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SUMMARY: The accumulation of myofibroblasts and fibrosis around proliferating bile ducts in cholestatic liver disease has been
attributed to the proliferation and phenotypic modulation of portal fibroblasts, whereas the contribution of hepatic stellate cells
remains uncertain. There is increasing evidence to indicate that bile ducts may stimulate chemoattraction of hepatic stellate cells
(HSC). In the present study, we undertook dynamic tests to examine such a possibility and to investigate the role of two potential
mediators: platelet-derived growth factor-BB (PDGF-BB) and endothelin-1. Cholestasis was induced by bile duct ligation in rats.
HSC were isolated from normal rats and culture activated into myofibroblasts expressing PDGF-b receptors. Migration of
myofibroblastic HSC was investigated in a Transwell chemotaxis filter assay. As compared with basal conditions, PDGF-BB (100
mg/l) and endothelin-1 (1028 M) induced a 3-fold and 1.7-fold increase in HSC migration, respectively. Bile duct segments isolated
from cholestatic rats triggered a 3-fold increase in migration. This stimulation was significantly more potent than that observed
in the presence of normal bile ducts. It was inhibited by neutralizing anti-PDGF antibodies and by STI571 PDGF receptor tyrosine
kinase inhibitor, by 60% and 85%, respectively, whereas Bosentan, an endothelin receptor antagonist, had no significant
inhibiting effect. In bile duct segments from cholestatic rats PDGF-B chain mRNA was detected at higher levels than in controls,
whereas PDGF-BB was immunolocalized in bile duct epithelial cells. The results indicate that chemotaxis of HSC towards bile
duct structures may contribute to the development of periductular fibrosis in cholestatic disorders, and that PDGF-BB is the major
mediator in this process. In addition, anti-liver fibrogenic properties of STI571 are suggested by potent inhibition of
myofibroblastic HSC function. (Lab Invest 2000, 80:697–707).

B iliary-type liver fibrosis is a complication of choles-
tatic liver diseases that leads to cirrhosis and portal

hypertension. Fibrogenesis in the setting of cholestasic
liver injury is closely associated with an increase in bile
ductular structures referred to as ductular reaction. In the
so-called “typical” ductular reaction (Desmet et al, 1995)
newly formed bile ducts resulting from proliferation of
preexisting bile duct epithelial cells, are surrounded by
smooth muscle a-actin (a-SMA)-positive myofibroblasts
and by fibrosis. Accumulation of periductular myofibro-
blasts has been attributed to the proliferation and phe-
notypic modulation of portal fibroblasts (Tang et al, 1994;
Tuchweber et al, 1996), whereas the contribution of

hepatic stellate cells (HSC), generally regarded as the
major source of extracellular matrix in liver fibrogenesis
(Friedman, 1993), remains uncertain. HSC are normally
located in the perisinusoidal space as quiescent vitamin
A-storing cells secreting low amounts of extracellular
matrix. Following liver injury, increased synthesis of
extracellular matrix constituents occurs in combination
with other phenotypic changes (also called activation) of
HSC into myofibroblast-like cells. It has been demon-
strated by the analysis of freshly isolated HSC, that a
number of these phenotypic changes, including in-
creased expression of extracellular matrix constituents,
expression of a-SMA and of platelet-derived growth
factor receptor b-subunit (PDGFR-b), are induced by
biliary obstruction (Maher and McGuire, 1990; Rockey
and Chung, 1996; Wong et al, 1994). In addition, in situ
analyses have shown that the number of desmin- and
a-SMA-positive HSC increases in the periportal areas
following biliary obstruction (Grinko et al, 1995; Hines et
al, 1993), raising the possibility that HSC may be re-
cruited within the ductular reaction as a result of migra-
tion. The anatomical connection between the space of
Disse and the portal interstitial space evidenced by
electron microscopy studies of human and rat liver
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(Hardonk and Atmosoerodjo-Briggs, 1992) is consistent
with such a possibility.

Based on recent in vitro experiments, it has been
established that human and rat HSC are able to
migrate according to concentration gradients of che-
motactic factors (Ikeda et al, 1999; Marra et al, 1997,
1999). The best characterized chemotactic factor for
HSC identified thus far is the platelet-derived growth
factor-BB (PDGF-BB) (Carloni et al, 1997; Ikeda et al,
1999; Marra et al, 1997). PDGF-BB is also known as
the most potent mitogen for HSC, and is overex-
pressed during active hepatic fibrogenesis (Friedman
and Arthur, 1989; Pinzani et al, 1989, 1996b). Among
factors that induce chemotaxis of other types of
mesenchymal cells, the vasoactive peptide
endothelin-1 (ET-1) (Peacock et al, 1992) is of partic-
ular interest in the setting of liver fibrogenesis, be-
cause the local production of ET-1 is dramatically
increased in liver injury (Pinzani et al, 1996a; Rockey et
al, 1998). Moreover, ET receptors on HSC far outnum-
ber those on other liver cell populations, pointing to
HSC as a major target for ET-1 within the liver. We and
others previously showed that ET-1 is a powerful
agonist of HSC contraction, suggesting that it may
also act on cell motility (Housset et al, 1993b; Pinzani
et al, 1996a). Both PDGF-BB and ET-1 have been
recently identified within bile duct epithelial cells, by in
situ analyses (Grappone et al, 1999; Pinzani et al,
1996a). In the present study we undertook functional
tests to examine the possibility that HSC may migrate
towards bile duct structures within the ductular reac-
tion, and to determine the role of PDGF-BB and of
ET-1 in mediating this process.

