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Summary

This intravital fluorescence microscopy (IVFM) study validates cirrhotic mice models
and describes the different intrahepatic alterations and the role of angiogenesis in the
liver during genesis of cirrhosis. Cirrhosis was induced by subcutaneous injection of
carbon tetrachloride (CCly) and by common bile duct ligation (CBDL) in mice.
Diameters of sinusoids, portal venules (PV), central venules (CV) and shunts were
measured at different time points by IVFM. Thereafter, liver samples were taken for
sirius red, CD31, Ki67, vascular endothelial growth factor (VEGF) and a-smooth
muscle actin (a-SMA) evaluation by immunohistochemistry (IHC). In parallel with
fibrogenesis, hepatic microcirculation was markedly disturbed in CCl; and CBDL
mice with a significant decrease in sinusoidal diameter compared to control mice. In
CCly mice, CV were enlarged, with marked sinusoidal-free spaces around CV. In
contrast, PV were enlarged in CBDL mice and bile lakes were observed. In both mice
models, intrahepatic shunts developed gradually after induction. During genesis of
cirrhosis using CD31 THC we observed a progressive increase in the number of
blood vessels within the fibrotic septa area and a progressively increase in staining
by Ki67, VEGF and a-SMA of endothelial cells, hepatocytes and hepatic stellate cells
respectively. In vivo study of the hepatic microcirculation demonstrated a totally dis-
turbed intrahepatic architecture, with narrowing of sinusoids in both cirrhotic mice
models. The diameters of CV and PV increased and large shunts, bypassing the sinu-
soids, were seen after both CCly; and CBDL induction. Thus present study shows
that there is angiogenesis in the liver during cirrhogenesis, and this is probably due
partially to an increased production of VEGF.
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Cirrhosis is a worldwide frequent disease associated with a
high mortality and morbidity. It can be defined as a diffuse
process characterized by fibrosis and the conversion of nor-
mal liver architecture into structurally abnormal nodules
(Anthony et al. 1977). The pathological process in the devel-
opment of cirrhosis consists of a complex network of inter-
acting cells, fibrogenic mediators and extracellular matrix
molecules (Gressner 1992; Gressner & Bachem 1995).
Besides these molecular aspects in the process of fibrogene-
sis, alterations in the hepatic vasculature are also defined as
a crucial component in the development of the cirrhotic
state (Schaffner & Poper 1963; Popper 1977; Rappaport
et al. 1983). As early as 1963, Schaffner & Poper described
the presence of a capillary basement membrane and loss of
sinusoidal endothelial cell fenestrations in the cirrhotic liver,
calling this phenomenon capillarization of hepatic sinusoids
(Schaffner & Poper 1963). In addition, other microvascular
abnormalities such as shunts between pre- and postsinusoi-
dal vessels were observed (Gaudio et al. 1993; Vollmar et al.
1998; Onori et al. 2000). The development of shunts
involves either the opening of preformed channels or the for-
mation of new vessels, angiogenesis (Rappaport et al. 1983).
Angiogenesis has been shown to play an important role in
the development of liver fibrosis (El-Assal et al. 1998;
Yoshiji et al. 2003) and involves a tightly regulated network
of cellular and molecular mechanisms that result in the for-
mation of functional vessels. Of particular importance are
growth factors [e.g. vascular endothelial growth factor
(VEGF), hepatocyte growth factor (HGF), transforming
growth factor-B (TGF-B)] involved in matrix-remodelling
and cell migration. HGF is a powerful inducer of angiogene-
sis (Camussi et al. 1997; Rosen et al. 1997) and can be
amplified by other growth factors (Silvagno et al. 1995).
TGEF-B stimulates most of the processes of wound healing in
collaboration with other growth factors, such as VEGF, and
is a major profibrotic factor known for activated hepatic
stellate cells (HSC) (Hyytiainen er al. 2004; Ruiz-Ortega
et al. 2007). In this study, we will focus on VEGF, which is
considered as one of the key mediators for new blood vessel
formation in physiological and pathological conditions
(Carmeliet 2005).

Intravital fluorescence microscopy (IVEM) of the liver is
used to study the in vivo structural changes at microcircula-
tory level during cirrhogenesis. This technique has the
advantage, in comparison with traditionally used scanning
electron microscopy, to study dynamic alterations in the
hepatic microcirculation.

