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ABSTRACT

Direct intercellular signal transduction is achieved by the passage of
small molecules through gap junctions (GJ). Previous studies in our
laboratory showed that the liver tumor promoter phenobarbital (PB)
reversibly decreases the abundance of the GJ protein connexin32 (Cx32)
in both preneoplastic-altered hepatic foci and centrolobular hepatocytes
(M. J. Neveu et al.,, Cancer Commun., 2: 21-31, 1990). Because the
inhibitory effects of PB on GJ intercellular communication are prevented
by the nonspecific cytochrome P-450 inhibitor SKF-525A (J. E. Klaunig,
et al., Toxicol. Appl. Pharmacol., 102: 533-563, 1990), we investigated
whether alterations in Cx32 are coincident with changes in the major
PB-inducible cytochrome P-450, termed b/e or IIB1/2.

Immunostaining of liver cryosections from rats fed dietary PB demon-
strated that centrolobular hepatocytes that exhibit reduced Cx32 express
enhanced cytochrome P450IIB1/2 protein. In contrast, no change in the
periportal distribution of connexin26 immunoreactivity was found in
PB-treated rats. In addition, rats were treated with the structurally re-
lated barbiturates pentobarbital, amobarbital, barbital, and barbituric
acid. We found that the extent of the hepatic lobule occupied by coincident
centrolobular alterations in Cx32 and P-450 staining correlates with the
ability of the compounds to promote liver oncogenesis.

To determine the molecular mechanisms responsible for the modifica-
tion in Cx32 staining, we examined the mRNA and protein levels of Cx32
and P4501IB1/2 in total-tissue homogenates from PB-treated rats. North-
ern blotting demonstrated that dietary PB dramatically induced
P-45011B1 mRNA, but the same RNA samples failed to show alterations in
Cx32 steady-state transcripts. Consistent with these findings, the level of
Cx32 protein in total liver homogenates did not change in rats chronically
fed PB. Examination of Cx32 solubility in 20 mm NaOH demonstrated
that PB treatment results in the generation of a NaOH-soluble form of
Cx32 (i.e., 47 kDa). In addition, trypsinized paraffin-embedded liver
sections from PB-treated rats exhibited diffuse cytoplasmic Cx32 staining
that was restricted to centrolobular cells. Our results show that PB and
related barbiturate tumor promoters reversibly down-regulate punctate
Cx32 staining in centrolobular hepatocytes posttranslationally, possibly
through modification(s) in the transport, assembly, and/or turnover
of GJs.

INTRODUCTION

Gls* are aggregates of transmembrane pores that mediate intercel-
lular signal transduction by regulating the intercellular transfer of
ions, metabolites, second messengers, and other molecules less than
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1000 daltons in mass (1, 2). Cloning studies have identified a family
of GJ proteins, termed connexins, that are distinguished by their
predicted molecular mass (2). Many normal biological processes
including tissue homeostasis, embryonic development, glandular se-
cretion, cellular differentiation, and growth control are modulated by
GJIC (2-4).

Alterations in the number of GJs or the level of GJIC have been
found in preneoplastic and neoplastic cells from several rodent and
human tissues. Furthermore, many tumor promoters, oncogenic pro-
teins, and growth factors modulate GJIC (2-7). In addition, transfec-
tion of tumor cells with either Cx32 or Cx43 results in reduced growth
rates in cell culture and in nude mice (3, 4).

In rodent and human liver, the abundance of Gls, the level of
GJIC, and the expression of Cx32 are diminished in most
preneoplastic altered hepatic foci and carcinomas (4, 6, 7). In
addition to these changes in mutated cells, the liver tumor promoter
PB decreases the morphological abundance of GJs (8) and the level
of punctate Cx32 staining in centrolobular hepatocytes (9).
Furthermore, physiological studies demonstrated that PB rapidly
inhibits hepatocyte GJIC in primary cultures (7, 10) and liver tissue
slices (11). The PB-induced alterations in both GJIC and Cx32
staining are rapidly reversible after withdrawal of PB (9, 10). In
this report we examined whether the PB-induced changes in Cx32
staining in centrolobular hepatocytes associate with other previously
characterized changes in gene expression.

Administration of PB to rodents induces a program of adaptive
changes in centrolobular hepatocytes. The modifications include in-
creased levels of smooth endoplasmic reticulum, cytochrome
P45011B1/2, epoxide hydrolase, and isozymes of glutathione S-trans-
ferase (12, 13). A strong association exists between the ability of a
subclass of compounds, including barbiturates, to promote hepatocar-
cinogenesis and the ability to induce cytochrome P4501IB1/2 enzy-
matic activity (14). Relatively minor modifications in the structure of
barbiturates can modify these activities (see Fig. 1). Amobarbital,
pentobarbital, and barbituric acid are weak inducers of P45011B1/2
enzymatic activity and are ineffective promoters of rat hepatocarci-
nogenesis (15-20). Furthermore, the inducibility of P4501IB1/2 ac-
tivity correlates with the susceptibility of various strains of rodents to
PB promotion (14, 22).

