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SUMMARY: Cellular retinol-binding protein-1 (CRBP-1) is involved in vitamin A metabolism because it mediates both retinol
esterification to retinyl esters and retinol oxidation to retinal and retinoic acid. CRBP-1 is highly expressed in the liver, particularly
in hepatic stellate cells (HSC). In this study, we investigated the liver expression of CRBP-1 during experimental fibrogenesis. We
also studied the regulation of CRBP-1 expression in cultured HSC and portal fibroblasts, two fibroblastic cell types involved in
liver fibrogenesis. Fibrosis was induced in rats by carbon tetrachloride (CCl4) or bile duct ligation. Immunohistochemical staining
was performed for CRBP-1 and �-smooth muscle (SM) actin, an activation marker of fibrogenic cells. CRBP-1 and �-SM actin
expression was studied by Western blotting and/or Northern blot in primary cultures of HSC isolated by conventional methods
and in portal fibroblasts that were obtained by outgrowth from the biliary tree after enzymatic digestion. In normal liver, contrary
to HSC, portal fibroblasts did not express CRBP-1. After CCl4 injury, CRBP-1 expression was maintained in myofibroblastic �-SM
actin-positive HSC. After bile duct ligation, portal fibroblasts (which proliferated around ductular structures) acquired expression
of both CRBP-1 and �-SM actin. During HSC activation in culture, CRBP-1 expression gradually increased until Day 5 when �-SM
actin expression was obvious. Cultured portal fibroblasts developed both CRBP-1 and �-SM actin expression. In both cell
populations, transforming growth factor-�1 treatment increased CRBP-1 expression. Thus, in normal liver, CRBP-1 expression
was different among fibroblastic cells, a finding that adds to the concept of heterogeneity of liver fibrogenic cells. Furthermore,
during myofibroblastic differentiation, HSC that lost their stores of retinol maintained a high level of CRBP-1 expression, whereas
portal fibroblasts acquired CRBP1 expression. Together, these data suggest a correlation between CRBP-1 expression and
myofibroblastic differentiation. (Lab Invest 2002, 82:619–628).

T he uptake, intracellular transport, and metabo-
lism of retinol (vitamin A) are regulated by cellular

retinol-binding proteins (CRBP-1 and CRBP-2),
whereas the cellular retinoic acid-binding proteins
exert the same function for retinoic acid (Blomhoff,
1994). Retinoic acid has been shown to influence the
expression of many genes through interactions be-
tween retinoic acid receptors and the retinoic acid
response element located in promoter regions. Unlike
retinoic acid receptors, retinoid-binding proteins mod-
ulate the effect of retinoic acid by regulating its intra-
cellular level. CRBPs provide the substrate for retinoic

acid biosynthesis, whereas cellular retinoic acid-
binding proteins are substrates for retinoic acid catab-
olism. The liver is the most important organ for the
metabolism, storage, and homeostasis of retinoids.
Hepatocytes play a major role in the primary uptake
and processing of retinoids, whereas hepatic stellate
cells (HSC; Ito cells, perisinusoidal cells, fat-storing
cells, lipocytes) located in the perisinusoidal space,
are the main storage site for retinoids in normal liver
(Hendriks et al, 1985). It has been shown that vitamin
A deficiency in rats potentiates liver fibrosis induced
by carbon tetrachloride (CCl4) (Seifert et al, 1994),
whereas administration of retinol inhibits CCl4-
induced fibrosis (Senoo and Wake, 1985) and collagen
synthesis by HSC (Shiratori et al, 1987). On the other
hand, chronic hypervitaminosis A results in severe
liver fibrosis in human by a poorly understood mech-
anism (Farrell et al, 1977; Russell et al, 1974). Alto-
gether, these findings support a mechanistic link be-
tween vitamin A metabolism and the activation of
fibrogenic cells.
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CRBP-1 is expressed mainly in liver, kidney, and the
genital tract; CRBP-2 is confined to the small intestine
(Ong et al, 1994). Several studies have examined the
expression of CRBP-1 in the different cell types of the
liver (Blaner et al, 1985; Blomhoff et al, 1985; Kato et
al, 1984). Hepatocytes and HSC contain large
amounts of CRBP-1. Although hepatocytes account
for more that 90% of hepatic CRBP-1, the concentra-
tion of the protein in HSC (per unit protein) is 22 times
higher than that in hepatocytes (Blomhoff et al, 1985).
CRBP-1 is usually not expressed in skin. However,
during wound healing of a full-thickness rat skin
wound, CRBP-1 is transiently expressed by a signifi-
cant proportion of fibroblastic cells, including myofi-
broblasts (Xu et al, 1997), suggesting that it plays a
role in the evolution of the granulation tissue. Although
it is well established that HSC play an important role in
liver fibrogenesis (Pinzani and Gentilini, 1999), other
fibroblastic cells can also be involved in the develop-
ment of liver fibrosis. Specifically, it has been shown
that portal fibroblasts are involved in the fibrotic le-
sions that develop around portal areas after bile duct
ligation in the rat (Desmoulière et al, 1997; Tuchweber
et al, 1996). Further evidence for the heterogeneity of
liver fibrogenic cells has been brought by Knittel et al
(1999a, 1999b) who have described different fibro-
blastic cell populations involved in liver fibrosis.
The aim of this work was to study CRBP-1 protein and