Carbon tetrachloride (CCly) administration and common
bile duct ligation (CBDL) are two widely used animal models
to study the pathological intrahepatic changes related to cir-

rhosis. So far, the most common animal used for these exper-
iments is the rat (Proctor & Chatamra 1982; Perez Tamayo
1983; Kountouras et al. 1984; Vorobioff et al. 1984; Lee
et al. 1986a,b; Colombato et al. 1992; Castaneda et al.
2000; Katsuta et al. 2005). However, with the advances in
molecular biology and the use of genetically modified ani-
mals (e.g. transgenic or knock-out mice), well-described
models in mice are needed. Recently, we were able to make a
characterization of a subcutaneously induced CCl; and
CBDL model in mice (Geerts AM, Vanheule E, Praet M, Van
Vlierberghe H, De Vos M, Colle I, 2008, unpublished data).
Hepatic microcirculatory observations with the use of IVFM
has been described in the literature in intraperitoneal-induced
CCl4 mice models (Niggemann et al. 2004), but data about
alterations of hepatic circulation after bile duct ligation and
subcutaneous CCly induction in mice are not available.

The present study was performed to validate two mice
models of cirrhosis in vivo with IVEM. We evaluated and
compared different parameters of the hepatic microcircula-
tion during the development of fibrosis/cirrhosis in a subcu-
taneously induced CCly mice model and in a mice model of
biliary cirrhosis, induced by CBDL. In correlation with our
results in vivo, we determined the role of angiogenesis dur-
ing the process of fibrosis and cirrhosis in both models. A
better knowledge about angiogenesis can give more opportu-
nities to develop new therapeutic strategies that target the
process of fibrosis and cirrhosis.

Materials and methods

The experiments were performed in male Swiss albino mice
(20-25 g) (strain HsdWin: CFW-1) purchased from Harlan
laboratories (Horst, the Netherlands). The mice were kept
under constant temperature and humidity in a 12 h con-
trolled dark/light cycle. The Ethical Committee of experi-
mental animals at the Faculty of Medicine and Health
Sciences, Ghent University, Belgium, approved the protocols.

Mice model of CCly induced cirrbosis

Carbon tetrachloride (Merck, Darmstadt, Germany) was
administrated by dorsal subcutaneous injection (1:1 dis-
solved in olive oil; 1 ml/kg) twice weekly. Five percent alco-
hol was added to their drinking water. Hepatic necrosis by
CCly is intensified when cytochrome P450 2E1 enzyme is
induced by administration of ethanol (Koop & Coon 1986;
Koop & Tierney 1990). Experiments were performed 3 days
after the last CCl; administration. Control mice received
pure olive oil (1 ml/kg) subcutaneously twice weekly and no
ethanol was added to their drinking water.
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The mice were killed after 4, 8, 10, 12 and 16 weeks of
CCly administration or pure olive oil (7 = 6 in each group).

Mice model of secondary biliary cirrhosis

Secondary biliary cirrhosis was induced by CBDL. Under
isoflurane inhalation anaesthesia, a midline abdominal inci-
sion was made and the common bile duct was isolated
from the surrounding tissue. The common bile duct was
occluded with a double ligature of a non-resorbable suture
(silk cut 5-0). The first ligature was made below the junc-
tion of the hepatic ducts and the second was made above
the entrance of the pancreatic duct. The common bile duct
was resected between the two ligatures. The abdominal
wall was closed by suturing abdominal muscle and skin
(silk cut 5-0).

Control mice were sham-operated, the abdominal cavity
was opened and the common bile duct was isolated, but no
ligature was placed. The mice were killed 1, 3 and 6 weeks
after CBDL or sham-operation (17 = 6 in each group).

IVEM of the liver

Surgical preparation. The intravital microscope and the sur-
gical preparation is shown in Figure 1. Mice were fastened
overnight and anaesthetized with a mixture of ketamine
(Ketalar®, 50 mg/ml, Pfizer, Brussels, Belgium) and xylazine
(Rompun® 2%, 20 mg/ml, Bayer, Brussels, Belgium),
administered subcutaneously in a dose of 100 and 10 respec-
tively. An intravenous catheter was inserted into the jugular
vein for continuous infusion of saline and fluorescent dyes.
Thereafter, a midline and left subcostal incision was made
so as to exteriorise the liver. The hepatic ligaments were dis-
sected and the intestine was covered with a saline-soaked
gauze to minimize tissue dehydratation. The mice were
placed in a left supine position on a heating pad for mainte-
nance of body temperature at 37 °C. The left liver lobe was
then exteriorised and placed on a plasticine disk that was
attached to the heating pad. Subsequently, the lower surface
of the liver was situated horizontal to the microscope and
the plasticine disk minimized the respiratory movements of
the lobe. The exposed area of the left liver lobe was immedi-
ately covered with a glass slide to prevent drying of the
tissue.

