation in staurosporine, S-TPA
(50 ng/ml) was added to the same cultures and, after 1-1.5 hr, cell
communication was determined using Lucifer Yellow dye transfer.
The mean number of cells (=SEM) receiving dye 3 min after micro-
injection of Lucifer Yellow is reported for untreated controls (C),
cells treated with staurosporine (ST), cells treated with both stauro-
sporine and 5-TPA (ST + TPA), and cells treated with only S-TPA
(TPA). The data from the first three columns represent four separate
experiments using two sets of age-matched lens cell cultures. Data
reported in the TPA column represent three separate experiments
in age-matched cultures. (B) Cx43 in S-TPA-treated ovine lens cul-
ture membranes incubated with or without staurosporine. Western
immunoblot of membranes isolated from 21-day-old cultures
treated for the indicated times with 50 ng/ml 8-TPA with or with-
out the indicated concentrations of staurosporine (ST). The cultures
were pretreated with staurosporine for 30 min and further incu-
bated for the indicated time under “TPA” when both staurosporine
and S-TPA (50 ng/ml) were present.

decrease in transcription. Treatment of cells with phorbol
esters has been shown to alter connexin mRNA concentra-
tions in some cell types (Brissette et al., 1991), but not in
others (Asamoto et al., 1991; Oh et al., 1991). As an initial
step in determining whether there was a significant change
in either Cx43 or Cx49 mRNA synthesis following 5-TPA
treatment, 18-day-old ovine lens cultures were treated with
B-TPA for either 0-48 or 48 hr and then allowed to recover
for 48 hr in medium lacking S-TPA. RNA was then analyzed
by Northern blotting using constituitively produced S-actin
MRNA to normalize Cx43 and Cx49 mRNA levels.

A 3.0-kb mRNA species, which is similar to the size of

TenBroek, Louis, and Johnson

the message detected in other Cx43-expressing cells (Musil
et al., 1990a), was detected in Northern blots of total lens
culture RNA using a rat Cx43 cDNA probe. A small but
significant increase in steady-state Cx43 mRNA was ob-
served within 2—-6 hr of exposure of lens cultures to 5-TPA
(0.001 < P < 0.01; n = 4). Cx43 mRNA remained slightly
elevated through 24 hr and then decreased significantly (6 hr
is greater than 48 hr, 0.01 < P < 0.02; n = 4) before returning
to control levels following removal of 8-TPA (48 hr is less
than 96 hr, 0.02 < P < 0.05; n = 4) (Figs. 10A and 10B).

Cx49 mRNA levels were similarly examined. The Cx49
cDNA hybridized to a 6.7-kb mMRNA in Northern blots of
total RNA isolated from lens cultures. Smaller Cx49-related
MRNA species were also routinely detected in spite of the
stringent washing conditions (see Materials and Methods)
and the apparently nondegraded Cx43 and S-actin mRNAs.
Similar to the disappearance of Cx49 protein following S-
TPA treatment, S-TPA treatment for 6 hr resulted in a sig-
nificant decrease in Cx49 mMRNA (P < 0.05). Message levels
were not measurable following 12 hr of exposure to 8-TPA,
but Cx49 mRNA could again be detected 48 hr after removal
of the 5-TPA (Figs. 10A and 10B).

To confirm the immunofluorescent antibody labeling
studies which showed that Cx46 was present only at inter-
faces between enlarged epithelial cells and lentoids (Fig.
3A), a rat Cx46 cDNA was used to reprobe Northern blots
used in the above experiments and also Northern blots of
RNA isolated from highly differentiated cultures. This
Cx46 probe did not hybridize to Northern blots of control
or B-TPA-treated lens epithelial culture RNA under condi-
tions of low stringency, although it did detect a 2.6-kb mes-
sage in RNA isolated from more differentiated cultures con-
taining lentoids (data not shown). Thus, the lower kilobase
transcripts detected with the Cx49 probe (Fig. 10A) do not
appear to represent cross-reactivity with Cx46 mRNA.