Results

Bile Duct Ligation-Induced Ductular Reaction

Bile duct ligation (BDL) provoked ductular reaction
and liver fibrogenesis, as described (Kountouras et al,

1984). The number of bile duct sections gradually
increased from day 1 to day 21, in parallel with the
accumulation of myofibroblastic cells expressing
a-SMA. Whereas in normal liver, the distribution of
a-SMA-positive cells was confined to the wall of portal
vessels (Fig. 1A), and of terminal hepatic venules (data
not shown), bile duct ligation was followed by an
increase in the number of a-SMA-positive cells that
intimately encircled bile duct structures (Fig. 1B). In
the periphery of ductular reaction, a portion of newly
formed bile ducts were incompletely surrounded by
a-SMA-positive cells. In addition, a-SMA-positive
cells in periportal sinusoids were visible in the vicinity
of ductular areas, consistent with the active recruit-
ment of activated myofibroblastic HSC by ductular
structures. We next investigated this potential mech-
anism, by dynamic tests, using myofibroblastic HSC in
a chemotaxis filter assay.

PDGF-BB- and ET-1-Induced Chemotaxis of
Myofibroblastic HSC

HSC were isolated from normal rats, and activated
within 10 to 14 days in culture to a myofibroblastic
phenotype, as ascertained by the acquisition of
a-SMA (Fig. 2A) and of PDGFR-b expression (Fig. 2, B
and C). We verified that PDGFR-b protein reactivity
was retained in HSC detached from the culture plate
by trypsin- ethylenediaminetetraacetate (EDTA) (Fig.
2B). After trypsin-EDTA treatment, myofibroblastic
HSC were seeded in the upper compartment of the
chemotaxis filter assay, and were allowed to migrate
through the filter in response to PDGF-BB gradients
(Fig. 3A). After the addition of PDGF-BB (100 mg/l) in
the lower compartment of the chemotaxis filter assay,
HSC migration was increased by more than 3-fold as
compared with controls (Fig. 3B). In the presence of
anti-PDGF IgG, PDGF-BB-induced migration was re-
duced by 78%, whereas non-selective isotype-

Figure 1.
Localization of myofibroblastic cells in ductular reaction. Detection of smooth muscle a-actin (a-SMA) by a three-step immunoperoxidase method in the portal zone
of A, normal, and B, bile duct-ligated rat liver. Color reaction was developed with 3-amino-9-ethylcarbazole, and tissue sections were counterstained with Mayer’s
hematoxylin. A, In normal rat liver a-SMA immunoreactivity is confined to portal vessel walls. B, After bile duct ligation, a-SMA-positive cells accumulate around
proliferative bile ducts. In the periphery of ductular reaction, newly formed bile ducts may be incompletely encircled by a-SMA-positive cells (double arrowhead), and
sinusoidal a-SMA-reactive cells are visible (closed arrowhead), that may be in close apposition to ductular formation (open arrowhead). Original magnifications: A,
3400; B, 3200.
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matched IgG had no significant inhibiting effect (Fig.
3C). In addition, the chemotactic activity of PDGF-BB
was abolished by STI571, an inhibitor of the PDGF
receptor tyrosine kinase (Buchdunger et al, 1996;

provided by Dr. Elisabeth Buchdunger, Novartis Pharma
Inc., Basel, Switzerland; Fig. 3C). HSC chemotaxis also
occurred in response to ET-1 gradients, although the
stimulating effect of ET-1 was weaker than that of
PDGF-BB. ET-1 (1028 M) triggered a 1.7-fold increase in
HSC migration (Fig. 4A), and this chemotactic activity
was reduced by 90% by Bosentan (1025 M), a mixed
ETA-ETB receptor antagonist (Clozel et al, 1994; pro-
vided by Dr. Martine Clozel, Actelion Ltd., Allschwil,
Switzerland; Fig. 4B). In addition, when both ET-1 (1028

M) and PDGF-BB (10 mg/l) were introduced in the lower
chamber, their chemotactic effects were additive (Fig.
4A), suggesting that both mediators could cooperate in
driving HSC chemotaxis, in vivo. Evidence that they both
acted through separate receptors was further provided
by the fact that STI571 had no effect on ET-1 induced
chemotaxis (Fig 4B) and vice versa. In the presence of
Bosentan (1025 M), HSC migration induced by PDGF-BB
(100 mg/l) was 106 6 12% of that induced by PDGF-BB
in the absence of Bosentan (n 5 5, NS). When ET-1 or
PDGF-BB were introduced in the upper compartment
instead of the lower compartment, no significant in-
crease in the number of cells entering the filter was noted
(not shown), indicating that ET-1- and PDGF-BB-
induced migration was due to chemotaxis rather than
chemokinesis.