The present study examines whether alterations in Cx32 and
P45011B1/2 protein expression occur in livers from rats treated with
PB, amobarbital, barbituric acid, pentobarbital, or barbital. Because
the inhibitory effect of PB on GJIC in primary hepatocytes is
prevented by the cytochrome P-450 inhibitor SKF-525A (23, 24),
changes in Cx32 and P4501IB1/2 may colocalize. In support of this
hypothesis, PB is a weak or ineffective inhibitor of GJIC in
fibroblasts (V79) and in liver epithelial cells (WB-F344) that
exhibit low levels of microsomal enzyme activity (7). To determine
which molecular mechanisms were responsible for centrolobular
alterations in Cx32 staining, we examined the expression of Cx32
mRNA and protein after dietary PB. Contrary to a previous report,
which suggested that PB reduces the level of Cx32 mRNA (25),
our results show that PB induces posttranslational alterations in the
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Fig. 1. Changes in GJIC and P4501IB1/2 during liver tumor promotion.

assembly and/or turnover of Cx32 that are colocalized with
alterations in P4501IB1/2 expression.

MATERIALS AND METHODS

Animal Experiments. Male Fischer F344 rats (Harlan-Sprague-Dawley,
Inc., Madison, WI) were maintained at 27°C on a 14-h light/10-h dark cycle
and given AIN-76 diet (Teklad Test Diets, Madison, WI) and water ad libitum.
Three rats per group were maintained on either AIN-76 diet (26) alone or
supplemented with 0.01, 0.05, or 0.1% PB (free acid form; Sigma Chemical
Co., St. Louis, MO) for 30, 60, or 90 days. Rats were also examined after 3,
5, and 9 days following 0.05% PB administration. In addition, rats were treated
with an AIN-76 diet supplemented with 0.05% pentobarbital, amobarbital,
barbital (sodium salt), or barbituric acid for 11 weeks (see Fig. 1). All
barbiturates were obtained from Sigma. Rats were also treated for 6-12
months with an NIH-07 diet supplemented with either tamoxifen (500 mg/kg),
CI Solvent Yellow (1250 ppm), 2,3,7,8-tetrachlorodibenzo-p-dioxin (0.01 pg/
kg), 2,5,2',5'-tetrachlorobiphenyl (100 ppm), WY-14,643 (0.05%), or ciprofi-
brate (0.01%) (9, 27). Following their respective regimens, rats were sacrificed
by decapitation, and the livers were quickly excised, rinsed in saline, blotted
dry, and weighed. Livers were then sliced with a razor blade, and portions from
cach lobe were frozen rapidly on solid CO, for staining studies or in liquid
nitrogen for mRNA and protein isolations.

Antibodies. Antibodies generated against different epitopes of Cx32 and
Cx26 were utilized to examine connexin protein expression. In Cx32 studies
we used a mouse monoclonal antibody generated against purified rat liver GJ
(M12.13) (21), a rabbit polyclonal antibody reactive with amino acids 98—-124
of rat Cx32 (Lola) (21), and affinity-purified sheep polyclonal antibodies
against rat liver GJ (594) (28). For Cx26 we used two different affinity-purified
rabbit polyclonal antibodies raised against amino acids 101-119 (Lulu) (29)
and amino acids 105-119 of rat Cx26 (a19) (from E. Hertzberg). In addition,
an affinity-purified rabbit polyclonal antibody to purified cytochrome
P4501IB1/2 served as a positive control for the PB-induced response (30).
Nonspecific ascites fluid and preimmune serum were used as controls. As an
additional control, antibodies generated against Cx32 were preabsorbed over-
night at 4°C with highly purified rat liver GJs (31), spun at 12,000 X g, and
then incubated with tissue sections.

Immunocytochemistry. Immunostaining of cryosections (6—8 wm) was
performed as described previously (9). Briefly, after the blocking of endoge-
nous biotin and peroxidase activity, the acetone-fixed sections were incubated
with primary antibody overnight at 4°C. Antibody-antigen complexes were
visualized by the biotin-streptavidin-peroxidase method with aminoethylcar-
bazole as the chromogen (Zymed Laboratories, Inc., San Francisco, CA).