mRNA expression in the different myofibroblastic sub-
populations appearing during experimental liver fibrosis,
and in cultured hepatic fibroblastic cells. Our data con-
firm the presence of different fibroblastic subpopulations
developing a myofibroblastic phenotype during fibrosis
and expressing CRBP-1; they also suggest a correlation
between CRBP-1 expression and the appearance of
�-smooth muscle (SM) actin in activated hepatic fibro-
blastic cells involved in fibrogenesis.

Results

Hematoxylin-Eosin and Sirius Red Staining Examination
in Normal and Fibrotic Rat Liver

In normal liver, Sirius red staining was observed around
centrolobular veins and in portal connective tissue
around bile ducts and vessels (Fig. 1a). In the paren-
chyma, very few bundles were observed. In CCl4-treated
animals, a marked inflammatory reaction and hepato-
cytic necrosis were observed around centrolobular veins
at 48 hours. Occasionally, bridging necrosis was ob-
served. Histologic signs of liver necrosis peaked at 48
hours after a single dose of CCl4. Then, a fibrotic lesion
developed with a progressive accumulation of Sirius red
stained materials around centrolobular veins leading to
the formation of septa (Fig. 1b). At 72 hours after bile
duct ligation, bile duct proliferation was clearly evident,
whereas very few inflammatory cells were detected in
the portal tracts. At this time, fibrous tissue deposition in
portal areas was noted as previously described (Des-
moulière et al, 1997). At 5 and 7 days after bile duct
ligation, bile duct proliferation progressively penetrated
into the parenchyma with a parallel deposition of Sirius
red stained materials (Fig. 1c).

CRBP-1 and �-SM Actin Expression in Normal and
Fibrotic Rat Liver

In normal liver, �-SM actin was exclusively expressed
in vessel walls (centrolobular veins, portal veins, and

Figure 1.
Sirius red staining in control liver (a), after carbon tetrachloride (CCl4)
treatment for 2 weeks (b), or after bile duct ligation for 7 days (c). In control
liver (a), collagen deposition is present only around the centrolobular vein
(CLV) and in portal connective tissue (PCT). In experimental models of
fibrosis, staining underlines the different localizations of the collagen deposi-
tion, around centrolobular veins (CLV) leading to the formation of septa after
CCl4 treatment (b), and around proliferating ductules (PD) after bile duct
ligation (c).
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arteries; Fig. 2a). CRBP-1 was expressed at a high
level in HSC and slightly in hepatocytes as previously
described (Kato et al, 1984); in the parenchyma, the
distribution of CRBP-1-expressing HSC was homoge-
neous. In portal areas, the fibroblastic cells did not
express CRBP-1 (Fig. 2b).

In CCl4-treated animals, at 2 and 6 weeks, numer-
ous cells expressed �-SM actin in the region where
fibrosis developed (Fig. 2c) and the expression of
CRBP-1 was maintained in the HSC located in these
areas (Fig. 2d). Double immunohistochemistry showed
that the majority of �-SM actin-positive cells ex-

Figure 2.
�-Smooth muscle (SM) actin (a, c, e) and cellular retinol-binding protein-1 (CRBP-1) (b, d, f) immunostaining in control liver (a, b), after CCl4 treatment for 2 weeks
(c, d), or after bile duct ligation for 7 days (e, f). In control liver, �-SM actin (a) is exclusively observed in vessel walls (centrolobular veins, portal veins, and arteries);
hepatic stellate cells (HSC) of the parenchyma strongly express CRBP-1 (b, inset), whereas no expression is observed in the portal zone (b, arrows). After CCl4
treatment, activated HSC that proliferate around the centrolobular vein express �-SM actin (c); many cells with a fibroblastic morphology express CRBP-1 in the CLV
area (d). After bile duct ligation, portal fibroblasts that proliferate around ductules express �-SM actin (e); many portal fibroblastic cells, particularly around ductules,
express CRBP-1 (f, arrows; PV: portal vein).
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pressed CRBP-1 (Fig. 3a). In the parenchyma, at a
distance from centrolobular vein areas, the expression
of CRBP-1 in sinusoidal cells was not drastically
modified as compared with normal liver.