HSC Chemotactic Response to Bile Duct Segments

To test the hypothesis of HSC chemoattraction in
ductular reaction, bile duct segments were isolated
from normal and 21-day BDL rats, and placed in the
lower compartment of the Transwell chemotaxis filter
assay. Freshly isolated bile duct segments appeared
as ductular or rounded structures. At least 90% of the
cells were identified as biliary epithelial cells based on
cytochemical and immunocytochemical analyses, as
described below. They were allowed to adhere and
then placed in serum-free medium 24 hours before the
assay. Incubations with bile duct segments from both
normal and bile duct-ligated rats resulted in the che-
moattraction of myofibroblastic HSC, as assessed by
1.7-fold and 3-fold increases in HSC migration, re-
spectively (Fig. 5A). The difference was statistically
significant, whereas the number of bile duct cells
introduced in the lower wells did not differ between
normal and BDL rats, as ascertained by cell count and
DNA content (not shown). The results therefore indi-
cated that bile duct segments from BDL rats exerted
more potent chemotactic effects than bile duct seg-
ments from normal rats on myofibroblastic HSC. To
next determine whether the chemotactic effect of bile
duct segments from BDL rats was mediated by
PDGF-BB and/or ET-1, incubations of HSC with bile
duct segments from BDL rats were repeated in the
presence of inhibitors (Fig. 5B). In the presence of
Bosentan, the number of HSC migrating through the
filter tended to decrease, but the difference with
controls did not reach significance. Incubation with
neutralizing anti-PDGF IgG caused a reduction of HSC
migration by almost 60%, and no additive inhibitory
effect ensued when Bosentan was used together with

Figure 2.
Myofibroblastic phenotype of culture activated hepatic stellate cells (HSC).
HSC were activated in culture and grown on Labtek slides. After fixation in
acetone, a-SMA was detected by immunocytochemistry using the alkaline
phosphatase—anti-alkaline phosphatase method. The expression of platelet-
derived growth factor receptor b-subunit (PDGFR-b) on cell membranes was
determined following detachment of HSC with trypsin-EDTA (ethylenediami-
netetraacetate). Detached HSC, appearing as rounded cells, were allowed to
adhere to positively charged glass slides and were fixed in 4% paraformalde-
hyde. B, PDGFR-b was detected by the biotin-avidin immunoperoxidase
method. C, Anti-PDGFR-b monoclonal antibody was replaced by irrelevant
isotype-matched immunoglobulins in the negative control. A, Color reaction
was developed with Fast red, and B and C, with diaminobenzidine. Original
magnification, 3400.
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Figure 3.
Platelet-derived growth factor-BB (PDGF-BB)-induced chemotaxis of HSC. Serum-
starved myofibroblastic HSC were seeded in the upper compartment of the
Transwell chemotaxis filter assay. PDGF-BB (100 mg/l) or medium alone in
controls, were added to the lower compartment, and HSC were allowed to migrate
for 6 hours to the lower surface of the separating membrane. At the end of
migration, the upper surface of the membrane was cleaned, and the cells adhering
to the lower surface were fixed in methanol and stained with May-Grünwald-
Giemsa. A, HSC that have migrated through the 8-mm pores (black dots) to the
lower surface of the membrane are shown. Original magnification, 3400. B and C,
the number of HSC adhering to the lower surface were counted in 10 random
high-power fields (3400) and averaged. C, In blocking experiments, PDGF-BB (50
mg/l) was added to the lower compartment, with or without (in controls),
neutralizing anti-PDGF IgG (50 mg/l), non-selective IgG (50 mg/l) or STI571 (1025

M). Results are expressed as means 6SEM of at least 3 separate experiments
performed in duplicate. * p , 0.05, in comparison with the corresponding
controls.

Figure 4.
The vasoactive peptide endothelin-1 (ET-1)-induced chemotaxis of HSC.
Serum-starved myofibroblastic HSC were subjected to a Transwell chemotaxis
filter assay, as in Figure 3. A, medium alone in controls, ET-1 (1028 M) and/or
PDGF-BB (10 mg/l) were added to the lower compartment. B, In blocking
experiments, ET-1 (1028 M) was added to the lower compartment with or
without (in controls), STI571 (1025 M) or Bosentan (1025 M). Results are
expressed as means 6SEM of at least five separate experiments performed in
duplicate. * p , 0.05, in comparison with the corresponding controls. ‡ p ,
0.05, in comparison with ET-1 and PDGF-BB alone.
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anti-PDGF IgG, indicating that the contribution of ET-1
is minor, as compared with PDGF. Finally, HSC migra-
tion in response to bile duct segments from BDL rats,
was decreased by 85% by STI571. The resulting

migration activity was not significantly different from
basal level, indicating that the chemotactic activity of
bile ducts following biliary obstruction is to a large
extent PDGF-mediated, and suggesting that PDGF
production arises from bile duct segments.