Double staining with P450IIB1/2 was performed with biotin-conjugated goat -

anti-rabbit antibody, followed by avidin conjugated to B-galactosidase and
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (Sigma) as the chromogen
(9). Paraffin-embedded tissues were prepared by immersing fresh liver in
acetone for 24 h at 4°C, 100% ethanol for 7 h, and 100% xylene for 6 h,
followed by infiltration medium (IF-200; Surgipath, Grayslake, IL), and then
embedding medium (IF-400; Surgipath). Deparaffinized sections were air
dried and extracted with 0.05% Triton X-100 in phosphate-buffered saline for
10 min at RT. Sections were washed with distilled water, air dried, and
postfixed in acetone for 10 min at RT. Air-dried sections were washed in
phosphate-buffered saline and then treated with trypsin (Zymed Histo-Kit) for
1 h at RT. Subsequently, the sections were blocked for nonspecific protein
binding with 1% bovine serum albumin (Sigma) and 5% normal goat serum
(Zymed) and incubated with primary antibody, and protein-antibody com-
plexes were visualized as described above. Nuclei were counterstained with
Mayer’s hematoxylin, and sections were coated with Crystal/Mount (Biomedia
Corp., Foster City, CA). All slides were viewed with a Zeiss Axiophot
microscope (Carl Zeiss, Oberkochen, Germany) and photographed with either
light-field, Nomarski and/or dark-field microscopy. Semi-quantitative analyses
of the acinar distribution of Cx32 (yellow dots) were performed by counting
punctate immunoreactive spots in 1000 hepatocytes from periportal and cen-
trolobular regions of three different rat livers. PA5S0IIB1/2 expression (purple)
was quantified simultaneously with dark-field illumination.

Immunoblot Analyses. Crude homogenates were prepared by disrupting
approximately 50 mg of tissue for 30 s with a Brinkmann homogenizer
(Brinkmann, Westbury, NY). Isolation buffer contained 4 mm NaHCO;, 2 mM
phenylmethylsulfonyl fluoride (Sigma), 2 pug/ml aprotinin (Sigma), 2 mMm
EDTA, 5 mm diisopropylfluorophosphate (Sigma), and the phosphatase inhib-
itors 100 mm sodium fluoride, 10 mm sodium phosphate, and 2 mM sodium
o-vanadate (Sigma). For analysis of base solubility, tissues were homogenized
in 20 mm NaOH followed by brief sonication at 50% power with a Branson
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sonifier 250 (VWR, Chicago, IL). NaOH-insoluble pellets were recovered by
centrifugation at 12,000 X g for 15 min, resuspended in 20 mM NaOH,
repelieted, and then suspended in isolation buffer (32). The pH of supernatant
fractions was adjusted to 6.8 with Tris-HCI prior to protein quantitation. Crude
liver membranes were isolated as described previously (31). Protein quantita-
tion was performed as described by Peterson (33).

Samples were solubilized in 2% SDS (Gallard-Schlesinger, Carle Place,
NY) buffer containing 62.5 mm Tris-HC1 (pH 6.8), 10% glycerol, and 50 mm
DTT (Sigma) for 30 min at RT. Solubilized samples were separated by
SDS-PAGE (34) with 3-5% stacking and 12.5% separating gels cast in a
minigel apparatus (Bio-Rad, Richmond, CA). Transfer of the protein to posi-
tively charged Immobilon-P membranes (Millipore, Bedford, MA) was carried
out in modified Towbin transfer buffer (10% methanol) at 300 mA for 90 min
at 4°C (35). Residual gels were stained with Coomassie Blue R-250 (Bio-Rad)
to evaluate equal loading and transfer of proteins.

Nonspecific protein binding of the membranes was blocked with filtered
Blotto (5% Carnation nonfat dry milk powder in 40 mm Tris-HCl (pH 7.4—
0.1% Tween 20—-0.05% sodium azide) for 1 h at RT. Primary antibodies were
incubated with the blots for 2 h at RT and then washed several times in 50 mm
Tris-HCl (pH 7.4, 0.9% NaCl-0.05% sodium azide, followed by incubation
with the appropriate affinity-purified rabbit secondary antibody (Chappel,
Malvern, PA) for 1 h at RT. Antibody-antigen complexes were determined
with 430 pCi/ml '*I-protein A (ICN; specific activity, >70 uCi/ug). Rainbow
14C-methylated-protein markers were used for molecular weight determination
(Amersham, Arlington Heights, IL). Autoradiography with XAR-5 film (East-
man Kodak, Rochester, NY) was performed at —70°C with an intensifying
screen. The relative amounts of immunoreactive band(s) were evaluated with
an LKB soft laser densitometer (Biomed Instruments, Chicago, IL).