DISCUSSION

The differentiating ovine lens culture system allows for
an in vitro examination of cell-to-cell communication in the
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FIG. 8. Western immunoblot analysis of the effect of 5-TPA on
Cx49 in 14-day-old ovine lens epithelial cultures. Immunoblot of
membranes isolated from 14-day-old cultures treated for the indi-
cated times with either 50 ng/ml «-TPA or 50 ng/ml 5-TPA. The
immunoblot was probed with anti-Cx49 (1:350), followed by goat
anti-mouse peroxidase-labeled antibody (1:8000).
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Immunolocalization of PKC-« in untreated and S-TPA-treated ovine lens epithelial and lentoid cells. Representative confocal

images of epithelial and lentoid cells in control or g-TPA-treated (50 ng/ml; 30 min) differentiating cultures labeled with anti-PKC-«
(1:500) detected with rhodamine-conjugated secondary antibody (1:500) as described under Materials and Methods.

developing lens, a tissue which possesses distinct cell types
and at least three different connexin proteins (Kistler and
Bullivant, 1989; Musil et al., 1990a; Paul et al., 1991; Ten-
Broek et al., 1994). By characterizing the effects of 5-TPA on
the ovine lens culture system, we have shown that different
connexins within the same cell exhibit differential responses
to the same protein Kinase activator and that the response
of a specific connexin to protein Kinase activation can differ
depending on the stage of lens cell development. Further-
more, these studies indicate that a change in the complement
of connexins expressed by the cell during differentiation can
significantly alter the regulatory characteristics of cell-to-
cell communication mediated by gap junctions.

B-TPA Treatment Has Different Effects on the
Cx43 and Cx49 Gap Junctions within Lens
Cultures

An important finding of this investigation is that Cx43
and Cx49 respond differentially to a S-TPA-induced in-
crease in PKC activity in the lens epithelial cell. While -
TPA initially inhibits intercellular dye transfer mediated
by both Cx43 and Cx49, the subsequent effects of 5-TPA
on the two connexins are quite different. Both Cx43 and
Cx49 disappear from epithelial cell interfaces in response to
the activation of PKC, but the loss of Cx43 from interfaces
appears to be more rapid. In spite of its disappearance from
the surface, a significant level of Cx43 is maintained in the
total membrane fraction. In contrast, the loss of immuno-
fluorescently labeled Cx49 from the cell surface correlates
with its loss from membrane fractions and is coincident
with a decrease in the level of Cx49 mRNA. Cx43 mRNA
levels instead show a slight but significant increase which

is not coincident with either an increase in intercellular
communication or in intracellular Cx43 protein. These con-
trasting effects indicate that the controls governing the syn-
thesis and turnover of Cx43 and Cx49 fundamentally differ.

The transient increase in Cx43 mRNA levels and the
significant decrease in Cx49 mRNA levels following S-TPA
treatment suggest that the synthesis of these two connexins
could be regulated by PKC during lens development in vivo.
Indeed, the 5’-untranslated region of mouse Cx43 contains
an AP1 element (Sullivan et al., 1993), to which the protein
complex fox-jun binds (Vyas, 1990, No. 524). A recent study
indicates that this site controls the induction of Cx43 tran-
scription following PKC activation in uterine smooth mus-
cle (Jiang et al., 1996). Further sequence analysis of the ovine
Cx49 gene will indicate whether it too includes any of the
known g-TPA-responsive elements. Differential regulation
of connexin synthesis and trafficking to the intercellular
interfaces by this tumor promoter has also been demon-
strated in other systems (Berthoud et al., 1993; Brissette et
al., 1991; Laing et al., 1994). For example, in C9 cells, de-
rived from rat liver epithelium, both Cx26 and Cx43 are
lost from cell interfaces following S-TPA treatment, but
following the removal of 5-TPA, Cx43 reappears at inter-
faces significantly earlier than does Cx26 (Berthoud et al.,
1993).