Expression of PDGF-BB in Bile Duct Segments

To examine PDGF synthesis, we first undertook the
detection of PDGF-B chain mRNA by reverse
transcription-PCR (RT-PCR), in bile duct segments from
BDL rats. The level of expression was evaluated in
comparison with bile duct segments and hepatocytes
isolated from normal rats, and with culture activated
myofibroblastic HSC, by monitoring the kinetics of am-
plification of PDGF-B and glyceraldehyde-3-phosphate
dehydrogenase (G3PDH) cDNAs during PCR. Whereas
the signal for PDGF-B chain mRNA was readily detect-
able in bile duct segments from normal and BDL rats
after 24 cycles, a weak signal became detectable in
hepatocytes and myofibroblastic HSC, only after the
completion of 36 cycles, providing evidence that expres-
sion of PDGF-B chain was considerably higher in bile
duct segments than in hepatocytes or myofibroblastic
HSC. Within the exponential phase of amplification, at 30
cycles, shown in (Fig. 6), the ratio of PDGF-B and
G3PDH signals was 0.84 6 0.05 (mean 6 SEM) in bile
duct segments from BDL rats, as opposed to 0.56 6
0.05 in bile duct segments from normal rats (p , 0.05),
consistent with an increase in PDGF-B chain transcripts
in bile duct segments following bile duct ligation. Cyto-
chemical and immunocytochemical analyses of freshly
isolated bile duct fragments provided evidence that
PDGF-BB production occurred in bile duct epithelial
cells. More than 90% of the cells forming isolated bile
duct segments were identified as biliary epithelial cells
by cytokeratin 19 immunolabeling (Fig. 7A) and by g-GT
staining (Fig. 7B). Despite the fact that bile duct seg-
ments from normal rats displayed occasional reactivity
for a-SMA (Fig. 7C), and that this reactivity increased
following bile duct ligation, the proportion of a-SMA-
positive cells never exceeded 10% of total cells in
isolated segments (Fig. 7D), and unlikely accounted for
PDGF-B chain expression in the entire duct structures,
because only a very weak signal for PDGF-B chain was

Figure 5.
Bile duct-induced chemotaxis of HSC. Serum-starved myofibroblastic HSC
were subjected to a Transwell chemotaxis filter assay, as in Figure 3. A,
Medium alone in controls, freshly isolated bile duct segments from normal or
21-day bile duct-ligated rats were placed in the lower compartment. The cell
number did not differ between wells as ascertained by cell count and DNA
content. B, In blocking experiments, freshly isolated bile duct segments from
21-day BDL rats were placed in the lower compartment with or without (in
controls), Bosentan (1025 M) and/or neutralizing anti-PDGF IgG (50 mg/l), or
STI571 (1025 M). Results are expressed as means 6SEM of at least four
separate experiments performed in duplicate. * p , 0.05, in comparison with
the corresponding controls. ‡ p , 0.05, in comparison with bile duct segments
from normal rats.

Figure 6.
Expression of PDGF-B chain mRNA in bile duct segments. Total RNA (1 mg)
from bile duct segments isolated from normal (lane 1) and BDL rats (lane 2),
from myofibroblastic HSC (lane 3), and from hepatocytes (lane 4) were
subjected to G3PDH and PDGF-B RT-PCR. 195-bp G3PDH and 149-bp PDGF-B
amplified products, were withdrawn after 30 PCR cycles and separated on
ethidium bromide-stained agarose gel. MW: 123-bp DNA-ladder; lanes 5 and
6: RT and PCR negative controls, respectively. The gel is representative of
results obtained from at least 3 separate cell preparations.
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detected in myofibroblastic cells by RT-PCR. Moreover,
in bile duct segments from 21-day BDL rats, PDGF-BB
immunolabeling was much more intense than in seg-
ments from normal rats (Fig. 7, E and F), and comprised
the cells identified as biliary epithelial cells.

Discussion
In keeping with an important role of HSC in liver
wound healing, it has been proposed that following
necrotic injury, HSC detach from the sinusoidal wall

and move into post-necrotic areas. This assumption
has recently been reinforced by the demonstration of
HSC migratory capacities, particularly in response to
PDGF-BB (Carloni et al, 1997; Ikeda et al, 1999; Marra
et al, 1997, 1999). In the present study, we provide
evidence that HSC may also migrate in cholestatic
liver injury and accumulate within the ductular reaction
as a result of PDGF-mediated chemoattraction by bile
duct structures. The major findings supporting this
evidence were that bile duct segments isolated from