Northern Blot. Total RNA was isolated from pulverized snap-frozen tis-
sues by the acid-guanidinium method (36), and Northem blots were performed
with 10 ug total RNA per lane (37, 38). Ethidium bromide at a concentration
of 0.2 ug/ml was added to the gels before electrophoresis to verify the integrity
of the RNA as well as equal loading before and after transfer to GeneScreen
Plus (DuPont, Boston, MA). EcoRI fragments of the complementary DNAs
corresponding to near full-length coding mRNA for Cx32 (1.5 kilobases) (21)
and Cx26 (1.1 kilobases) (28) were isolated from plasmid sequences by
agarose electrophoresis and purified by GeneClean (Bio101, Inc., La Jolla,

. CA). Radiolabeled probes [>2P]dCTP, 3000 Ci/mmol; Amersham) were gen-
erated with the multiprime DNA labeling system (Amersham) followed by
G-50 Quickspin purification (Boehringer Mannheim, Indianapolis, IN). Pre-
hybridization, hybridization, and posthybridization washes were performed as
described previously (37). The expression of P450I1B1 was examined with a
22-base pair oligonucleotide probe as described previously (38). Blots were
exposed to XAR-5 X-ray film (Eastman Kodak) at —70°C with a Lighting Plus
intensifying screen (DuPont). The relative amount of connexin mRNA was
evaluated by an LKB soft laser densitometer. Multiple exposures were taken of
the blots to verify that the intensity of the bands was in a linear response range
of XAR-S film.

RESULTS

A homogeneous pattern of punctate Cx32 immunoreactivity was
observed throughout the hepatic lobule in livers from rats maintained
on an AIN-76 diet (Fig. 2A4). These hepatocytes exhibited ordered
punctate immunoreactivity located between juxtaposed hepatocytes.
In agreement with a previous report (9), we found a pronounced zonal
reduction in Cx32 staining in centrolobular hepatocytes after 30 days
of dietary 0.1% PB. Double immunostaining demonstrated that alter-
ations in Cx32 staining were coincident with induction of cytochrome
P450I1B1/2 immunoreactivity (Fig. 2B). A similar colocalization of
reduced Cx32 staining and induction of epoxide hydrolase was ob-
served in the livers of PB-treated rats (Ref. 12; data not shown).
Semiquantitative determination of the average number of Cx32 im-
munoreactive spots in 1000 periportal hepatocytes from three rat
livers showed no significant difference between rats maintained on
AIN-76 [6.2 %= 2.2 (SE)] and those rats on a diet supplemented with
0.05% PB (6.8 = 2.7). In contrast, punctate Cx32 staining in cen-

trolobular hepatocytes from rats treated with dietary 0.05% PB (1.4 >
1.2) decreased 4-fold when compared with centrolobular hepatocytes
from AIN-76 control livers (7.8 = 2.1). Unlike the homogeneous
staining of Cx32 in normal rat liver, Cx26 staining is restricted to
periportal hepatocytes (39). Staining of serial cryosections from rats
treated for 30 days with 0.1% PB showed that Cx26 staining was not
altered in periportal hepatocytes (Fig. 2C) that continue to express
Cx32 (Fig. 2D).

The proportion of the liver lobule, defined by the distance between
the portal tract and the terminal hepatic vein, exhibiting alterations in
Cx32 and P45011B1/2 depends upon the concentration and duration of
PB exposure. Whereas 74 * 7% of the liver lobule exhibits coincident
changes after 30 days of 0.1% PB (Fig. 2D), similar treatment with
0.01% PB resulted in only 13 * 5% of the lobule showing altered
staining. Temporal analysis demonstrated that the portion of the liver
lobule occupied by alterations in P450IIB1/2 and Cx32 staining
increased with time from 20 *+ 3% at 60 h, to 34 * 5% at 120 h, and
to 47 = 7% after 9 days of 0.05% dietary PB. The changes observed
after 9 days were comparable to changes in those livers maintained on
0.05% PB for 4, 8, and 11 weeks.

Fig. 1 compares the published effects of various barbiturates on
GJIC (primary rodent hepatocytes), induction of cytochrome P-450
(pentoxy- and benzyloxyresorufin activity), and rat liver tumor-pro-
moting ability. The percentages of the liver lobule occupied by
changes in Cx32 and P4501IB1/2 were examined after 11 weeks of
continuous dietary exposure (4.3 mm; equivalent to 0.1% PB) of the
compounds listed in Fig. 1. In accordance with studies by Nims et al.
(15), we found that PB and sodium barbital increased the liver:body
weight ratio, whereas amobarbital, barbituric acid, and pentobarbital
were ineffective (Table 1). Coincident alterations in P45011B1/2 and
Cx32 were observed in rats treated with all compounds except barbi-
turic acid. The extent of the liver lobule occupied by the changes
varied among different PB congeners. In agreement with the proper-
ties listed in Fig. 1, the extent of the liver lobule showing alterations
correlated with previously reported abilities to promote rat hepatocar-
cinogenesis (phenobarbital > barbital > pentobarbital > amobarbital).