Intravital fluorescence microscopy. By use of a modified flu-
orescence Axiotech Vario 100 HD microscope (Zeiss, Jena,
Germany), with a 50-W HBO mercury lamp attached to an
UV, green and blue filter system, the hepatic microcircula-
tion was analysed using epi-illumination (Vollmar et al.
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1998). With the use of a 10x objective (10x/0.30 W, Zeiss)
and a 20x objective (20x/0.45 W, Zeiss), images were dis-
played on a television monitor by a TK-1281 (Victor Com-
pany of Japan LTD-JVC, Tokyo, Japan) and recorded by a
video recorder (S-VHS Panasonic AG-7350, Matsushita,
Japan) for off-line analysis. The video images were analysed
with an image analysis software program (CAP-IMAGE,
Ingenieursbiiro Zeintl, Heidelberg, Germany).

The structure of the hepatic microcirculation was analysed
after tissue contrast enhancement by intravenous injection of
sodium fluorescein (2 pmol/kg intravenous, Sigma, Bornem,
(450-
490 nm/>520 nm, excitation/emission wavelength). HSC

Belgium) using blue light epi-illumination
were visualised by auto-fluorescence of vitamin A using an
UV filter system (330-380 nm/>415 nm, excitation/emission
wavelength),
approximately 20 s because of their rapid photo bleaching

property (Suematsu et al. 1993).

which  were completely eliminated after

Quantitative offline analysis. The sinusoids, central venules
(CV), portal venules (PV) and shunt diameters were analysed
in each mouse. The duration of the IVFM experiment for
each mouse was maximum 60 min.

A liver acinus is subdivided into three circulatory zones
(Rappaport et al. 1983):

Zone 1: area where terminal portal afferent branches
empty into sinusoids and where arterial and portal stream
mix. This is the zone close to the supplying vessels and
portal tracts.

Zone 2: this area can be defined as the remaining zone
between 1 and 3.

Zone 3: area close to a terminal hepatic venule and CV.
The cells in zone 3 are most sensitive to damage through
ischaemia, anoxia, congestion and nutritional deficiency.

The sinusoidal diameters were analysed in five sinusoids
in zone 2 of an acinus, and 20 acini were studied in each
mouse.

Mean arterial blood pressure and portal pressure
measurement

At the beginning of the experiment, mean arterial pressure
(MAP) and at the end of the experiment portal pressure (PP)
was measured in each mouse to evaluate portal hypertension.
The carotid artery was cannulated for monitoring the mean
arterial blood pressure. In addition, the portal vein was cann-
ulated through an ileocolic vein with a 24-gauge catheter
(Becton Dickinson, Erembodegem-Aalst, Belgium), which
was advanced into the portal vein and connected to a highly
sensitive pressure transducer. The external zero reference
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point was placed at the midportion of the animal. The mea-
surements were recorded on a multi-channel computer-based
recorder (Powerlab, ADInstruments, Spechbach, Germany).

Histopathology of the liver

After IVFM and haemodynamic measurements, the mice
were sacrificed. Samples of the liver were fixed in 4% phos-
phate-buffered formaldehyde (Sigma, Bornem,
Belgium) and embedded in paraffin. From all tissue samples,
2 pm tissue sections were cut with a Leica RM 2145 sliding

solution

microtome (Leica Microsystems, Nussloch, Germany) for
histology.

Sirius red staining. Sirius red staining results in a red stain-
ing of all fibrillary collagen and is used to evaluate the stage
of fibrosis/cirrhosis. The liver tissue sections were stained
with 0.1% picrosirius red (Klinipath, Geel, Belgium).

CD31 immunohistochemistry. CD31 staining, a marker
for endothelial cells, was performed to evaluate the num-
ber of blood vessels (Fernandez et al. 2004; Carmeliet
2005). Liver sections were deparaffinized, rehydrated and
incubated for 7 min with trypsin (Sigma, Bornem, Belgium)
on 37 °C. Thereafter, endogenous peroxidase was blocked
for 20 min with hydrogen peroxidase (VWR, Leuven,
Belgium) in methanol. Subsequently, they were overnight
incubated at room temperature with primary antibody rat
anti-mouse CD31 (1/500, MEC 13.3, ref: 550274, BD
Pharmingen, BD Bioscience, Erembodegem, Belgium) and
thereafter for 1 h at room temperature with secondary rab-
bit anti-rat biotinylated antibody (1/300, ref: EO468,
Dako cytomation, Heverlee, Belgium). The specificity of
the immunolabelling was confirmed by incubation without
primary antibody. Further, streptavidin-biotinylated links
(TSA Biotin System, Perkin Elmer, Boston, MA, USA) were
applied. 3, 3’ diaminobenzidine (DAB kit; Dako Cytoma-
tion, Heverlee, Belgium) was used as chromogenic sub-
strate to visualize immunolabelling, resulting in a brown
precipitate.

