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Abstract A complex molecular network controls celr1
homeostasis by inducing apoptosis or proliferation. The

ntroduction

balance of Bcl-2 and Bax, members of a protein familgell homeostasis is regulated by a balance between ap-
determines whether a cell will become immortal (Bcl-2)ptosis (programmed cell death), proliferation and
or will undergo apoptosis (Bax). To determine the role gfowth arrest [30, 31, 42]. Like proliferation, apoptosis
Bcl-2 and Bax during proliferation of biliary epitheliais an active process requiring an intracellular signalling
cells (BEC) after bile duct ligation (BDL) and their reeascade of protein interactions activated through a broad
gression after biliary decompression we induced hypeariety of stimuli [19, 38, 42].

plasia of BEC by BDL in male rats. Regression of hyper- The protein Bcl-2, first characterized in a B cell leuka-
plastic BEC by way of apoptosis was induced by biliagmia cell line [10], shows marked homology witid-3
decompression through a Roux-en-Y biliodigestive anasr anti-apoptotic gene i€aenorhabditis eleganfl2].
tomosis. To quantify apoptosis a modified TUNEL ass@®y co-precipitation with Bcl-2 an associated protein,
was used. Expression of Bcl-2 and Bax was visualizBelx, was characterized [27]; various other homologues of
by immunohistochemistry and quantified stereologicallgcl-2 have since been identified. This protein family is an
BEC increased from <1% to >20% after BDL; this inmportant modulator of cell homeostasis, which it influ-
crease was associated with overexpression of Bcl-2 ingnges by promoting (Bax) or inhibiting (Bcl-2) apoptosis.
to 30% of hyperplastic BEC. After biliodigestive anastorhe Bcl-2 protein family is characterized by two highly

mosis, apoptotic BEC increased from <0.1% to a peakoohserved regions and their ability to form homo- or het-
5.4% after 1 day to reach baseline again 1 week after dedimers [32]. The ratio of homo- and heterodimers ap-
compression. This was associated with de novo appggirently decides the fate of the cell. Thus, in the presence
ance of Bax. The interaction between Bcl-2 and Bax trigf an excess of Bcl-2 its homodimers dominate and pro-
gers apoptosis in BEC and acts as a cell rheostat in Bie€& cells from apoptosis [33]. Conversely, Bax inhibits
hyperplasia and its involution after biliary decompregcl-2 by forming a heterodimer and thereby opposing the

sion.
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antiapoptotic properties of Bcl-2 [27].

Different mechanisms to explain this rheostat — in-
cluding an influence on the intracellular calcium level,
the production of reactive oxygen species (ROS) and
changes in the mitochondrial membrane permeability —
have been proposed [32]. Recently, Antonsson et al
demonstrated that Bax forms channels and that this for-
mation is inhibited by Bcl-2 [1]. Furthermore, in Bcl-
2/Bax heterodimers, Bcl-2 serves as a target for Raf-1 to
inactivate Bax by phosphorylation [40]. The situation is
certainly more complex than this simple model, since
other family members can also interact with Bcl-2 and
Bax [5, 14, 16, 19], but the balance between Bcl-2 and
Bax has been clearly shown to act as a cell rheostat in
different cell lines in vitro [32].

Ligation of the common bile duct in the rat induces
marked proliferation of bile duct epithelial cells [11, 17]
which is reversible upon relief of the obstruction by
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biliodigestive anastomosis [4, 43]. The removal of thes@h Wycombe, Bucks., UK) and Bax (polyclonal antibody from
cells has been shown to occur by apoptosis [4] but it, purchased from Santa Cruz Biotechnology, Santa Cruz Ca-

. g . : If, ), respectively, at a dilution of 1 : 250. After being washed three
signals mediating the maintenance of hyperplasia andti s in TBS-T, membranes were incubated with a peroxidase-con-

removal have yet to be defined. To investigate wheth@fated F(ab)2 secondary antibody goat anti-mouse IgG for Bcl-2
the cellular rheostat described above is also functionakinl goat anti-rabbit IgG for Bax for 1 h. Membranes were washed

this model, we investigated the expression of Bcl-2 a@gpin in TBS-T and then incubated in enhanced chemiluminescent

P ; : ; ; CL) detection reagents (Amersham International, Amersham,
Bax in livers after bile duct obstruction and its relief b ucks., UK) for 30 s at room temperature and immediately thereaf-