Figure 7.
Immunolocalization of PDGF-BB in bile duct segments. Identification of biliary epithelial cells in bile duct segments isolated from 21-day bile duct-ligated rats by
immunolabeling of cytokeratin 19, A, using a biotin-avidin-peroxidase method, and B, g-GT staining. C and D, Immunodetection of a-SMA and E and F, of PDGF-BB,
by a biotin-avidin-peroxidase method, C and E, in bile duct segments from normal, and D and F, 21-day bile duct-ligated rats. Color reaction was developed with
diaminobenzidine and the preparations were counterstained with Mayer’s hematoxylin. D, Less than 10% cells immunoreactive for a-SMA are detected in bile duct
segments from BDL rats, and C, less than 1% in bile duct segment from normal rats. PDGF-BB immunolabeling of low and high intensities, is detected in bile duct
segments from E, normal, and F, BDL rats, respectively. Original magnifications, A, 31000; B, 3600; C to F, 3400.
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bile duct-ligated rats exhibited high levels of PDGF-B
chain mRNA and protein, that they were very active in
inducing chemotaxis of myofibroblastic HSC, and that
this effect was inhibited by blocking PDGF-BB ligand
or receptor activity. Activity of the receptor downstream
signaling cascade was blocked by STI571, previously
known as CGP 57148. STI571 is a protein-tyrosine
kinase inhibitor of the 2-phenylaminopyrimidine class
that shows potent and selective inhibition of PDGF-
mediated events, such as PDGF receptor autophos-
phorylation, c-fos mRNA induction, PDGF-driven cell
proliferation in vitro and tumor growth in vivo (Buch-
dunger et al, 1996). The different isoforms of PDGF (AA,
AB, BB) exert their effects on target cells by binding to
two structurally related but distinct protein tyrosine ki-
nase receptors: PDGF-a receptor binds all three iso-
forms with high affinities, whereas b receptor binds AB
and BB isoforms only (Hart et al, 1988; Heldin et al,
1988). The expression of PDGF-a receptor is constitutive
in quiescent HSC, and that of b receptor is acquired as
the cells undergo myofibroblastic phenotypic changes
(Wong et al, 1994). Both receptors are thus expressed in
myofibroblastic HSC and could theoretically be impli-
cated in chemotaxis. Blocking experiments did not allow
discrimination between the role of a and b, inasmuch as
STI571 displays no specificity for either subtype. Yet, the
chemotactic effect of PDGF-BB implies that PDGF-b
receptor is involved. Moreover, it was shown before that
PDGF-AA is not chemotactic for human HSC, as op-
posed to PDBF-BB (Marra et al, 1997), and even that
PDGF-a receptor mediates antagonism of chemotaxis in
human fibroblasts (Vassbotn et al, 1992). We may there-
fore postulate that the chemotactic effect of bile ducts
was mediated predominantly by PDGF-b receptors in
myofibroblastic HSC.

We herein also report for the first time that ET-1 acts
as a chemotactic factor for HSC. We used Bosentan,
a nonpeptide mixed antagonist of endothelin recep-
tors, which competitively antagonizes the specific
binding of ET-1 on ETA and ETB receptors (Clozel et al,
1994), to evaluate the role of ET in chemotaxis in-
duced by bile duct segments. It was previously shown
that ET-1 exerts an array of biological effects on HSC
and modulates liver fibrogenesis (Housset et al,
1993b; Mallat et al, 1995; Pinzani et al, 1996a; Poo et
al, 1999; Rockey et al, 1998). A number of findings
point to proliferative bile duct epithelial cells in addi-
tion to endothelial cells and myofibroblastic HSC, as a
major source of ET-1 within the liver (Housset et al,
1993b; Pinzani et al, 1996a). Accordingly, we could
document an abundance of ET-1 precursor mRNA in
bile duct segments from bile duct-ligated rats (not
shown). Nevertheless, we failed to show that Bosen-
tan, either alone or in combination with anti-PDGF
antibodies, has a significant effect on the chemotaxis
of HSC induced by bile duct segments from BDL rats,
although Bosentan was effective in blocking ET-1-
induced chemotaxis. Although it is not excluded that
the amount of ET-1 released by bile duct segments in
vitro was artificially diluted in the chemotaxis filter
assay, and that the local concentration of ET-1 pro-
duced by bile ducts in vivo is sufficient to stimulate

HSC migration, our results suggest that the role of
ET-1 in mediating bile duct-induced migration of HSC
is minor as compared with that of PDGF-BB.

PDGF-BB expression in bile duct segments from
normal rats probably accounts for the fact that, to
some extent, they stimulated migration of myofibro-
blastic HSC, which however may not apply to normal
HSC expressing no or low levels of PDGFR-b. Bile
duct-induced chemoattraction of HSC is more likely to
occur in cholestatic liver injury when both the expres-
sion of PDGF-BB in bile ducts and that of PDGFR-b in
HSC increase. Because bile duct segments from cho-
lestatic rats contained a small number of a-SMA-
positive cells, the question of whether these cells
might contribute to PDGF-BB synthesis was raised.
The low level of PDGF-B chain mRNA in myofibrobas-
tic HSC as compared with bile ducts, and the similar
patterns of PDGF-BB and of cytokeratin-19 immuno-
labeling, in bile duct segments from cholestatic rats,
argue against such a possibility. We therefore con-
cluded that PDGF-BB production in bile ducts arises
at least to a great extent from biliary epithelial cells, in
agreement with Grappone et al (1999), who performed
in situ hybridization in cholestatic rat liver tissue, and
RNase protection analysis of virtually pure rat cholan-
giocytes. The results from present and previous work
showing that cholestatic liver injury is accompanied by
HSC activation (Abdel-Aziz et al, 1991; Grinko et al,
1995; Hines et al, 1993; Maher and McGuire, 1990;
Wong et al, 1994) and by a progressive increase in
hepatic expression of PDGFR-b, (Grappone et al,
1999) are consistent with the view that HSC contrib-
ute, in addition to portal fibroblasts (Tang et al, 1994;
Tuchweber et al, 1996), to the population of a-SMA-
positive periductular cells in chronic obstructive cho-
lestasis.