Ki67 Immunobistochemistry. Ki67 staining, a marker for
proliferating cells, was used to evaluate proliferating endo-
thelial cells. Ki67 staining used the Ventana system (Ventana
Medical Systems Inc., Tucson, AZ, USA). After deparaffini-
zation, liver sections were treated sequentially with inhibitor
for 4 min. Then, the sections were incubated with rabbit
monoclonal Ki67 antibody (clone SP6, ref: RM-9106-R7,
Neo Markers, Lab vision, CA, USA) for 30 min, after which
they were incubated sequentially with amplifier A, amplifier

B, biotinylated immunoglobulin, avidin-horseradish peroxi-
dase, DAB and DAB H,0, for 8 min each. The sections
were counterstained with haematoxylin for 6 min and with
bluing reagent for 2 min. All steps were performed at 37 °C.

VEGEF immunohistochemistry. Vascular endothelial growth
factor, one of the proteins responsible for angiogenesis, was
performed by immunohistochemistry (IHC). Liver sections
were deparaffinized, rehydrated and incubated in triphos-
phate buffered saline with hydrogen peroxidase (VWR, Leu-
ven, Belgium) and sodium azide for 20 min to block
endogenous peroxidase. Subsequently, they were incubated
for 1 h at room temperature with primary antibody rabbit
anti-mouse VEGF (VEGF A-20, sc-152; Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) at a concentration of 1/250.
The specificity of the immunolabelling was confirmed by
incubation without primary antibody. Thereafter, streptavi-
din-biotinylated links with the secondary antibody
(LSAB + system-HRP, Dako Cytomation, Heverlee, Belgium)
were applied for 10 min each. 3, 3" diaminobenzidine (DAB
kit; Dako Cytomation, Heverlee, Belgium) was used as chro-
mogenic substrate to visualize immunolabelling, resulting in
a brown precipitate.

Alpha-smooth muscle actin immunobistochemistry (IHC).
Alpha-smooth muscle actin (a-SMA) expression has been
used to identify activated HSCs that undergo a myofibrob-
lastic phenotype. Immunohistochemical demonstration of
the HSCs was carried out applying the primary antibody of
a-SMA (Dako Cytomation, Heverlee, Belgium) in a dilution
of 1/100 for 30 min at room temperature. The second layer
consisted of labelled polymer-horseradish peroxidase (HRP)-
anti-mouse for 30 min at room temperature. 3,3’ diam-
inobenzidine (DAB kit, Dako, Cytomation, Heverlee, Bel-
gium) was used as a chromogenic substrate to visualize
immunolabelling, resulting in a brown precipitate.

Microscopic evaluation. Microscopic evaluation for Sirius
red, CD31, Ki67, VEGF and a-SMA was carried out blinded
by two independent investigators unaware of the status of
the animals. The Sirius red staining for the CBDL model
was scored according to the semi-quantitative Metavir score
(Bedossa & Poynard 1996). The Metavir fibrosis stage was
scored as follows: FO: no fibrosis; F1: fibrotic changes con-
fined to the portal tracts (portal fibrosis), with only mild
portal expansion; F2: portal fibrosis is present with forma-
tion of few septa; F3: formation of portal-to-portal fibrous
septa (septal fibrosis); F4: cirrhosis. To score the CCly
model, we have used another scoring method (Arezzini et al.
2003) to score the changes within the pericentral area: Stage
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0, no fibrosis; Stage I, accumulation of collagen fibrils
around the CV, but no visible extension of fibrous tissue
from central venous area; Stage II, fibrous septae extending
from the CV but no bridging to portal tracts or between
adjacent CV; Stage III, fibrous bridging between adjacent
CV or between CV and portal tracts; Stage IV, cirrhosis
with hepatocellular nodules circumscribed by fibrous tissue.

Vascular density in the liver tissue was assessed by deter-
mining the count of CD31 labelled endothelial cells in five
areas of the total liver lobe at 10x magnification. We have
counted in each area the positive CD31 labelled blood
vessels and took the sum of all five areas.

The number of proliferating endothelial cells, determined
by Ki67 staining, was evaluated in 10 areas of the total liver
lobe at 40x magnification. We have counted in each area the
positive Ki67-labelled endothelial cells and took the sum of
all 10 areas. The intensity of VEGF staining was semi-
quantitatively scored as follows: 1 = <30% of hepatocytes
stained, 2 = 30-70% of hepatocytes stained, 3 = >70% of
hepatocytes stained.

Statistical analysis

Data were given as the mean = standard error of the mean
(SEM). A Students t-test, Mann—-Witney U-test and a Krus-
kal-Wallis test were used to compare the different groups as
appropriate. A P value of <0.05 was considered statistically
significant.