Roux-en-Y biliodigestive anastomosis. ter exposed to X-Omat film (Eastman Kodak, Rochester, N.Y.).
To purify the polyclonal antibody against Bax we performed a
regular Western blot as described above. After transfer of the proteins
: to the nitrocellulose membrane, the band with the appropriate weight
Materials and methods for Bax (21 kDa) was cut out and the resulting strip was blocked in
nfat milk in PBS, washed with TBS-T and then incubated with the
mary antibody against murine Bax overnight at RT. After three
ashes with TBS-T the bound antibodies on the membrane strip
washed off with 1 ml of KSCN 3M. The membrane strip was
n removed and washed with 19 ml of nonfat milk diluted in PBS,
d 1 ml of 3 M KSCN was added to the nonfat milk—-PBS. This so-
ion was used to incubate the nitrocellulose membranes from which
strip was taken for 24 h at RT. This membrane was then pro-
ssed through the standard Western blotting protocol given above.
For the immunohistochemical detection of Bcl-2 and Bax in
er tissue sections, formalin-fixed liver sections were glued with
mentit to regular glass slides to detect Bax and mounted on
y-L-lysine-coated glass slides (Sigma, St. Louis, Mo.) for de-
ction of Bcl-2. The use of poly-L-lysine adhesive was found ear-

Male Sprague-Dawley rats were obtained from Siddeutsche
suchstierfarm Hartmut and Voss (Tuttlingen Germany) and
lowed free access to standard chow and tap water; they were
in temperature-controlled animal quarters under a 12 h:12
light—dark cycle. Secondary biliary cirrhosis was induced by bi
duct ligation (BDL) and dissection according to Kontouras et
[17] as previously described in a publication from our laboratori
[11]; sham-operated animals served as controls. Biliary deco
pression was performed by Roux-en-Y biliodigestive anastomo
as previously described [43]. At 3 weeks after BDL and on daysl-
2, 3 and 7 after R-Y anastomosis animals were killed by exsan
nation under pentobarbital anaesthesia; liver tissue was in part
mogenized for immunoblotting and in part fixed in 4% buffer
formalin; 4 animals per group were studied. All animal experi:- b - ;
ments were approveg bygthe pState Supervisory Board on Apni %rléo be crucial for the antigen remmeval process.

. : h . ~'For the detection of Bcl-2 antigen retrieval enhancement was
Experimentation and were performed according to federal and j:ossary: the sections were exposed in a microwave oven at 95°C
ternational guidelines regulating animal experimentation. r 15 min in citrate buffer (pH 4.0). To inhibit endogenous peroxi-

The TUNEL assay was performed according to the original O

o ho L . ; L 3se the tissue sections were incubated for 10 min with an aqueous
scription of Gavrieli et al. [9] modified by preincubation with diethyl: lution of HO, (1:20 v/v). All samples were routinely blockedqfor

pyrocarbonate, a slight but essential modification to inhibit false-p@%— min in 1°10 (vAv) normal goat serum (Zvmed. San Francisco
itive staining of nuclei [35]. Briefly, formalin-fixed paraffin-embed- lif.) diluted in(PB)S, pH 8.%, prior to th(e gdditilon of antibody. ’

ded liver tissue was cut into 4- to 6-um sections and glued with G&- : ; . ;

: A : e antibody to human Bcl-2 was diluted 1:250 in PBS plus 0.5%
mentit (Merz & Benteli, Niederwangen, Switzerland) to regular glags, ;e serur¥1 albumin, then incubated with the section fgr 90 min.
slides. After the section had been dewaxed in xylene it was incub }ér washing twice in PBS, the preparations were covered with a
for 30 min in 4% diethylpyrocarbonate in ethanol [35]. Thereaft fotinylated goat anti-mouse IgG (Zymed, San Francisco, Calif.)
the slides were rehydrated in a series of decreasing ethanol co 3 at a 1:200 dilution in PBS for 60 min Samples were then se-
trations and then washed in phosphate-buffered saline (PBS). N ntially washed in PBS and exposed for 60 min to streptavi-

were stripped from proteins by incubation with proteinase . ; : . ; ; _ctai ;
10 pg/ml (Boehringer Mannheim, Germany) in Tris-HCl 20 mM/ED n—peroxidase diluted 1:200 in PBS. Peroxidase-stained sections