We also examined P45011B1/2 and Cx32 staining in livers treated
with a diet supplemented with the liver tumor promoters tamoxifen,
CI Solvent Yellow, 2,3,7,8-tetrachlorodibenzo-p-dioxin, 2,5,2',5'-tet-
rachlorobiphenyl, Wy-14,643, or ciprofibrate (see “Materials and
Methods”). Coincident changes similar to those in Fig. 2B were
observed in livers from rats treated with either tamoxifen, ClI Solvent
Yellow, or 2,5,2',5'-tetrachlorobiphenyl, whereas no change in Cx32
or P450IIB1/2 staining was observed in animals treated with the other
tumor promoters. These results further support the association be-
tween alterations in P4501IB1/2 expression with modifications in
Cx32 staining in centrolobular hepatocytes.

Because the tumor promoter 12-O-tetradecanoylphorbol-13-acetate
decreases GJIC by posttranslational alterations in connexin43 (40,
41), we pretreated frozen and paraffin-embedded sections prior to
primary antibody incubation to test whether Cx32 antigenic sites are
masked in PB-treated livers (see “Materials and Methods”). Pretreat-
ment of paraffin-embedded sections with trypsin and Triton X-100
unmasked Cx32 immunoreactivity in centrolobular hepatocytes of
PB-treated rats (Fig. 2F). Nomarski optics were used to show more
detailed cellular architecture than standard transmitted light micros-
copy. Whereas punctate Cx32 staining outlined periportal hepatocytes
(Fig. 2F), cytoplasmic immunoreactivity and occasional punctate
staining were observed in centrolobular hepatocytes after PB treat-
ment (Fig. 2G). Intracellular staining was absent in the livers of rats
maintained on AIN-76 (data not shown) and in the periportal hepa-
tocytes from PB-treated livers (Fig. 2F). The intercellular and punc-
tate patterns of Cx32 staining observed in PB-treated livers were
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Fig. 2. Alterations in Cx32 and cytochrome P45011B1/2 immunostaining in centrolobular hepatocytes induced by dietary PB. Frozen (A-D) and paraffin-embedded (E-H) sections
were incubated with mouse monoclonal anti-Cx32 (M12.13; A, E-G), a mixture of M12.13 plus rabbit anti-P45011B1 and IIB2 (B, D), anti-Cx26 (Lulu; C), or M12.13 presorbed with
purified rat liver gap junctions (H) (sce “Materials and Methods™). Sections were viewed by either dark-field (A-C), light-field (D, E), or Nomarski microscopy (F-H). (A) Whereas
punctate Cx32 staining (yellow dots) is distributed in hepatocytes throughout the hepatic lobule in control rats, (B) liver from rats treated for 30 days with 0.01% dietary PB exhibited
decreased Cx32 staining in centrolobular hepatocytes that colocalizes with induction of cytochrome P4501IB1/2 expression (purplc) No change in the periportal distribution of Cx26
(C) or Cx32 (D) staining was observed after 4 weeks of 0.1% dietary PB. Trypsin digestion of paraffi bedded sections ated centrolobular cytoplasmic Cx32 staining in
rats treated with PB (E). Closer examination of this section demonstrated that periportal cells exhibit characteristic punctate staining (F), wheteas centrolobular cclls display diffuse
cytoplasmic staining with only occasional punctate staining (G). No staining was observed when anti-Cx32 (M12.13) antibody was presorbed with purified rat liver gap junctions (H).
p, portal tract; c, central vein; P450, cytochrome P4501IB1/2; bar, 50 um. 3148
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specific because presorbing anti-Cx32 antibody (M12.13 or 594) with
highly purified rat liver GJs prevented staining (Fig. 2H).

Consistent with immunostaining results, densitometric scanning of
Northern blots did not show a significant change in the abundance of
Cx32 mRNA in total RNA samples isolated from rats treated for 30,
60, or 90 days with AIN-76 diet or a diet supplemented with 0.05% or
0.1% PB (Fig. 3). Three animals were examined for each group, and
the Northern blots were performed twice. Fig. 4 shows that strong
induction of P450IIB1 mRNA transcripts was detected in total liver
RNA samples isolated from rats treated for 60 days with either 0.05%
or 0.1% PB. However, the same RNA samples did not show aiter-
ations in the steady-state levels of Cx32 and Cx26 mRNAs. In contrast
to chronic studies, a 50% reduction in Cx32 mRNA was observed in
RNA samples isolated from rats treated with 0.1% PB for only 3 days
(60 h). The results show that alterations in steady-state levels of Cx32
mRNA are not maintained in livers from rats chronically treated with
various doses and durations of dietary PB.