The possibility that in human chronic liver diseases,
newly formed bile ducts are, in addition to inflamma-
tory cells and activated HSC, a major source of PDGF,
is supported by investigations of human cirrhotic liver
tissue (Malizia et al, 1995; Pinzani et al, 1996b). Our
study provides the first demonstration that dynamic
interactions between bile duct epithelial cells and HSC
may occur. This mechanism can be proposed to
explain the accumulation of HSC within collagen dep-
ositions around bile ducts in the absence of marked
necrosis and inflammation, as described in electron-
microscopical studies of liver tissue in cystic fibrosis
liver disease (Hultcrantz et al, 1986; Lindblad et al,
1992). In this study we also demonstrate potent inhib-
iting effects of STI571 on HSC response to PDGF-BB
in vitro, indicating that this compound could have
antifibrogenic properties by blocking the effect of
PDGF-BB in vivo.

Materials and Methods

Reagents

Anti-a-SMA monoclonal antibody, bovine serum albu-
min (BSA), D-glucose, Dulbecco’s modified Eagle me-
dium (DMEM), DMEM and Ham’s F12 (1:1) mixture
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(DMEM/Ham’s F12), ethylenediaminetetraacetate (EDTA),
ET-1, fast blue BB, g-Glutamyl-4-methoxy-2-naphthyl-
amide, Glycylglycine, N-2-hydroxyethylpiperazine-N9-2-
ethane sulfonic acid (Hepes), horse serum, Leibowitz
L15 medium, minimum essential medium, Nycodenz,
trypsin and trypsin inhibitor were purchased from Sigma
(Saint-Quentin Fallavier, France). Collagenase B, de-
oxyribonuclease, hyaluronidase, pronase and PDGF-BB
were from Boehringer Mannheim (Mannheim, Germany).
Fetal calf serum, fungizone, Hanks’ buffer, penicillin-
streptomycin, and Superscript reverse transcriptase were
obtained from GIBCO BRL (Life Technologies, Cergy-
Pontoise, France). l-glutamine was from Eurobio (Les Ulis,
France), type I collagen, from Becton-Dickinson (Le Pont-
de-Claix, France), and Ultroser G, from Biosepra
(Villeneuve-la-Garenne, France). QIAamp Blood Kit and
RNA/DNA kit were from Qiagen (Courtaboeuf, France).
Random hexamers and Taq DNA polymerase were from
Pharmacia Biotech (Orsay, France). Anti-cytokeratin 19
monoclonal antibody, anti-PDGFR-b and anti-PDGF-BB
polyclonal antibodies were obtained from Amersham Life
Science (Little Chalfont, United Kingdom), from Santa Cruz
Biotechnology Inc. (Santa Cruz, California), and from Gen-
zyme (Cambridge, Massachusetts), respectively. Rabbit
anti-mouse and peroxidase conjugated anti-mouse and
anti-rabbit immunoglobulins, alkaline phosphatase anti-
alkaline phosphatase complex, Fast red and Glycergel
were from Dako S.A. (Trappes, France). SP-2001 blocking
kit, biotinylated anti-rabbit IgG, Vectastain ABC-HP-kit,
3-amino-9-ethylcarbazole and diaminobenzidine were
from Vector Lab. (Burlingame, California).

Experimental Model of Cholestatic Liver Injury

Cholestatic liver injury was induced in male Sprague-
Dawley rats (R Janvier, Le Genest St Isle, France)
weighing 200 to 250 g, by double ligation and section-
ing of the common bile duct, as described (Koun-
touras et al, 1984), and sham operated rats served as
controls. Histological and immunohistochemical anal-
yses were performed on formalin-fixed paraffin-
embedded liver samples. Serial 4-mm-thick tissue
sections were stained with hematoxylin and eosin, or
submitted to a three step immunoperoxidase method,
for the detection of a-SMA, as described below.

Isolation of Intrahepatic Bile Duct Segments

Intrahepatic bile duct segments were isolated from
normal and bile duct-ligated rats, 21 days after BDL,
using a method described by Mennone et al (1995),
with modifications. In brief, the liver was perfused in
situ, at a flow rate of 10 ml/minute, with 0.019% EDTA
in Ca21, Mg21-free Hanks’ buffer for 15 minutes, and
then with 0.008% collagenase B in Ca21, Mg21-
containing Hanks’ buffer, for 10 to 15 minutes. The
portal tract residue was mechanically separated from
parenchymal tissue, minced and incubated for 30
minutes under agitation at 37° C, in minimum essential
medium containing 0.066% collagenase B, 0.055%
pronase, 0.006% deoxyribonuclease, 3% fetal calf
serum, 0.1% BSA, 10 mM Hepes, and 100,000 IU-100

mg/l penicillin-streptomycin. The suspension was then
sequentially filtered through 100- and 40-mm Nitex
Swiss nylon monofilament filters (Becton-Dickinson).
Fragments remaining on the filters were digested in
the same solution for 30 minutes and for an additional
30 minutes in a solution of the same composition
except that hyaluronidase (0.036%) was substituted
for pronase. Fragments were filtered again and those
remaining on the 40-mm filter were collected and
washed in L15.