After bile duct ligation, the portal fibroblastic cells
that proliferated together with the progressive devel-
opment of biliary structures acquired an �-SM actin-
positive myofibroblastic phenotype (Fig. 2e); around
biliary structures, many cells forming onion-like layers
and showing a (myo)fibroblastic morphology ex-
pressed CRBP-1 (Fig. 2f). Double immunohistochem-
istry showed that the majority of these �-SM actin-
positive portal myofibroblasts located around
proliferating ductules expressed CRBP-1 (Fig. 3b). In
the parenchyma around portal areas, the distribution
of CRBP-1-positive HSC remained homogeneous,
similar to that observed in control liver.

CRBP-1 and �-SM Expression in Cultured Rat Hepatic
Fibroblastic Cells

As previously described (Ramadori et al, 1990; Rockey
et al, 1992), �-SM actin expression was not seen in
primary HSC 24 hours after plating, but was detected
after 3 days in culture (data not shown). At 24 hours
after plating, primary HSC expressed CRBP-1 and this
expression increased after 3 and 5 days in culture (Fig.
4). As previously described (Bachem et al, 1993),
�-SM actin expression was increased by transforming
growth factor-�1 (TGF-�1) treatment (not shown).
TGF-�1 treatment also increased the expression of
CRBP-1 (Fig. 4) at 3 and 5 days (p � 0.05 compared
with untreated cells). The effect of TGF-�1 treatment
was confirmed in HSC-T6 cells with a dose-response
effect: compared with untreated cells, TGF-�1 treat-
ment increased �-SM actin protein expression (Fig.
5a) at 1 and 2.5 ng/ml (p � 0.05) with a plateau from 5
ng/ml (p � 0.01). TGF-�1 also increased CRBP-1
protein expression (Fig. 5b) at 1 ng/ml with a plateau
from 2.5 ng/ml (p � 0.01). After hybridization of RNA
with CRBP-1 and GAPDH probes, two bands were
obtained, one at 1.4 kb corresponding to GAPDH
mRNA, and one at 0.7 kb corresponding to CRBP-1
mRNA (Sherman et al, 1987). In HSC-T6, CRBP-1
mRNA expression was increased by TGF-�1 treat-
ment with a plateau from 2.5 ng/ml (p � 0.01 com-
pared with untreated cells (Fig. 5c).

Because our in vivo data pointed to a neoexpres-
sion of CRBP-1 in portal fibroblasts after bile duct
ligation, we devised a method to grow these cells in
culture. Figure 6a shows an immunostaining for cyto-
keratin 7 in the biliary structures that were obtained by
enzymatic digestion. In these biliary structures, neither
�-SM actin expression nor CRBP-1 expression were
detected, but vimentin-expressing cells were ob-
served (not shown). After 24 to 48 hours in culture,
portal fibroblastic cells developed by outgrowth from
these biliary structures; these cells did not contain

Figure 3.
Double immunostaining for �-SM actin (in red) and CRBP-1 (in dark brown)
after CCl4 treatment for 2 weeks (a), or after bile duct ligation for 7 days (b).
After CCl4 treatment (a), the majority of �-SM actin-positive cells strongly
express CRBP-1; a slight staining (compared with �-SM actin-expressing
myofibroblastic cells) is observed in hepatocytes, although some hepatocytes
close to the proliferating myofibroblasts present a strong staining. After bile
duct ligation (b), around the proliferating ductules, the majority of �-SM actin
positive portal myofibrolastic cells strongly express CRBP-1.