TA (pH 8.1) 5 mM at 37°C for up to 60 min. Digestion was stopped
with H,0 and the slides were washed four times j0. Hhen the sec-

tions were incubated for 90 min at 37°C with terminal deoxyribonu- 0
cleotidyl transferase (75 U/ml) and digoxigenin-11-dUTP +

(5 nmol/1 ml) in 200 mM potassium cacodylate, 50 pg/ml of bovine
serum albumin and 2.5 mM of Ca{pH 8). The slides were washed 20 |
with SSC (NaCl 150 mM, Ng&itrate 15 mM, pH 7.0), followed by
Tris-HCI 10 mM /NaCl 150 mM, pH 8.2. Unspecific binding was
blocked with a blocking reagent for nucleic acid, hybridization and
detection (Boehringer Mannheim, Germany) for 30 min at room te
perature. Alkaline phosphatase-labelled Fab fragments against dfg-
oxigenin (Boehringer Mannheim, Germany) were used to detect the
labelled nick end of the DNA strands diluted 1:1000 in PBS. Fast red10
chromogen (Boehringer Mannheim) was used as substrate. The reac-

HE
o
tion was stopped after 15-30 min by washing wi8.H m m 0
For Western blotting one lobe of the liver was immediately ho- -
mogenized in 4 volumes of ice-cold 5 mM Tris-HCI, pH 7.4, PL‘D] ’_1_‘

]
T
w
VV TUNEL

0.25 M sucrose, 1 mM Mggl1 mM phenyl-methyl-sulfonyl fluo-
ride, 25 mM benzamidine, 5 pg/ml leupeptine using a Polytron oLl =&
(twice, each time for 15 s), followed by 15 strokes in a Dounce CTR BDL R-Y1 R-Y2 R-Y3 R-Y7

glass homogenizer with loose-fitting pestle. Protein concentration

was measured by the Lowry method [23], using bovine serum alBig. 1 Volume fraction of biliary epithelial cells) and of apo-
min as a standard. Fifty micrograms of protein per lane was rurptotic cells by TUNEL &) in control animals 21 days after liga-
10% polyacrylamide gels. Proteins were transferred to nitroceltien of the common bile duct (BDL) and following Roux-en-Y
lose membranes, which where then blocked with 5% nonfat milkdnastomosisR-Y; the figures refer to days after biliary decom-
TBS-T (TBS; 20 mM Tris HCI, 500 mM NacCl, pH 7.5 and Tweepression). Meant1 standard deviation are shawd/group.As-
1%). The washed membranes were incubated for 1 h at room teamisks (*) denote a statistically significant difference compared
perature with antibodies against Bcl-2 protein (murine monocloneth controls (ANOVA). A wave of apoptosis accompanies the
against human Bcl-2, DAKO-Bcl-2/124, purchased from DAKGQapid involution in the 3 days after RY anastomzsis




Fig. 2 TUNEL-positive biliary
epithelial cell in a rat liver on
day 1 after Roux-en-y anasto-
mosis. Fast red, counterstained
with haemalaum, x6(:)

Fig. 3 Immunoblot with
monoclonal antibodies against
Bcl-2 and polyclonal antibodies
against Bax. Both antibodies
show binding to the respective
protein of the appropriate size.
In lane 2the specific staining
of a lane at exactly twice the
expected weight indicates that
homodimers of Bcl-2 are pres-
ent

Fig. 4 Periportal zone of a rat
liver on day 1 after Roux-en-Y
anastomosis. There is still
marked ductular proliferation
with positive staining of the cy-
toplasm of cholangiocytes for
Bcl-2. Other cells (including
hepatocytes) do not stain for
Bcl-2. x400

335

lane 1
Bax

lane 2
Bcl-2

-a 50KkD

-- 25kD




336

were developed with diaminobenzidine. Control preparations w (N
incubated in the absence of primary antibody.

To detect Bax, the purified antibody described above was u:
Essentially the same procedure as described for the detectic 100
Bcl-2 was used. The antigen-retrieval step was omitted; biotin
ted goat anti-rabbit antibodies were used as secondary antibod

After systematic random sampling [6] livers were characteri: 0 0
stereologically by the point counting procedure of Weibel [41] &
described from our laboratories for conventional [11] and immui =~
histochemical sections [26]. Point counting was performed e% 0
magnification of 40x; points were assigned to hepatocytes, @ 50 U
duct epithelial cells or other structures. Results were expresse
volume fractions (Y) taking the whole liver as the reference spa
[11]. Additionally, in appropriate sections, points characterized
positive for Bcl-2, Bax or TUNEL were counted. Only bile du
epithelial cells with clear-cut staining of the cytoplasm or nuclei
the specific antibodies against Bcl-2 or Bax were scored. In o o
TUNEL assay, only positive nuclei were scored.