Results

Characteristics of the mice models

There was no mortality observed in the control mice for
CCly or in sham-operated mice. Two out of 30 mice
(5%) died after CCl, induction because of technical failure
during injection. A mortality rate of 10% (three of 30
CBDL mice
6 weeks after induction. All deaths occurred in the first

mice) was seen in the model during
week after induction, which was due to bile leakage and
subsequently sepsis. Preliminary experiments showed no
further survival of all CBDL mice within 7-10 weeks after
induction.

At laparotomy, there were no adhesions found in the
CCl, mice, which was in contrast to the CBDL mice where
sticking of the liver to the mesentery frequently occurred.
Fifty percent of the CBDL mice had ascites after 6 weeks
induction, whereas no ascites was found in the CCL,; mice
at 16 weeks.

© 2008 The Authors
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Figure 1 The intravital microscope and surgical preparation.
The lower surface of the left liver lobe was situated horizontally
to the microscope and the plasticine disk (white arrow) mini-
mized the respiratory movements of the lobe.
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Figure 2 Portal pressures (mmHg) of control and CCl4 mice:
(a) sham-operated and CBDL mice (b). Data are expressed as
mean = SEM. CCly: P = 0.03 vs. 4 w CCLy, PP = 0.03 vs. 8 w
CCLy, P = 0.005 vs. 10 w and 12 w CCL4, 9P = 0.05 vs. 16 w
CCL4. CBDL: ?P < 0.01 vs. sham-operated, PP < 0.001 vs. 1w
CBDL. w: weeks.
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The PP measurements are shown in Figure 2. Portal pres-
sure was significantly higher in the CCly mice after 4, 8, 10,
12 and 16 weeks compared with the control group. There
was a progressive increase in PP related to the duration of
CCly administration and the highest value was reached after
12 weeks (Figure 2a).

After CBDL induction, PP became significantly higher at
3 weeks and the highest value reached at 6 weeks compared
with sham-operated mice (Figure 2b).

The MAP tended to be higher (P = 0.08) in the control
group (115 + 6 mmHg) compared with the CCly group
(98 + 8 mmHg). In the CBDL group, MAP was significantly
lower (86 + 3 mmHg; P = 0.02) compared with the sham-
operated group (103 = 5 mmHg).

Microscopic findings

Sirius red staining is shown in Figure 3. CD31, Ki67, VEGF
and o-SMA staining and scores are shown in Figures 4, 5
and 6 and Table 1.

CCl,; mice.
fibrotic changes on sirius red staining (Stage 0) (Figure 3a).

Control mice for CCly did not develop any

After 8 weeks of CCl; administration, the liver architecture
demonstrated a reversed lobulation due to the development
of centro-central fibrotic linkages (Stage III), which devel-
oped further to centro-portal thin fibrotic septa after
12 weeks (Stage III to Stage IV). Although a part of this
group (86%) reached the Stage IV stadium at this time, all
mice at 16 weeks had homogenously the characteristics of a
cirrhotic liver (Figure 3b).

Mice given CCly developed a significant higher number of
blood vessels located within the fibrous septa, scored on
CD31 staining (Figure 4a). The number of blood vessels pro-
gressively increased with the period of CCly induction, with
the highest number at 16 weeks. Moreover, the proliferating
endothelial cells, scored by Ki67 staining, increased after
CCly induction, with the highest amount at 10 weeks (Fig-
ure 4b, Table 1A).

The expression of VEGF was significantly increased after
CCl; administration, with the highest expression at
16 weeks (Table 1A). In the control group, VEGF was
detected in the first layer of hepatocytes around the central
and portal venule (Figure 5a). After CCly; administration,
VEGF was also detected in multiple layers of hepatocytes
further away from the central and portal venule (Figure 5b).

Staining of a-SMA was located around the blood vessels
(PV and hepatic arteries) in control mice (Figure 6a). No
staining of HSC was observed along the sinusoidal wall.
After 4 weeks of CCly induction, increased sinusoidal wall

Control/Sham

CBDL

Figure 3 Sirius red staining (objective magnification 10x).
(a) Control mice for CCly and sham-operated mice did not
develop fibrosis (Stage 0 or F0). (b) CCly mice developed
micronodular cirrhosis (Stage IV) after 16 weeks of CCly
administration (black arrow: fibrotic strands). (c) Six weeks
after CBDL induction, mice developed fibrosis with nodule
formation (F4) (black arrow: fibrotic strands).
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Figure4 CD31 and Ki67 immunohistochemistry: brown stain-
ing (arrows) for endothelial cells (objective magnification 10x
and 40x). (a) The number of blood vessels increased in time
with the highest number of blood vessels at 16 weeks after CCly
administration and at 3 weeks after CBDL induction (10x). (b)
The number of Ki67-positive proliferating endothelial cells
increased as well after CCl; administration and CBDL induction
(40x; red arrows: endothelial cells, black arrows: proliferating
hepatocytes).