Figure 4.
Immunoblotting for CRBP-1 of HSC primary culture total protein extracts;
effect of TGF-�1 treatment. Compared with control, CRBP-1 expression
gradually increases under culture conditions at 3 and 5 days after plating (p �
0.05); compared with untreated cells, 3 days and 5 days incubations with
TGF-�1 (5 ng/ml) increase CRBP-1 expression (p � 0.05). The histogram
represents the mean of three different primary HSC isolations and cultures.
Standard error of means are not represented in the figure, but were always
lower than 5% of values.
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lipid droplets. They expressed �-SM actin (Fig. 6b)
and vimentin (not shown) as evaluated by immunoflu-
orescence. In our culture conditions, no von Wille-
brand factor was detected in primary culture, and the
few bile duct cells expressing cytokeratin 7 observed
in the first passage were no longer present after
trypsinization. These portal myofibroblastic cells ex-
pressed laminin (Fig. 6b), collagen type IV (Fig. 6c),
and the EIIIA isoform of fibronectin (Fig. 6d). TGF-�1
treatment increased with a dose-response effect
�-SM actin expression (Fig. 7a; p � 0.05 for 1 and 2.5
ng/ml, and p � 0.01 for 5 ng/ml compared with
untreated cells). In our culture conditions in the pres-
ence of serum, these portal fibroblastic cells ex-
pressed CRBP-1. TGF-�1 treatment also increased
with a dose-response effect CRBP-1 protein expres-
sion (Fig. 7b; p � 0.05 for 1 and 2.5 ng/ml, and p �
0.01 for 5 ng/ml compared with untreated cells). In
these portal myofibroblastic cells, CRBP-1 mRNA
expression was increased by TGF-�1 treatment (Fig.
7c; p � 0.05 for 1 ng/ml, and p � 0.01 for 2.5 and 5
ng/ml compared with untreated cells).

Discussion

In our study, by using different experimental models of
liver fibrosis in rats, we show by immunohistochemis-
try that myofibroblasts derived from HSC or from
portal fibroblasts express CRBP-1. HSC expressed
CRBP-1 both in normal liver and when they were
involved in myofibroblastic differentiation during liver
fibrosis induced by CCl4 treatment. Portal fibroblasts
that did not express CRBP-1 in normal liver acquired
CRBP-1 expression during myofibroblastic differenti-
ation induced by bile duct ligation.

To better understand the regulation of CRBP-1
expression, we performed in vitro studies. We show
that CRBP-1 expression increased with the culture-
induced activation of freshly isolated HSC. Portal
fibroblasts encased in isolated biliary structures were
initially negative for CRBP-1, but became positive
after a few days in culture. Modifications of CRBP-1
expression were accompanied by parallel variations in
�-SM actin expression. Furthermore, we show that
TGF-�1, a fibrogenic mediator involved in both myo-
fibroblastic differentiation and extracellular matrix
deposition, induced CRBP-1 protein and mRNA ex-
pression in primary cultures of HSC, in the HSC-T6
cell line, and in portal fibroblasts.

The role of HSC in extracellular matrix deposition
and fibrogenesis is well known and has been largely
studied (for review, see Pinzani and Gentilini, 1999).
The myofibroblastic differentiation of HSC is associ-
ated with a decrease in total hepatic vitamin A (Kent et
al, 1976). To our knowledge, the expression of
CRBP-1 in CCl4-treated rats has not been studied. In
this model, we have observed that HSC involved in
tissue repair maintained a high level of CRBP-1 ex-
pression. In vitro studies with the HSC line GRX and
HSC-T6 have shown that treatment with retinol in-
creased CRBP-1 mRNA (Vicente et al, 1998; Vogel et
al, 2000). After CCl4 treatment in rats, hepatic levels of
retinyl palmitate, which is the predominant storage
form of vitamin A in rat HSC (Blomhoff et al, 1985;
Hendricks et al, 1985), are decreased, whereas levels
of retinol, which is the transport form of vitamin A
(Blomhoff et al, 1990), are increased (Yamane et al,
1993). It is thus possible that the stable expression of
CRBP-1 in HSC after CCl4 treatment is under the
control of the free retinol level.