Although Cx43 and Cx49 colocalize to the same gap junc-
tion plaques in ovine lens cultures, Cx49 is detected at cell
interfaces for up to 5 hr after the S-TPA-induced loss of
Cx43 (Fig. 2 and data not shown). It is unlikely that such
an extreme difference can be accounted for by differences
in antibody affinity alone. This result suggests that the ma-
jority of the lens epithelial connexin channels are homo-
typic (i.e., Cx49/Cx49 and Cx43/Cx43) rather than hetero-
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FIG. 10. Northern blot analysis of the effect of 5-TPA on Cx43
and Cx49 mRNA in ovine lens epithelial cell cultures. (A) 19-day-
old lens epithelial cultures were treated with 5-TPA for 0, 2, 6, 12,
24, 48, or 48 hr, with 48 hr of recovery prior to RNA isolation and
Northern blotting (see Materials and Methods). (B) A compilation
of four experiments identical to that shown in A, where Cx43 and
Cx49 message levels were first calculated as the percentage of con-
trol and then normalized relative to the densitometric intensity of
the g-actin message. Data are expressed as the mean + SEM.

typic (i.e., Cx43/Cx49) and is in agreement with studies
which have shown that mouse Cx50 and rat Cx43 expressed
in oocytes are unable to form heterotypic channels (White
et al., 1995a). Scanning transmission electron microscopy
and mass analysis of rodent gap junctions provides evidence
consistent with a model in which homomeric channels of
two different connexins may segregate into distinct do-
mains within a single gap junction (Sosinsky, 1995). Such
a model helps to explain the results of our study in which
Cx43 and Cx49 are differentially downregulated in spite of
their colocalization.

B-TPA-Induced Inhibition of Gap Junction
Communication between Epithelial Cells
Correlates with the Phosphorylation of Cx43

A significant decrease in cell-to-cell dye transfer is ob-
served within 15 min of addition of 5-TPA to lens epithelial
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cultures, although the amounts of immunofluorescently de-
tected Cx43 and Cx49 at cell interfaces appear to be un-
changed. Thus, it is likely that S-TPA treatment leads to a
reduction of both Cx43 and Cx49 gap junction permeability.
The concomitant change in the level of phosphorylation of
Cx43 indicates that the diminished permeability of Cx43
gap junctions may be a result of an increased phosphoryla-
tion of this protein and consequent gating of the Cx43 chan-
nel. The stimulation of PKC by 5-TPA has been well charac-
terized (Kikkawa et al., 1989), and studies in other systems
have also suggested that the phosphorylation of Cx43 is
responsible for a decreased communication (Berthoud et al.,
1992; Brissette et al., 1991) and a decrease in Cx43 channel
conductivity (Kwak et al., 1995a,b) following treatment
with 8-TPA. In fact, purified Cx43 has recently been shown
to be directly phosphorylated on ser368 by PKC in vitro
(Lampe et al., submitted for publication). Both the epithelial
and lentoid cells express the most prevalent of the TPA-
sensitive PKC isoforms, PKC-«a. The inhibition of -TPA
effects on Cx43 by preincubation with staurosporine further
indicates that phosphorylation is a prerequisite for the g-
TPA-induced inhibition of dye transfer and the loss of Cx43
from the cell surface. More than one protein kinase may be
responsible for the different effects of S-TPA on lens gap
junctions, as the lowest concentration of staurosporine
tested inhibited the S-TPA-mediated loss of Cx43 from epi-
thelial cell interfaces but neither completely prevented the
shift in Cx43 mobility (increase in phosphorylation) nor the
inhibition of dye transfer.