staining was apparent and related to the occurrence of
spindle-shaped cells along the sinusoidal wall. They were
found in groups of two or three cells surrounded by stain-
ing fibres around the central venule. After 16 weeks, the
septa dissected the parenchyma with nodular transforma-
tion (Figure 6b). This phenomenon implies the transition
of quiescent HSCs into activated cells during fibrosis
formation.

CBDL mice.
fibrosis (FO stadia) on sirius red staining (Figure 3a). After

Sham-operated mice did not develop any

© 2008 The Authors

Figure 5 VEGF immunohistochemistry (objective magnification
20x). (a) In control and sham-operated mice, VEGF was
detected in the first layer of hepatocytes around the venules
(black arrows). (b) After CCl4 and CBDL induction, the per
centage hepatocytes that was positive increased with the highest
concentration at 16 weeks for CCl,; administration (b) and at

3 weeks for CDBL induction (c).
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Figure 6 o-SMA immunohistohemistry (magnification 10x). (a)
a-SMA expression was located around the blood vessels (portal
venules and hepatic arteries; black arrows) in control and sham-
operated mice. No staining of hepatic stellate cells was observed
(b, ¢). In contrast, after induction of CCl4 or CBDL, there was
a progressive accumulation of a-SMA positive spindle-shaped
cells along the sinusoidal wall within the fibrous septa in the
pericentral or periportal area respectively (red arrows; hepatic
artery: black arrow).

1 week of CDBL induction, mild periportal alterations were
observed, described as F1. A further evolution of fibrotic
changes into F2 was obtained after 3 weeks with nodular
changes of the liver parenchyma (F4) at week 6 (Figure 3c).

On CD31 staining, a higher number of blood vessels was
located within the fibrous septa after 1 week of CBDL
induction compared with sham-operated mice, with further
a progressive increase at 3 and 6 weeks. The number of pro-
liferating endothelial cells was also significantly increased
after CBDL induction, scored on Ki67 staining (Table 1B).

After 1 week of CBDL, VEGF was detected in the first
layer hepatocytes around the central and portal venule, as in
sham-operated mice, and additionally in multiple layers of
hepatocytes further away from the central and portal venule.
The highest expression of VEGF was reached at 3 weeks
after CBDL induction (Figure 5c, Table 1B).

Three weeks after CBDL induction, the extend of portal
tract demonstrated on o-SMA THC an increased staining of
spindle-shaped cells along the sinusoidal wall. The progres-
sion of increased a-SMA positive spindle-shaped cells paral-
leled the development of fibrosis to cirrhosis in the CBDL
mice model (Figure 6¢).

Intravital fluorescence microscopy

Data of all experimental groups are shown in Figure 7 and
Table 2.
Sham-operated mice. Control mice for CCly and sham-
operated mice showed a normal intrahepatic microcircula-
tion. Normal structures of PV, sinusoids, CV and a typical
sinusoidal network were observed, with no additional struc-
tures like intrahepatic shunts (Figure 7a, Table 2A-B).

Sites of vitamin-A auto-fluorescence (suggesting the pres-
ence of HSC) were uniformly distributed across the acinus.
CCl; mice. Carbon tetrachloride cirrhotic livers had an
inhomogeneous distribution of vitamin A auto-fluorescence
sites with accumulation especially in zone 3 (pericentral
area), where fibrosis started after CCly; administration. In
CCly mice, sinusoid-free spaces were located around the cen-
tral venule, the latter being dilated compared with control
mice (Figure 7b). After 4 weeks of CCly induction, the diam-
eter of the central venule increased significantly and progres-
sively to a maximum value at 16 weeks (Table 2A). We
have measured the diameter of PV in control mice, but we
could not measure PV diameters in CCly mice. The PV were
lying deeper inside the liver tissue, prohibiting an exact mea-
surement of the diameter. A possible explanation was the
presence of fibrotic tissue in zone 3 pushing the portal tract

© 2008 The Authors
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Table 1 CD31, Ki67 and VEGF score. Vascular density in the liver tissue was assessed by determining the count of CD31-labelled
endothelial cells in five areas of the total liver lobe at 10x magnification. We have counted in each area the positive CD31-labelled
blood vessels and took the sum of all five areas. The mean number of blood vessels + SEM is given. Ki67-positive proliferating endo-
thelial cells were counted in 10 areas of the total liver lobe at 40x magnification. The number of proliferating endothelial cells + SEM
is given. The intensity of VEGF staining was semi-quantitatively scored as follows: 1 = <30% of hepatocytes stained, 2 = 30-70% of
hepatocytes stained, 3 = >70% of hepatocytes stained. The mean intensity of VEGF = SEM is given