An immunoblot of Cx32 and P4501IB1/2 expression in total liver
homogenates is depicted in Fig. 5. Although enhancement of
P45011B1/2 expression was evident in crude total liver homogenates
from rats treated for 60 days with 0.1% PB, no alteration in the

Table 1 Per

ge of the hepatic lobule displaying coincident changes in Cx32 and
P4501IB1/2 immunostaining
Rats were fed AIN-76 diet supplemented with either phenobarbital, pentobarbital,
sodium barbital, barbituric acid, or amobarbital (4.3 mm; equivalent to 0.1% PB.) Sections
were doubly stained with anti-Cx32 (M12.13) and P4501IB1/2 as described in “Materials
and Methods”.

Mean liver:body wt % of lobule with altered

Treatment” ratio” Cx32/P450°
Control diet 4.61 + 0.16 Negative
Barbituric acid 4.67 = 0.24 Negative
Phenobarbital 573 031 74+9
Barbital 533019 566
Amobarbital 4.76 + 0.18 9+2
Pentobarbital 490 * 0.20 17+3

? Compounds (4.3 mM; equivalent to 0.05% phenobarbital) were fed ad libitum in
AIN-76 diet for 4 weeks. Values are mean + SD for three male F344 rats per treatment.

b Units of liver/100 g body weight.

€ Values represent the percentage of the liver lobule between portal tract and terminal
hepatic vein showing alterations in P4501IB1/2 and Cx32 (M12.13) immunoreactivity as
determined by planimetry.
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Fig. 3. Analysis of Cx32 mRNA levels in total RNA samples isolated from age-
matched rats fed AIN-76 diet alone (W) or AIN-76 supplemented with 0.05% PB (&) or
0.1% PB @) for 30, 60, or 90 days. Total RNA was isolated, and the samples were
analyzed by Northern blotting (sce “Materials and Methods”). Columns mean densitom-
etry values of Cx32 mRNA from three animals; bars, SE.

]

5 S &

B e @ &

ol

¥ 2 &

N NN S

O ¥ o ©
Cx32 ot . L R -1.6 kb
P450

Fig. 4. Effect of chronic PB administration on Cx32 and P4501IB1 mRNA expression.
Male F344 rats were maintained on AIN-76 diet or diet supplemented with 0.05% or 0.1%
PB. Total RNA was isolated, and the samples were analyzed by Norther blotting (see
“Materials and Methods™). Whereas P450ITB1 mRNA was enhanced after acute (3 days)
or chronic dictary PB (60 days), reduced lcvels of Cx32 mRNA were observed only 3 days
after starting dietary PB. ib, kilobases.

abundance or SDS-PAGE migration pattern of Cx32 immunoreactiv-
ity was detected. Equivalent amounts of monomer (27-kDa) and dimer
(47 kDa) forms of Cx32 were present in samples from untreated or
PB-treated rats. In addition, no significant change in the level of Cx32
protein was apparent in NaOH-insoluble fractions from untreated or
0.1% PB-treated rats. Instead, we observed a 47-kDa band present in
NaOH-soluble fraction from PB-treated rats that is not present in
untreated animals. Increased abundance of the 47-kDa dimer Cx32
band was also found in crude liver membranes isolated from PB-
treated rats. Analysis of Cx32 in crude liver homogenates from
animals treated with the various barbiturates listed in Fig. 1 (at 4.3 mm
for 11 weeks; equivalent to 0.1% PB) also failed to demonstrate
quantitative changes in Cx32 protein expression (Fig. 4B).

DISCUSSION

In this report we show that dietary PB induces alterations in Cx32
and P450IIB1/2 immunostaining that colocalize to centrolobular
hepatocytes. In agreement with the observations of Bars and Elcombe
(42), we observed that the proportion of the hepatic lobule exhibiting
altered Cx32 and P4501IB1/2 expression expanded as the dose of
dietary PB was increased from 0.01% (Fig. 2B) to 0.1% (Fig. 2D).
Our findings that a subset of hepatocytes (i.e., centrolobular) exhibits
altered Cx32 staining may explain why PB treatment results in only
partial inhibition of GJIC in primary hepatocytes (11). As observed in
vivo, treatment of cultured hepatocytes with PB results in heteroge-
neous induction of P-450 immunoreactivity (43). Independent studies
have shown that treatment of primary hepatocytes with the maximum
noncytotoxic dose of PB (2 mMm) induces alterations in P45011B1/2
expression and GJIC in only 30-35% of the mixed cell population
(11, 43). The observed coincidence of changes in Cx32 and
P4501IB1/2 staining may be physiologically important for effective
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Fig. 5. (A) Immunoblot detection of Cx32 and P4501IB1/2 in livers from uninitiated
rats treated with AIN-76 (Lanes 1, 3, 5, 7) or diet supplemented with 0.1% PB (Lanes 2,
4, 6, 8). Crude homogenates (35 pg/lane; Lanes 1, 2); NaOH-insoluble pellets (4 pg/lane;
Lanes 3, 4); NaOH-soluble proteins (30 pg/lane; Lanes 5, 6); and crude liver membranes
(15 pgflane, Lanes 7, 8) were solubilized and electrophoretically separated as described
in “Materials and Methods”. Migration of monomer [27 kDa (kD)] and dimer (54 kDa)
forms of Cx32 are shown. Note that the level of Cx32 immunoreactivity does not change
after PB treatment in crude homogenates, but that Cx32 becomes soluble in 20 mm NaOH
in PB-treated rats. Increased levels of Cx32 aggregates (>54 kDa) were observed in crude
liver membranes isolated from PB-treated rats (Lane 8). (B) Immunoblot detection of
Cx32 in total liver homogenates from rats treated for 11 weeks with AIN-76 (Lane 1),
phenobarbital (Lane 2), amobarbital (Lane 3), sodium barbital (Lane 4), pentobarbital
(Lane 5), or barbituric acid (Lane 6) (4.3 mm; equivalent to 0.1% PB) (see Table 1). Crude
homogenates (35 pg/lane) were solubilized and electrophoretically separated as described
in “Materials and Methods.” No change in the level of monomer (27 kDa) or dimer (54
kDa) forms of Cx32 was detected.