Whereas an increase in the degree of phosphorylation of
Cx43 correlates with the inhibition of gap junction commu-
nication between lens epithelial cell (e.g., 15 min), it is not
clear whether the inhibition of communication by 8-TPA
is also associated with an increase in the phosphorylation
of Cx49, although Cx49 gap junction permeability to Lucifer
Yellow is clearly diminished. These Cx49-containing gap
junctions are likely functional, as Cx50-transfected HelLa
cells support significant levels of Lucifer Yellow dye trans-
fer, and the amino acid sequence of Cx49 shares an 87%
identity with mouse Cx50 (Yang and Louis, 1996). Cx49 in
cortical lens membranes is not phosphorylated in vitro by
PKC, but instead can be phosphorylated by a previously
unidentified lens protein kinase (Arneson et al., 1995). It
is possible that the permeability of Cx49-containing gap
junctions is thus inhibited by another kinase which is acti-
vated following 8-TPA treatment. However, phosphoryla-
tion of Cx49 may not be required for inhibition of gap junc-
tion communication by PKC, as Lucifer Yellow dye transfer
was inhibited and Cx26 channels were less frequently ob-
served in Cx26-transfected SKHep cells treated with S-TPA,
despite the fact that Cx26 does not appear to be a phospho-
protein (Kwak et al., 1995a). Determining the molecular
basis for the inhibition of Cx49 channel permeability by S-
TPA will require further studies, since the only antibody
with high affinity for the Cx49 expressed in ovine lens cul-
tures is the IgM monoclonal antibody 6-4-B2-C6. Although
a number of protocols were tested, including a procedure
utilizing the mannan-binding protein (Nevens et al., 1992)
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(Pierce Biochemicals), Cx49 could not be cleanly immuno-
precipitated from either **S- or **P-labeled ovine lens cul-
tures using this IgM antibody (data not shown). Dye transfer
was not inhibited between the Cx50-transfected Hela cells
by B-TPA treatment, so Cx50 phosphorylation was not ex-
amined.

Differentiation Affects the Regulation of Lens Gap
Junctions

The S-TPA-dependent inhibition of cell-to-cell commu-
nication between the epithelial cells but not the lentoid
cells in lens cultures demonstrates that lens cell differentia-
tion results in fundamental changes which affect cell-to-
cell communication. Certain studies indicate that the re-
sponse of epithelial and fiber cell gap junctions to agents
affecting junctional communication may differ. For exam-
ple, the inhibition of intercellular communication between
lentoid cells requires a higher concentration of octanol than
that required to uncouple epithelial cells in both embryonic
chick and ovine lens cultures (unpublished data; (TenBroek
etal., 1994)). Our study shows that differences in the regula-
tion of communication between epithelial and fiber cells
can result from not only the changing expression of connex-
ins during differentiation, but also from the differential reg-
ulation of the same connexin in the two cell types.

The replacement of Cx43 by Cx46 in the differentiating
lens cultures could change the sensitivity of gap junctions
to B-TPA. Evidence for functional differences between these
two connexins is provided by experiments in which the
expression in oocytes of Cx46, but not Cx43, result in os-
motic lysis (Paul et al., 1991). However, the coincident ex-
pression of Cx49, which is expressed by the epithelial cells
after 5 days and also by the more differentiated lentoid cells
appearing after 4-5 weeks in culture, complicates the inter-
pretation of this study. Cx49 is significantly affected by -
TPA in the epithelial cell, but gap junction permeability
and the localization and the synthesis of Cx49 are not inhib-
ited by -TPA in the lentoid cell. Gap junctions have been
shown to be regulated differently by the same protein kinase
in unrelated cell types (e.g., CAMP-dependent protein kinase
(Bennett et al., 1991)), but this report is the first describing
a significant change in the regulation of a specific connexin
during the differentiation of a single cell type. That dye
transfer between Cx50-Hela cells is insensitive to 5-TPA
but sensitive between the lens epithelial cells expressing
Cx49 (Cx50 homologue) underscores the fact that this con-
nexin can be regulated differently in unrelated cell types.

The insensitivity of gap junctions in the lentoid to 5-TPA
may mirror the situation in vivo. Fiber cell gap junctions in
the intact lens are insensitive to certain uncoupling agents
which typically effect the uncoupling of epithelial cell gap
junctions (Miller and Goodenough, 1986; Rae et al., 1982;
Schuetze and Goodenough, 1982). The degree of sensitivity
appears to be dependent upon the stage of differentiation,
as embryonic chick lens fiber cells are uncoupled by ele-
vated CO, up to stage 14, after which time the same cells are
insensitive to such treatment (Schuetze and Goodenough,
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1982). It has been proposed that the avascularity of the lens
makes it dependent on gap junction-mediated metabolic co-
operation between cells to maintain homeostasis (Piatigor-
sky, 1981) and that the closure of a significant number of
connexin channels between fiber cells could disrupt the
existing ion balance and result in cataract formation (Kistler
and Bullivant, 1989). Thus, to prevent cataract, the fiber
cell gap junction may be refractory to agents which inhibit
gap junction communication in the less differentiated cells
of the epithelial layer.