Additionally, our in vitro data, both in primary HSC
and in the HSC-T6 cell line, show that TGF-�1 up-
regulated CRBP-1 at the protein and mRNA levels.
TGF-�1 is increased in CCl4-induced fibrotic rat liver
(De Bleser et al, 1997) and could thus also directly
account for the expression of CRBP-1 in vivo. Further-
more, HSC cultured on a collagen type I matrix contain
approximately five times more CRBP-1 than do cells
grown on a collagen type IV matrix (Davis et al, 1987),
which suggests that type I collagen deposition in-
duced by the enhanced TGF-�1 expression observed
during liver fibrosis may also play a role in the induc-
tion of CRBP-1 expression. An effect of TGF-�1 on
CRBP-1 expression has already been reported by Xu
et al (1997) in different nonliver fibroblastic popula-

Figure 5.
Immunoblotting for �-SM actin (a) and CRBP-1 (b) of HSC-T6 total proteins
and Northern blot for CRBP-1 (c) of HSC-T6 total mRNA extracts; HSC-T6 are
untreated or treated with different doses of TGF-�1 (n � 3). The treatment with
TGF-�1 increases both �-SM actin and CRBP-1 expression with a plateau at 5
ng/ml for �-SM actin and 2.5 ng/ml for CRBP-1. Northern blot shows an
increase of the CRBP-1 mRNA expression with a plateau at 2.5 ng/ml. Standard
error of means are not represented in the figure, but were always lower than
10% of values.
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tions. Recently, it has been suggested that, in cultured
rat subcutaneous tissue fibroblasts, the action of
retinoic acid on the TGF-� pathway induces a reduc-
tion in the expression of both CRBP-1 and �-SM actin
(Xu et al, 2001). We can assume that, when the hepatic
retinoic acid level decreases after liver injury, the
action of TGF-� on myofibroblastic differentiation can
develop.

Indeed, it has been observed that different fibro-
blastic subpopulations are involved in liver fibrosis
(Bhunchet and Wake, 1992; Knittel et al, 1999a,
1999b) and the role of portal fibroblasts has been
particularly highlighted (Tuchweber et al, 1996). To
study the expression of CRBP-1 in portal fibroblasts,
we devised a method to grow these cells in culture. To
our knowledge, it is the first time that these cells have
been cultured and characterized. Isolated bile duct
structures were mainly composed of epithelial cells, as
shown by cytokeratin 7 staining. Vimentin staining
demonstrated also the presence of mesenchymal
cells that were negative for �-SM actin at the time of
isolation. CRBP-1 staining was also negative, mimick-
ing the in vivo situation. After culture initiation, a cell
outgrowth was quickly observed. Outgrowing cells
expressed �-SM actin and extracellular matrix com-

ponents such as laminin, collagen type IV, and the
EIIIA isoform of fibronectin. Most notably, these cells
developed CRBP-1 expression in vitro. Because
TGF-�1 is up-regulated in periportal areas after bile
duct ligation (Milani et al, 1991), it may be responsible
for the neoexpression of CRBP-1 in portal fibroblasts
in vivo. In this model, we did not detect clear modifi-
cations of CRBP-1 expression in lobular HSC. In
contrast, Ohata et al (1997), using the same model,
have shown that the mRNA expression of CRBP-1
was drastically reduced in isolated HSC. There are no
ready explanations for this apparent discrepancy. The
pattern of CRBP-1 expression in portal fibroblasts is
similar to that observed in subcutaneous tissue fibro-
blasts or in arterial SM cells that, after injury, rapidly
acquire CRBP-1 expression (Neuville et al, 1997; Xu et
al, 1997). The expression of CRBP-1 by arterial SM
cells during arterial repair, by myofibroblasts during
skin wound healing, and by portal fibroblasts during
liver reaction to bile duct ligation supports the possi-
bility that CRBP-1 plays a role in repair phenomena.

It is well known that retinoids exert significant ef-
fects on a variety of cellular processes, including
growth and differentiation (Ross, 1993a, 1993b), and
CRBP-1, which regulates uptake, intracellular trans-

Figure 6.
Immunofluorescence staining of biliary structure preparation (a) and of portal fibroblasts in culture (b–d). Biliary structures obtained by enzymatic digestion express
cytokeratin 7 (a). Portal fibroblasts show stress fibers strongly positive for �-SM actin (in green) and express laminin (in red) (b; yellow illustrates a colocalization);
portal fibroblasts also express collagen type IV (c) and the EIIID domain of fibronectin (d). In b, c, and d, nuclei are stained with DAPI.
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port, and metabolism of retinol, is likely involved in
these important functions. However, the relationships
between CRBP-1 expression and tissue repair remain
to be elucidated.

In conclusion, this study on hepatic CRBP-1 ex-
pression allows characterization of at least two fibro-
blastic subpopulations in normal liver: HSC that highly
express CRBP-1 and portal fibroblasts that do not.
When involved in myofibroblastic differentiation, both
populations express CRBP-1. These data suggest that
CRBP-1 in these cells is not exclusively devoted to

intracellular transport and esterification of retinol and
that it may play a role in hepatic tissue repair.