metabolism of xenobiotics by limiting the cytoplasmic diffusion of
reactive intermediates (44) and glutathione (45).

Whereas chronic PB treatment does not increase proliferation in
normal centrolobular hepatocytes (9), a diminution of GJIC in pre-
neoplastic hepatocytes that contain mutations in their growth-regula-
tory genes may allow proliferation by removing cytoplasmic growth
constraints of surrounding quiescent hepatocytes. If this hypothesis is
valid, decreased Cx32 staining in noninitiated rats may represent a
short-term assay for “PB-like” tumor promoters. In support of this
suggestion, treatment of rats with equimolar amounts of barbiturates
structurally related to PB demonstrated that the extent of the hepatic
lobule with altered Cx32/P4501IB1/2 staining correlated with their
ability to promote hepatocarcinogenesis (see Fig. 1 and Table 1). Only
sodium barbital induced a change in Cx32 and P4501B1/2 compara-
ble to that of PB. Dietary treatment with the weak tumor promoters
amobarbital or pentobarbital induced colocalizing alterations that
were restricted to one to two layers of hepatocytes surrounding the
central vein. These results, consistent with the findings of Lubet et al.
(14), illustrate that compounds which cause 20-40% of maximal
induction of P4501IB1/2 exhibit minimal promoting activity.

Several liver tumor promoters that are structurally unrelated to PB,

including tamoxifen, 2,5,2',5'-tetrachlorobiphenyl, and CI Solvent
Yellow, were also found to induce coincident changes in Cx32 and
P45011B1/2 staining in centrolobular hepatocytes. In separate reports,
2,5,2',5'-tetrachlorobiphenyl has also been found to inhibit GJIC in
human liver cell strains (46) and to induce P4501IB1/2 staining (27).
Similar to PB, CI Solvent Yellow does not inhibit GJIC in V79 cells
that exhibit low microsomal enzyme activity (47). We also observed
that several liver tumor promoters that do not induce P4501I1B1/2
(2,3,7,8-tetrachlorodibenzo-p-dioxin, WY-14,643, or ciprofibrate) fail
to modify Cx32 staining in noninitiated rats.

The changes in punctate Cx32 immunostaining in centrolobular

hepatocytes after chronic dietary PB do not result from a reduction in
steady-state Cx32 mRNA transcripts. Although increased P450I1B1
mRNA was detected in total RNA samples isolated from rats treated
with 0.05% or 0.1% dietary PB for 60 days, no change was observed
in Cx32 steady-state mRNA transcripts (Fig. 4). Similar findings were
observed in samples of total RNA isolated from rats treated with PB
for 8 or 11 weeks (Fig. 3). In support of these observations, mRNA in
situ hybridization analysis of liver sections from rats initiated with
diethylnitrosamine and promoted with PB showed that most altered
hepatic foci down-regulate Cx32 staining independent of changes in
mRNA abundance.’ In contrast to chronic studies, a 50% decrease in
Cx32 mRNA levels was apparent in total RNA isolated 3 days (60 h)
after starting 0.1% dietary PB (Fig. 4). The differences in Cx32
mRNA abundance between acute and chronic studies may result from
the transient surge of hepatocyte proliferation that occurs 3 days after
PB administration (19). A reduction in Cx32 mRNA is associated with
compensatory hyperplasia induced in rat liver by a 70% partial hep-
atectomy (37). Similar to our findings with chronic dietary PB,
centrolobular hepatocytes of postpartum rats exhibited a diminution in
centrolobular Cx32 staining independent of changes in Cx32 mRNA
abundance (48).