Differences between the regulation of epithelial and len-
toid gap junction communication could be explained by
changes in PKC isoform expression. PKC isoforms differ in
their substrate specificity, cofactor requirements, and local-
ization (Saxon et al., 1994), and the particular PKC isoforms
expressed in certain tissues have been shown to vary with
the level of differentiation (Leli et al., 1993; Saxon et al.,
1994). We have detected significant expression of PKC-«,
one of the most prevalant of the g-TPA-sensitive PKC iso-
forms, in both epithelial and lentoid cells. In the lentoid
cell, PKC-a localized to both the cytosol and the plasma
membrane before treatment with g-TPA, but to only the
plasma membrane after treatment. Since the activation of
PKC-a has been shown to result in its relocalization from
cytosolic to membrane fractions (Ito et al., 1988), lentoid
PKC may already be significantly activated prior to S-TPA
treatment. Prior modification of lentoid Cx46 or Cx49 (e.g.,
by phosphorylation) could render these connexins inaccessi-
ble to further phosphorylation.

It is unlikely that changes in the regulation of gap junc-
tion channel conductance are due to the formation of het-
erotypic Cx46/Cx49 channels (White et al., 1995b), because
Cx49 is expressed and present at interfaces between com-
munication-competent epithelial cells 2-3 weeks before
the appearance of Cx46. Nevertheless, these two connexins
colocalize in the lentoid (TenBroek et al., 1994) and also in
the fiber cell (Paul et al., 1991) membrane, so the coincident
expression of Cx46 in the lentoid cell could have an effect
on Cx49 channel function. Alternatively, since Cx49 also
colocalizes with Cx43 in the cultured epithelial cells, the
downregulation of Cx43 which is associated with lens cell
differentiation (Musil et al., 1990a; TenBroek et al., 1994)
could result in a change in Cx49 function.

Numerous cytoskeletal and morphological changes are
associated with the differentiation of epithelial cells to fiber
cells in vivo (Piatigorsky, 1981), some of which may occur
in the differentiating lens cultures. The g-TPA-dependent
disappearance of Cx49 from the lens epithelial cell surface
is temporally correlated with a change in these cells to a
fibroblast-like morphology with few cell contacts. How-
ever, B-TPA fails to alter the morphology of, or to induce a
loss of cell contacts between, lentoid cells, and the localiza-
tion of Cx49 and Cx46 in the lentoid cell plasma membrane
are unaffected even by prolonged 8-TPA treatment. Further-
more, dye transfer is not affected between Cx50-HelLa cells
until after 24 hr of 5-TPA treatment, at which time an
obvious loss of cell contact is seen (not shown). S-TPA-
induced shape changes have been noted in many cell types
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(Ben-ze'ev, 1987; Schliwa et al., 1984) and result from a
rearrangement of cytoskeletal (Schliwa et al., 1984) and ad-
hesion (Ben-ze’ev, 1987) elements. Cytoskeletal compo-
nents and actin-like filaments have also been found to be
associated with gap junction structures (Larsen et al., 1979;
Lo et al., 1994), and an interdependence between adhesion
systems and gap junctional communication has been impli-
cated in several studies (Meyer et al., 1992; Musil et al.,
1990b). Differences between the cytoskeletal and adhesion
components in epithelial and lentoid cells or the regulation
of these components by protein kinases may explain why
lentoid cells do not change in shape or why lentoid gap
junctions are not internalized following treatment of lens
cultures with 8-TPA.

This investigation of the effect of 3-TPA on the connexins
of lens epithelial and lentoid cells in culture describes a
potentially important change in gap junction regulation
during differentiation in the lens. The differential effects of
B-TPA on the gap junctions of the epithelial and the lentoid
cells may be attributable to cell-specific expression of differ-
ent complements of connexins as well as to other physiolog-
ical and protein differences between the two cell types. Fur-
ther studies examining the protein kinase signaling path-
ways in the undifferentiated epithelial cell and in the
differentiating fiber cell should help us to better understand
why gap junction sensitivity to PKC changes during the
development of the mammalian lens.
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