The resuBI{s W)él’% expressed as meanztl standard devie CTR BDL R-Y1 R-¥Y2 R-Y3 R-Y7
Means of the different groups were compared with analysis of vari-

: ; ; Pt T Ig. 5 Percentage of bile duct epithelial cells staining positive for
ance [34], withP<0.05 being considered statistically significant. Bcl-2 (00) or Bax @) in BDL rats after 21 days and during involu-

tion of secondary biliary cirrhosis after Roux-en-Y anastomosis
(R-Y). In hyperplastic bile ductules BEC express Bcl-2 lacking
Results Bax. The involution of hyperplastic BEC by apoptosis (see Fig. 1)
is accompanied by de novo expression of Bax and persistent/in-
Bile duct ligation led to marked ductular proliferation a&€2sing expression of BCL -2
previously described [11], exceeding 20%, ¥%fter 3
weeks. Following biliary decompression by means of a
Roux-en-Y biliodigestive anastomosis, bile duct epithekrhotic (Fig. 6B) and decompressed livers (Fig. 6C).
lial cells rapidly decreased, to about 5% by day 7 (Fig. Another pattern could be seen in biliary epithelial cells:
In livers from BDL rats, hardly any biliary epithelialBax was not expressed in bile duct epithelial cells after
cells exhibited features of apoptosis or were TUNHIgation of the common bile duct, but appeared immedi-
positive (<1/1,000). As previously described by Bhathaiely after biliary decompression (Fig. 6C). Its appear-
et al. [4], biliary decompression was immediately foRnce coincided with the wave of apoptosis that removed
lowed by a wave of apoptosis, peaking as soon as daye hyperplastic cholangiocytes (Figs. 1, 5). There, it can
after surgery, with 6.7% of bile duct epithelial cells bde seen that the expression of Bax was restricted to the 3
ing TUNEL positive (Fig. 1). This wave was over 1 weettays following the Roux-en-Y biliodigestive anastomo-
after biliary decompression, when the baseline value &%, roughly 80% of cholangiocytes staining positive for
TUNEL-positive cells was recovered (Fig. 1). ModBax. At day 7 — when no apoptosis was detectable by
TUNEL-positive cells met further criteria of apoptosi§UNEL — the expression of Bax had vanished (Fig. 5).
[15], such as chromatin condensation or fragmentation
into apoptotic bodies (Fig. 2).
Both antigens of interest, Bcl-2 and Bax, were seBiscussion
on Western blots of liver homogenates as proteins of the
appropriate weight (Fig. 3). For both proteins, two ban@ir studies confirm that proliferating bile duct epithelial
— one with the expected molecular weight of the moneglls are removed by apoptosis. They provide the first
mer, the other exactly twice its weight — could be visualvidence that this may be achieved by the balance be-
ized, a finding described previously [27]. tween Bcl-2 and Bax, the main inhibitor and promoter,
Bcl-2 could not be detected in control livers (data negspectively, of cell removal by apoptosis. This cellular
shown); it was not expressed in hepatocytes in contrbleostat [27] has been well described in other epithelia,
biliary cirrhotic or biliary decompressed livers. In conbut to our knowledge not so far in biliary epithelial cells.
trast, expression of Bcl-2 increased markedly in biliary Three weeks after BDL there is marked proliferation
epithelial cells after ligation of the common bile duaf epithelial cells [11, 17]. The signal for this prolifera-
(Fig. 4), one third of biliary epithelial cells expressintgon remains unknown, but we have previously reported
this protein in the liver from a BDL rat (Fig. 5). Someoverexpression of nuclear EGF receptor in proliferating
what surprisingly, the percentage of Bcl-2-positive bilgile ductules after biliary obstruction [4]. The de novo
duct epithelial cells increased up to 80% after biliary dexpression of Bcl-2, a protein protecting cells from ap-
compression, (during the wave of apoptosis). On dayptosis [13, 25, 32, 39] suggests that inhibition of apop-
after biliary decompression Bcl-2 remained elevatei®sis could also contribute to ductular proliferation in ex-
with close to 50% of biliary epithelial cells staining postrahepatic obstruction.
tive for Bcl-2 (Fig. 5). The signal for the expression of Bcl-2 in bile duct epi-
In contrast to Bcl-2, hepatocytes expressed Bax untfeglial cells in obstructed liver remains unclear. It is
all experimental conditions: in control (Fig. 6A), biliarjtempting to speculate that bile acids could be the signal,