In agreement with our Northern blotting results, no change in the
abundance or SDS-PAGE migration pattern of Cx32 protein was
observed in total liver homogenates isolated from rats treated with
0.1% PB for 4 weeks (Fig. 5). Both monomer (27,000) and dimer
(47,000) forms of Cx32 were observed in control and PB-treated
livers. In addition, no change in Cx32 protein levels was seen in crude
homogenates isolated from livers treated with either 0.05% or 0.1%
PB for 8 or 11 weeks. Analysis of the base solubility of Cx32
demonstrated that a NaOH-soluble 47,000 band was present in PB-
treated livers exclusively. Alterations in the conformation of Cx32 in
centrolobular hepatocytes may allow for preferential solubilization of
Cx32 in NaOH and rapid dimerization in SDS. Consistent with
equivalent levels of Cx32 protein in control and PB-treated livers,
diffuse intracellular Cx32 staining was observed in centrolobular
hepatocytes of PB-treated rats (Fig. 2, E, G). The staining was specific
because preincubation of anti-Cx32 (M12.13 or 594) with purified rat
liver GJs inhibits punctate and intracellular staining. The diffuse
pattern of immunoreactivity suggests that intracellular Cx32 is not
restricted to lysosomes or the Golgi apparatus but is possibly present
in endoplasmic reticulum that increases in hepatocytes after PB ad-
ministration (49).

The observations that several antioxidants, as well as SKF-525A,
prevent PB-inhibitory effects on GJIC suggest that oxidative stress
may have a role in the post-translational regulation of Cx32 (23,
50-52). Interestingly, an increase in the production of reactive oxygen
species was found to associate with P4501IB1/2 induction in cen-
trolobular hepatocytes and neoplastic nodules (53). Furthermore, sev-

5 M. I. Neveu, J. R. Hully, K. L. Babcock, E. C. Hertzberg, B. J. Nicholson, D. L. Paul,
H. C. Pitot. Multiple mechanisms are responsible for altered expression gap junction genes
during oncogenesis in rat liver, submitted for publication.
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eral other free radical-generating compounds including paraquat,
benzoyl peroxide, 12-O-tetradecanoylphorbol-13-acetate, carbon tet-
rachloride, DDT, and 4-hydroxynonenal inhibit GJIC in various cell
types in culture (54--57). A report by Saez et al. (55) showing that
reducing agents could diminish the uncoupling effects of carbon
tetrachloride on GJIC in primary hepatocytes suggests that oxidation
of sulfhydryl groups of Cx32 may be responsible for the inhibition.

Alternatively, PB may act through other posttranslational modifi-
cations to alter Cx32 staining. Treatment of primary hepatocytes with
PB has been found to induce a transient decrease in cyclic AMP levels
(58). Interestingly, increasing cyclic AMP levels in hepatocytes (dibu-
tyryl cyclic AMP or caffeine) can reverse PB-inhibitory effects of
GJIC (23, 58). Cyclic AMP may modify the phosphorylation of Cx32
or change the expression/activity of another protein involved in GJ
assembly or turnover. For example, PB aiters the distribution of
microfilament and microtubule proteins that regulate the abundance of
GJs in hepatocytes (2, 4, 24).

Acute induction of P4501IB1/2 expression by itself is not sufficient
to inhibit GJIC. Whereas DDT and cyclodiene pesticides (endosulfan,
chlordane, and heptachlor) induce PB-specific microsomal enzyme
activity (14), their inhibitory effects on GJIC are not preventable by
SKF-525A (23, 52). The mechanisms of GJIC inhibition by PB and
DDT appear to be different because the latter inhibits communication
in primary hepatocytes (express Cx32 and Cx26), V79 fibroblasts
(express Cx43), and WBF344 liver epithelial cells (express Cx43 and
Cx26), whereas PB only inhibits GJIC in hepatocytes (4). Similar to
PB-like promoters, antioxidants or cyclic AMP can prevent the inhib-
itory effects of DDT on GJIC (50). Therefore, induction of oxidative
stress may be a better predictor for the ability of a compound to inhibit
GJIC and promote rat hepatocarcinogenesis. In accord with this hy-
pothesis, structural analogues of DDT (fenarimol) and diazepam
(clonzepam) induce P-450 activity without inhibiting GJIC (V79 and
F344 cells) or promoting rat hepatocarcinogenesis (59, 60). Despite
acute induction of P-450 activity by clonzepam, chronic treatments
resulted in only a marginal induction that may not be sufficient for
tumor promotion (14, 59). Additional studies are necessary to deter-
mine the precise molecular mechanisms responsible for the capability
of antioxidants and cyclic AMP to prevent PB-inhibitory effects on
hepatocyte GJIC. The capability of PB and related barbiturates to
posttranslationally down-regulate punctate Cx32 staining in cen-
trolobular hepatocytes provides a reproducible in vivo model to ex-
amine the mechanisms of PB-like tumor promoters as well as anti-
promoters.
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