Isolation and Culture of Hepatic Stellate Cells (HSC)

HSC were isolated from normal rats by an established
method (Friedman and Roll, 1987) with modifications.
The liver was perfused in situ at a flow rate of 10
ml/minute, successively with L15 for 15 minutes, with
0.18% pronase in DMEM/Ham’s F12 for 10 minutes,
and then with 0.025% collagenase B in DMEM/Ham’s
F12, via recirculation for 20 to 25 minutes. The liver
was excised and the cells were detached in DMEM/
Ham’s F12 containing 0.04% pronase and 6 mg/l
deoxyribonuclease, and incubated under agitation at
200 rpm and at 37° C, for 30 minutes. The cell
suspension was filtered through gauze and washed in
DMEM/Ham’s F12. HSC were then separated by den-
sity gradient centrifugation through 8.2% Nycodenz,
at 20.000 rpm and at 19° C, for 25 minutes. The purity
of HSC isolates was higher than 98%, as assessed by
fluorescence of retinoid-containing vacuoles under
ultraviolet excitation, and cell viability exceeded 90%,
as tested by erythrosin exclusion (Krause et al, 1984).
HSC were grown on uncoated plastic in 75 cm2 flasks
until confluency, in DMEM containing 20% serum
(10% fetal calf/10% horse), 4 mM L-glutamine, and
100,000 IU-100 mg/l penicillin-streptomycin. Medium
was changed 24 hours after plating, and every 48
hours thereafter.

Hepatocyte Isolation

Hepatocytes were isolated from normal rats by a
method derived from Seglen (1976). The liver was
perfused in situ, for 15 minutes with a Ca21-free 10
mM Hepes buffer at a flow rate of 30 ml/minute, and for
15 minutes with 0.025% collagenase B in Ca21-
containing 10 mM Hepes buffer at a flow rate of 20
ml/minute. The hepatocytes were then separated from
the connective tissue by gentle agitation in L15 con-
taining 0.2% BSA. The resulting cell suspension was
filtered through gauze, allowed to sediment for 20
minutes at 4° C, and washed in BSA-containing L15.
Hepatocytes were 80% to 85% pure, as assessed by
characteristic cell size under phase-contrast micros-
copy, and cell viability exceeded 90%.

Cell Migration Assay

Cell migration was assessed by a Transwell chemo-
taxis filter assay (Becton Dickinson). Cell culture in-
serts equipped with a 8-mm-pore membrane of 0.3
cm2 were placed in 24-well culture dishes, forming the
upper and lower compartments of the assay, respec-
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tively. The bottom wells and membranes were pre-
coated with type I collagen (50 mg/l). The bottom wells
contained medium alone (DMEM/0.2% BSA) as a
control, PDGF-BB (10 to 100 mg/l), ET-1 (1028 M), or
isolated bile duct segments prepared as follows. Im-
mediately after isolation from normal or bile duct-
ligated rats, bile duct segments were plated at a
density of 1.5 3 103 segments/ml in DMEM/Ham’s
F12, supplemented with 2% Ultroser G, 4.85 g/l
D-glucose, 2.5 mM l-glutamine, 100,000 IU-100 mg/l
penicillin-streptomycin and 2 mg/l fungizone. The seg-
ments were allowed to adhere for 12 hours, and then
washed 3 times and placed in serum-free DMEM/
0.2% BSA for 24 hours before the assay. In inhibition
experiments, neutralizing anti-PDGF polyclonal IgG
(50 mg/l; Becton-Dickinson), control non-selective
isotype-matched IgG (50 mg/l; Becton-Dickinson),
STI571 (1025 M), or Bosentan (1025 M), were added to
the bottom wells. The top wells of the chemotaxis filter
assay were seeded with HSC, according to the follow-
ing procedure. Confluent HSC between 1 and 4 pas-
sages in culture, were serum-starved by incubation in
serum-free DMEM/0.2% BSA for 48 hours, and then
detached by mild trypsinization in 0.05% trypsin/0.2%
EDTA for 1 to 2 minutes. The reaction was stopped by
adding an equal volume of 5g/l trypsin inhibitor solu-
tion. HSC were washed and resuspended in DMEM/
0.2% BSA, at a density of 3.5 3 105 cells/ml. Two
hundred microliters of the cell suspension were added
to the top wells and incubated for 6 hours. All incuba-
tions were carried out under air/CO2 95%/5%, at
37° C. At the end of experiments, the cells remaining
on the upper surface of filters were removed with
cotton tips. The membranes were fixed in 100%
methanol, stained with May-Grünwald-Giemsa,
mounted in Glycergel on glass slides, and examined
under an Olympus BH-2 microscope. Cells adhering
to the underside of membranes were counted in 10
random high-power fields (3400), and the mean count
was determined from duplicate experiments. To verify
that, in bottom wells, the number of bile duct seg-
ments did not differ between preparations from nor-
mal and bile duct-ligated rats, DNA content was
determined, following extraction with QIAamp Blood
Kit, by spectrophotometry.

Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from freshly isolated hepa-
tocytes, bile duct segments and culture activated
HSC, using Qiagen RNA/DNA kit. One microgram of
total RNA was denatured by heating at 65° C for 10
minutes and then incubated in 20 ml of a reaction
buffer (50 mM Tris-HCL [pH 8.3], 3 mM MgCl2 and 75
mM KCl) containing 10 mM 1,4-DTT, 0.5 mM of de-
oxynucleoside triphosphate mixture, 5 mM random
hexamers, and 1 ml of Superscript reverse transcrip-
tase. Reverse transcription was allowed to proceed for
45 minutes at 42° C, and was stopped by incubation
at 68° C for 10 minutes. The samples were then
transferred on ice before the PCR run. Based on the
published sequence of rat PDGF-B cDNA (Herren et

al, 1993), the following primers were selected: 59GTA
GAC GAA GAT GGG GCT GA 39 (sense) and 59TCT
GTA CGC GTC TTG CAC TC 39 (antisense), that
generate a 149 bp product of PDGF-B chain cDNA.
Primers of G3PDH cDNA used as internal standard
were designed to amplify a cDNA fragment of 195 bp
(Narayanan et al, 1992). Amplification of cDNA frag-
ments was accomplished using a thermocycler
(Perkin-Elmer Cetus, Norwalk, Connecticut) by adding
3 ml of cDNA to a final volume of 50 ml PCR buffer (20
mM Tris-HCl [pH 8.4] and 50 mM KCl) containing 1.5
mM MgCl2, 0.2 mM of deoxynucleoside triphosphate
mixture, and 0.025 U/ml of Taq DNA polymerase. The
reaction was carried out in the presence of 0.2 mM of
PDGF-B and G3PDH primers, respectively. The ther-
mal conditions of amplification were those of step-
down PCR (Hecker and Roux, 1996). After an initial
5-minute denaturation at 94° C, the cycling program
consisted of (a) 1-minute denaturation at 94° C, (b)
1-minute annealing, initially at 60° C, followed by a
decrease of 1° C every six cycles, (c) extension at
72° C, for 1 minute, and 3 minutes in the end. During
PCR, samples were withdrawn at regular intervals
between 24 and 36 cycles. PCR products were sep-
arated on 2% agarose gels stained with ethidium
bromide, and quantified by scanning densitometry
(Arcus II; AGFA, Rueil Malmaison, France).

Cytochemistry and Immunocytochemistry

Bile duct segments and HSC were prepared as follows
for (immuno)cytochemical analyses. Immediately after
isolation, bile duct segments were washed in
phosphate-buffered saline, centrifuged onto glass
slides in a Cytospin (Shandon Inc., Pittsburgh, Penn-
sylvania) at 600 rpm for 10 minutes, and fixed in 100%
acetone at 4° C for 10 minutes. Culture activated HSC
were either grown on LabTek slides (Miles laboratories
Naperville, Illinois), washed in TRIS buffer solution, pH
7.6, and fixed in 100% methanol at 4° C for 10
minutes, or detached in 0.05% trypsin/0.2% EDTA,
allowed to adhere to positively charged glass slides
(SuperFrost/plus; Fisher Scientifique, Elancourt,
France) for 20 minutes, and fixed in 4% paraformal-
dehyde for 15 minutes. g-Glutamyl transpeptidase
activity was revealed as described (Rutenberg et al,
1968), by incubations in g-Glutamyl-4-methoxy-2-
naphthylamide, Glycylglycine, and fast blue BB for 15
minutes, and then in 0.1 M cupric sulfate for 2 minutes.
Indirect immunocytochemical procedures were ap-
plied to cell preparations, using anti-cytokeratin 19
(1:10), anti-a-SMA (1:100), anti-PDGFR-b (5 mg/l), or
anti-PDGF-BB (5 mg/l) antibodies, as primary antibod-
ies. In alkaline phosphatase anti-alkaline phosphatase
method, the slides were successively incubated with
primary monoclonal antibodies for 30 minutes at room
temperature, with rabbit anti-mouse polyclonal anti-
bodies for 30 minutes, and with the alkaline phospha-
tase anti-alkaline phosphatase immune complex.
Color reaction was developed by incubation with Fast
red for 25 minutes. In three-step immunoperoxidase
method, the slides were successively incubated with
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primary monoclonal antibodies, with peroxidase-
conjugated rabbit anti-mouse and anti-rabbit poly-
clonal antibodies. In biotin-avidin-peroxidase method,
endogenous biotin activity and goat IgG Fc interac-
tions were quenched by using SP-2001 avidin-biotin
blocking kit, and by a 20-minute incubation with 1%
normal goat serum, respectively. The slides were then
successively incubated with primary monoclonal anti-
bodies for 12 hours, with goat biotinylated anti-rabbit
IgG (1:400) for 30 minutes, and with an avidin-biotin-
peroxidase complex, using Vectastain ABC-HP-kit, for
30 minutes, at room temperature. Peroxidase activity
was revealed by the chromogen substrates 3-amino-
9-ethylcarbazole or diaminobenzidine. The slides were
counterstained with Mayer’s hematoxylin and
mounted in Glycergel aqueous medium. In negative
controls, the primary antibodies were omitted or re-
placed by irrelevant isotype-matched antibodies.

Statistics

Results were analyzed using one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison
test for comparison between multiple groups, and
Student’s paired t test for comparison of paired sam-
ples. Statistics were performed after logarithmic trans-
formation when appropriate. p , 0.05 was considered
significant.
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