Control 16 weeks CCly 4 weeks CCly 8 weeks CCly 10 weeks CCly 12 weeks CCly 16 weeks
(n=4) (n=6) (n=6) (n=6) (n=6) (n=6)
A: CCly*
CD31 55.8+5.6 104.3 + 5.7%¢ 150 = 14.25f 135 + 12.09% 151.5 + 20.5° 205 = 10.5¢
Ki67 0 16.3 = 5.3¢ 25.0 + 6.9 47 + 422 31.3 =+ 5.3" 33.7 + 3.8°
VEGF 1=0 2+ 0.2% 2 +0.2%° 2+ 04° 2 +0.5° 3+09
Sham-operated CBDL 1 week CBDL 3 weeks CBDL 6 weeks
6 weeks (1 = 4) (n=06) (n=6) (n=06)
B: Common bile duct ligation®
CD31 558+ 5.6 80.8 + 5.9%P 181.8 = 23.1° 147.8 = 35.0°
Ki67 0 2:+0 33.7 =+ 4.8% P 30.0 = 10.0
VEGF 1«0 2+ 0.2%b 3+02° 3+ 0°

*CD31: °P = 0.05 vs. control, °P = 0.006 vs. control, P = 0.011 vs. control, ‘P = 0.004 vs. control, P = 0.004 vs. 16 weeks CCly, ‘P = 0.028
vs. 16 weeks CCly, ®P = 0.010 vs. 16 weeks CCly; Ki67: *P = 0.007 vs. control, °P = 0.009 vs. control, °P = 0.01 vs. control, 9P = 0.01 vs.
10 weeks; VEGF: *P = 0.003 vs. control, PP = 0.004 vs. control, °P = 0.016 vs. control, 9P = 0.001 vs. control, °P = 0.004 vs. 16 weeks CCl,.
fCD31: *P < 0.01 vs. sham-operated, ®P = 0.001 vs. CBDL 3 and 6 weeks; Ki67: *P = 0.02 vs. sham-operated, °P = 0.02 vs. CBDL 1 week;
lation was observed in control and

VEGEF: °P = 0.001 vs. sham-operated, °P = 0.002 vs. CBDL 3 and 6 weeks.
()]
L,
cal,
sham-operated mice (20x). Sinusoids © )
(black arrow), portal venules and cen-
tral venules (white arrows) had a nor-
mal structure. In contrast, a marked
distortion was seen after 16 weeks of
CCly administration (b) (10x) and S
6 weeks of common bile duct ligation %
(c) (10x). Sinusoidal diameter decreased /'
and central venule or portal venule
diameter respectively increased. Bile
lakes (white arrow) were found in o
portal tracts in CBDL mice (d) (20x).

(zone 1) deeper away in the liver. With IVFM, we can only not sharp enough to measure accurately the diameter. After
detect the upper surface of the liver. When we changed our CCly induction, the sinusoidal diameter decreased progres-

Figure 7 Intravital fluorescence micros-
copy (objective magnification 10x and
20x). (a) A normal hepatic microcircu-

e

Control/Sham

focus, we could detect the PV, but the outline of the PV was sively, which was correlated with a longer period of CCly
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Table 2 Intravital microscopy observations. Diameters (um) of sinusoids, central venules, portal venules and shunts are expressed as

mean + SEM
Control CCl4 4 week CCly4 8 week CCl4 10 week CCl4 12 week CCl, 16 week
(n=4) (n=6) (n=6) (n=6) (n=6) (n=6)
A: CCL*
Sinusoidal diameter (pm) 4.15 = 0.03 3.08 = 0.02*  3.04=0.03*"  3.02+0.03*®  3.04=+0.03"  2.84=0.03"
Central venule diameter (um) 8.6+ 0.4 11.9 = 0.5 10.8 =+ 0.3>%" 12,7+ 0.7 14.0 = 0.5° 13.6 + 0.6°
Shunt diameter (um) Not observed ~ 15.1 = 1.0 14.9 = 0.6 15.6 = 0.7>% 18.3 = 0.8' 222+ 1.1
Sham-operated CBDL 1 week CBDL 3 week CBDL 6 week
6 week (n = 4) (n=6) (n=6) (n=6)
B: CBDL'
Sinusoidal diameter (um) 4.35 = 0.09 4.64 = 0.11 4.00 = 0.13%¢ 3.7 + 0.05¢
Central venule diameter (pm) 9.7+ 1.0 10.1 = 1.2¢ 8.1+ 1.5¢ 13.0 £ 2.9
Portal venule diameter (um) 11.0 = 1.1 10.5 = 0.8% 26.0 = 2.4%8 15.9 = 3.2
Shunt diameter (um) Not observed Not observed 223 +5.1 16.2 = 6.1