Materials and Methods

Experimental Animals

Male Sprague-Dawley rats (initial body weight approx-
imately 200 g) were used. In the first group (n � 16),
animals were given CCl4 (375 �l/kg of body weight in
olive oil per os) three times per week. The animals
were killed 48 hours after the first CCl4-treatment (n �
4) and at 96 hours (n � 4), 2 weeks (n � 4), and 6
weeks (n � 4). In the second group (n � 12), animals
were subjected to common bile duct ligation as pre-
viously described (Tuchweber et al, 1996). The ani-
mals were killed at 72 hours (n � 4), 5 days (n � 4), and
7 days (n � 4) after bile duct ligation. Control animals
were used in each case: olive oil per os for the CCl4
model (n � 4), and sham-operated for the bile duct
ligation model (n � 4); some animals (n � 4) did not
undergo any treatment. No differences were observed
between any of these control groups. All animal pro-
tocols were in full compliance with the Institut National
de la Santé et de la Recherche Médicale and the
Bordeaux University guidelines for animal care.

Processing of Rat Liver Tissue

Tissues were fixed in 4% formaldehyde and embed-
ded in paraffin. Sections were stained with
hematoxylin-eosin for routine histology and with Sirius
red (saturated picric acid in distilled water containing
0.1% (w/v) Sirius red F3B (BDH Chemicals Ltd., Poole,
United Kingdom) to allow visualization of fibrosis
(Manabe et al, 1993). After Sirius red staining, the
sections were not counterstained. Tissue samples
derived from normal liver, from liver after CCl4 treat-
ment, or bile duct ligation were frozen in liquid nitro-
gen and used for protein and mRNA extraction.

Antibodies

For immunohistochemistry and/or immunofluores-
cence on cultured cells, the following antibodies were
used: a mouse monoclonal antibody (IgG2a) against
�-SM actin (Dako A/S, Glostrup, Denmark; Skalli et al,
1986), an affinity-purified rabbit polyclonal antibody
against CRBP-1 (Neuville et al, 1997), monoclonal
antibodies against vimentin and cytokeratin 7 (Dako
A/S), a polyclonal rabbit antibody against human von
Willebrand factor (Dako A/S), affinity-purified rabbit
polyclonal anti-mouse laminin and anti-mouse colla-
gen type IV antibodies (gift of Dr. Schuppan, Depart-
ment of Gastroenterology, Friedrich-Alexander Uni-
versity, Erlangen, Germany), and a monoclonal
antibody (IgG1) specific to the EIIIA domain of fi-
bronectin (IST-9; gift of Dr. Zardi, Cell Biology Labo-
ratory, Istituto Nazionale per la Ricerca sul Cancro,
Genoa, Italy; Borsi et al, 1987). All of these antibodies
have been extensively used and their specificity has
been clearly documented.

Figure 7.
Immunoblotting for �-SM actin (a) and CRBP-1 (b) of portal fibroblast total
protein extracts and Northern blot for CRBP-1 (c) of portal fibroblast total
mRNA extracts; portal fibroblasts are untreated or treated with different doses
of TGF-�1 (n � 3). The treatment with TGF-�1 increases both �-SM actin (a)
and CRBP-1 (b) protein expression. Northern blot shows an increase of the
CRBP-1 mRNA expression with a plateau at 2.5 ng/ml. Standard error of
means are not represented in the figure, but were always lower than 10% of
values.
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Immunohistochemistry

For simple immunohistochemistry, 5-�m paraffin sec-
tions were cut. The sections were deparaffinized,
hydrated, washed with Tris buffered saline, and incu-
bated with 3% H2O2 in methanol to inhibit endoge-
nous peroxidase. Then, sections were incubated with
anti-�SM actin or anti-CRPB-1 diluted 1/250 or 1/500,
respectively, with Tris buffered saline at room temper-
ature for 30 minutes. After incubation with Envision-
horseradish peroxidase mouse or rabbit (Dako A/S) at
room temperature for 30 minutes, the sections were
treated with 1 mg/ml diaminobenzidine and 0.1%
H2O2 in 0.05 M Tris-HCl (pH 7.6) at room temperature
for 30 minutes. For CRBP-1 staining, sections were
previously heated by using a pressure cooker in 0.01 M

citrate buffer (pH 6.0) at 120° C for 5 minutes.
For double immunohistochemistry, sections were

first incubated with anti-�-SM actin, Envision-Alkaline
Phosphatase (Dako A/S), and New Fuchsin (Dako
A/S). Then, the sections were incubated with 3% H2O2

in methanol to inhibit endogenous peroxidase. After
heating by using a pressure cooker, the sections were
incubated with anti-CRBP-1, Envision-horseradish
peroxidase rabbit, and treated with 1 mg/ml diamino-
benzidine, 2.5 mg/ml Nickel, and 0.1% H2O2 in 0.05 M