100

Bax (%)

T
a1
o




Fig. 6A—C Expression of BAX
in liver. A In normal liver there
is staining of hepatocytes but
not of bile duct epithelial cells.
B Three weeks after BDL there
is ductular proliferation. As in
control livers, hepatocytes but
not cholangiocytes stain posi-
tively for BAX. C After biliary
decompression there is a
marked increase in staining for
BAX in bile duct epithelial

cells
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since they have been shown to induce apoptosis at leadh agreement with previous studies [18], hepatocytes
in hepatocytes [29]. Another explanation for the overednder normal conditions express Bax. In cholangiocytes,
pression of Bcl-2 could be a role in cell growth: Bcl-Bowever, Bax is detectable immunohistochemically nei-
inhibits cells from promoting through the cell cycle [1Gher under basal conditions nor after BDL. The presence
24]; thus, its expression might reflect an inhibition aif Bax in hepatocytes without evidence of an increased
ductular proliferation. Overexpression of Bcl-2 has alsate of apoptosis is explained by the fact that other mem-
been described in human liver after massive hepatic hers of the Bcl-2 family can provide protection against
crosis [7] and the opposite, down-regulation, has beRax-induced apoptosis. Thus, resting hepatocytes ex-
reported in human liver allografts, in which bile ductulgzress Bcl-x and Bak, among other proteins [16, 18, 37].
are prone to apoptotic cell death in the setting of aciRecently, Bcl-2 — which is not expressed in normal rat
rejection [8]. hepatocytes — has been detected in hepatocytes of BDL
Our data on Bax clearly demonstrate its key role amimals by reverse transcriptase—polymerase chain reac-
initiating apoptosis in cholangiocytes: regardless of thien [21]. Immunohistochemically Bcl-2 was not detect-
expression of Bcl-2 — which actually increases after ra@ble in hepatocytes in the present investigation.
moval of the stimulus for hyperplasia — the immunohis- Even though Bcl-2 and Bax are under extensive inves-
tochemical detection of Bax coincides with the wave tifations and the modality of their interaction has been
apoptosis. Again, the stimulus for the expression of Balicidated, this is only the second in vivo model in
remains to be identified. In contrast, the mechanismmich the interaction of these two proteins fits in with
whereby the balance of Bcl-2 and Bax could induce thre model predicted by studies in cell cultures. The other
inhibit apoptosis has recently been elucidated: Antorsstuation in which a similar mechanism of action could
son et al. have demonstrated that Bcl-2 inhibits chanbel at work in the liver is regeneration, where Bcl-2 and
formation initiated by Bax [1]. This is in line with theBcl-x appear earlier than Bax [18]; in this study, howev-
mechanism of apoptosis in hepatocytes, where a cema-apoptosis has not been quantified. The up-regulation
mide-mediated mitochondrial membrane transition has members of the Bcl family in liver regeneration has
been identified as a key event in apoptosis [2]. recently been confirmed [37]. Interestingly, in the former
The removal of excess biliary epithelial cells by apoptudy the changes in mRNA suggested regulation at the
tosis was first described by Bhathal et al. [4] and h&anslational level [18].
been quantitated with a modified TUNEL assay in this In conclusion, we have demonstrated that Bcl-2/Bax
study. Compared with the small number of apoptotic bileay act as a rheostat in maintaining or removing excess
duct epithelial cells at any given time, the velocity of irkiliary epithelial cells in the situation of obstructive jaun-
volution (a 5-fold decrease in the volume fraction of bildice and its reversion by biliodigestive anastomosis.
duct epithelial cells within only 3 days) is astonishing at
first sight. However, this is explained by the fact that afcknowledgements This work was supported by a grant
optosis needs only a few hours to be completed and 6%19‘45?29 g&\;wss National Foundation for Scientific Research
e . . . .95) to J.R.
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