Tris-HCl (pH 7.6) at room temperature for 30 minutes.
After washing with water, the sections were coun-

terstained with hematoxylin and mounted with EUKITT
(O. Kindler GmbH, Freiburg, Germany). Sections were
examined with a Zeiss Axioplan 2 microscope (Carl
Zeiss Microscopy, Jena, Germany). Images were ac-
quired with an AxioCam camera (Carl Zeiss Vision,
Hallbergmoos, Germany) by means of the AxioVision
image processing and analysis system (Carl Zeiss
Vision).

Isolation, Culture, and Treatment of Cells

HSC were isolated from normal adult male Sprague-
Dawley rats (400–500 g body weight) as previously
described (Faouzi et al, 1999). An immortalized rat
HSC line (HSC-T6), obtained by transfection of 15-
day-old cultured primary HSC with a cDNA in which
the expression of the large T-antigen of SV40 is driven
by the Rous sarcoma virus promoter (Vogel et al,
2000), was used. Portal fibroblasts were obtained by
outgrowth from the biliary tree, which was isolated
according to the collagenase digestion method as
previously described, with minor modifications (Ishii et
al, 1989; Kumar and Jordan, 1986). Briefly, under
anesthesia, the liver was perfused in situ with Mg��

and Ca��-free Hanks’ balanced salt solution (HBSS)
containing 5 mmol/l ethylene glycol-bis(�-aminoethyl
ether)-N,N-tetraacetic acid (Sigma, St. Louis, Missou-
ri), 10 mmol/l HEPES, and 5 �g/ml gentamicin at
37° C, via a plastic catheter placed into the portal vein.
The vena cava was transected and the outflow was
allowed to drain freely into the abdominal cavity. Then,
the liver was perfused with HBSS containing 0.05%
collagenase (Roche Diagnostic GmbH, Mannheim,
Germany), 0.005% trypsin inhibitor (Sigma), 5 mmol/l

CaCl2, 10 mmol/l HEPES, and gentamicin. The per-
fused liver was excised and delicately stripped of its
capsule with scissors. The remaining liver was then
further digested with the same solution as was used in
the second perfusion step using gentle shaking and,
with further manipulation, the intact portal tract was
obtained. The portal tract residue was minced and the
pieces incubated for 30 minutes with medium contain-
ing 0.1% pronase (Roche Diagnostic GmbH). After
digestion, part of the remaining portal tract residues
containing exclusively biliary structures was immedi-
ately cryopreserved in OCT compound (Sakura; Tor-
rance, California) and snap frozen in liquid nitrogen-
cooled isopentane for immunofluorescence staining.
Another part was allowed to adhere in Petri dishes and
cultured in Dulbecco’s minimum essential medium
(DMEM; Life Technologies, Cergy Pontoise, France)
supplemented with 100 IU/ml penicillin and 100 �g/ml
streptomycin (Life Technologies) containing 10% FCS
(Life Technologies). After 2 to 3 days, an extensive
proliferation of fibroblastic cells was observed along
biliary structures. At confluence, cells were trypsinized
and seeded in culture medium containing serum. For
cell type analysis, immunofluorescence staining was
performed as described below.

HSC, HSC-T6, and portal fibroblasts were cultured
in DMEM supplemented with penicillin and streptomy-
cin, and 10% FCS at 37° C in a humidified atmosphere
of 95% O2 and 5% CO2. When cells reached conflu-
ence, they were trypsinized with 2 ml of 0.25% trypsin
(Life Technologies) and passaged. The effect of
TGF-�1 (R&D Systems, Oxon, United Kingdom) on
CRBP-1 and �-SM actin protein expression was eval-
uated in low serum concentration (1% FCS) on cul-
tured primary HSC, HSC-T6, and portal fibroblasts
after reaching subconfluence. Cells were harvested
after 2 days of treatment and used for immunoblotting
and Northern blot analysis.

Data were calculated as mean values � SEM. The
number of experiments (n) was indicated. A Student’s
t test for unpaired samples was used for statistical
analysis. A p � 0.05 was considered significant.

Immunofluorescence Staining

For immunofluorescence, 5-�m serial frozen sections
were air-dried on Super frost/plus slides (Menzel Gla-
ser, Germany), fixed in acetone, and incubated with
the primary antibodies. Cultured cells were fixed in
cold methanol. Oregon green 488-conjugated goat
anti-mouse IgG (Molecular Probes, Eugene, Oregon)
and/or Alexa Fluor 594-conjugated goat anti-rabbit
IgG (Molecular Probes) were used for the second step.
Sections or cultured cells were mounted in antifade
mounting medium and examined with a Zeiss Axio-
plan 2 microscope (Carl Zeiss Microscopy, Jena,
Germany) equipped with epi-illumination and specific
filters.

Immunoblotting Analysis

Lysates from cultured cells were prepared with lysis
buffer: (20 mM Tris-HCl, pH7.5, 0.138 M NaCl, 10%
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glycerol, 1% IGEPAL; Sigma), 2 mM EDTA, 2.1 mg/ml
Aprotinin (Sigma), 1 �g/ml Leupeptin, 1 �g/ml Pepstatin
A, 0.25% sodium deoxycholate, and 1 mM Pefabloc SC
(Roche Diagnostics GmbH). Sample buffer (0.06 M tris-
HCl, pH 6.8, 2.5% SDS, 0.72 M �-mercaptoethanol,
1.5% bromophenol blue, final concentrations) was
added and samples were boiled for 5 minutes. The
loading of the same amounts of protein for each cell
population was determined according to Bradford (1976)
(three measurements per samples).

Protein aliquots from primary HSC (5 �g), HSC-T6
(30 �g), or portal fibroblasts (10 �g) were subjected to
electrophoresis in 15% SDS-polyacrylamide gels. Re-
solved proteins were transferred to Immobilon-P
membranes (Millipore, Bedford, Massachusetts),
which were incubated with blocking buffer (10 mM

Tris-HCl, pH 8.0, 0.1 M NaCl, 0.5% gelatin, and 0.1%
Tween 20) at room temperature for 1 hour. Mem-
branes were incubated with anti-CRBP-1 antibody or
with anti-�-SM actin antibody in blocking buffer. Then,
membranes were washed with washing buffer (10 mM

Tris-HCl, pH 8.0, 0.1 M NaCl, and 0.1% Tween 20),
and incubated at room temperature for 1 hour with
horseradish peroxidase-conjugated swine anti-rabbit
IgG (Dako A/S) or horseradish peroxidase-conjugated
rabbit anti-mouse IgG (Dako A/S) diluted 1/2,000 with
5% milk in washing buffer. After washing, enhanced
chemiluminescence (Amersham, Les Ulis, France) was
used for detection. The molecular weight for CRBP-1
and �-SM actin are 15,000 and 43,000 Da, respec-
tively. The signals (arbitrary units) were quantified with
the Kodak 1D Image Analysis Software (Eastman
Kodak Company, Rochester, New York).

Northern Blot Analysis

Total RNA was extracted from HSC-T6 cells or portal
fibroblasts using the RNeasy Mini kit (Qiagen, Les Ulis,
France) according to the manufacturer’s instructions.
A 5-�g amount of total RNA from cultured cells was
separated by electrophoresis on a 1% agarose gel
containing ethidium bromide in MOPS buffer. Running
buffer and gel contained 0.2 M formaldehyde. The
RNAs were transferred onto a positively charged nylon
membrane (Hybond-N�; Amersham) by downward
capillary transfer in running buffer. Examination of the
stained membrane under ultraviolet light was used to
confirm the quality of loading and transfer. After ultra-
violet cross-linking, prehybridization and hybridization
were performed using the ULTRAhyb solution (Am-
bion, Austin, Texas) at 42° C. CRBP-1 cDNA probe
(Neuville et al, 1997) was labeled with [�32P]dCTP by
random priming using the Ready-To-Go kit (Amer-
sham). To further confirm the loading and transfer
accuracy, blots were rehybridized with a rat GAPDH
cDNA probe (Fort et al, 1985). The signals (arbitrary
units) were quantified with the Kodak 1D Image Anal-
ysis Software (Eastman Kodak Company). Results are
presented as CRBP-1/GAPDH ratios.
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