*ap £ 0,001 vs. control; PP < 0.001 vs. 16 week CCly; P = 0.007 vs. control; 9P = 0.010 vs. control; € P = 0.002 vs. control; P = 0.005 vs.
12 w CCly; 8P = 0.034 vs. 16 week CCly; "P < 0.001 vs. 12 week CCly; 'P = 0.018 vs. 12 week CCly; 'P = 0.003 wvs. 12 week CCly;

kP = 0.025 vs. 12 week CCly; 'P = 0.017 vs. 16 week CCly.

fap = 0.001 vs. sham-operated; PP < 0.001 vs. sham-operated; “P = 0.001 vs. CBDL 1 week; 4P = 0.05 vs. sham-operated; °P = 0.015 wvs.
sham-operated; P = 0.04 vs. sham-operated; P = 0.02 vs. CBDL 6 week.

induction and appearance of cirrhosis (Figure 7b, Table 2A).
Intrahepatic shunts developed gradually after CCly induc-
tion, with a significant increase in diameter and number
(12 and 16 weeks)
(Table 2A). Blood in the shunts flowed from the portal tract
(zone 1) to the central venule (zone 3), the site of fibrosis,
where we also identified the accumulation of vitamin A

when the mice became cirrhotic

auto-fluorescence HSC. After a longer CCly induction per-
iod, we detected less auto-fluorescent accumulation in HSC,
which indicated a loss of vitamin A storage in activated
HSC.

CBDL mice. In the CBDL model, sticking of the liver to
the mesentery occurred frequently, which complicated the
preparation of the liver for IVFM. The liver was carefully
released from the mesentery, which gave sometimes little
bleedings. Then, the lower surface of the liver was placed
horizontally to the microscope with the most precaution.

In contrast to sham-operated mice, the hepatic microcircu-
lation was markedly disturbed in CBDL mice (Figure 7c).
After 1 week of CBDL induction, periportal (zone 1)
changes were observed, with no clearly visualized sinusoids
and an accumulation of vitamin A auto-fluorescence sites.
After 3 weeks of CBDL induction, the microcirculatory
changes were more pronounced. Diameters of portal and
CV were significantly enlarged and the sinusoidal diameter
was significantly narrowed compared with sham-operated
mice (Table 2B). Sinusoidal-free spaces were located around

PV and furthermore intrahepatic shunts developed gradually,
bypassing sinusoids and draining blood from the portal to
the central venule. Six weeks after CBDL induction, diame-
ters of sinusoids diminished significantly. Furthermore, CV
and PV diameters remained significantly higher compared
with sham-operated mice (Table 2B). Another remarkable
appearance was the presence of bile lakes in the portal tracts
(Figure 7d). IVEM is not an adequate technique for bile flow
measurements.

Discussion

The present study is the first iz vivo study comparing hepa-
tic microcirculatory changes in relation to fibrotic alterations
and angiogenesis in two different cirrhotic mice models. The
validation of mice models instead of rat models has a lot of
advantages in molecular biology and can be used for geneti-
cally modified animals (e.g. transgenic or knock-out mice).
The technique of IVFM has the advantage, in comparison
with traditionally used scanning electron microscopy and
IHC, to study dynamic alterations in the hepatic micro-
circulation.

A number of models of cirrhosis have been described, but
the intraperitoneal CCL4 model has been most widely used
for the study of the intrahepatic microcirculation. Intraperi-
toneal injection can lead to damage and adherences among
the mesentery, bowel and liver, which subsequently limits
the possibilities to perform in wvivo experiments in the
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abdominal cavity, e.g. flow measurements and intravital
microscopy studies. Therefore, we have validated a subcuta-
neously induced CCL4 model (Geerts AM, Vanheule E, Praet
M, Van Vlierberghe H, De Vos M, Colle 1, 2008, unpub-
lished data), which is an experimental model for micronodu-
lar cirrhosis, that mimics the characteristics of human
alcoholic cirrhosis. Cirrhosis develops after 16 weeks of sub-
cutaneous CCly injection and is associated with a parallel
increase in portal pressure.

Other advantages of a subcutaneously induced CCly mice
model are the minimal side-effects and lower mortality rate
than CCl4 mice models induced by inhalation or intraperito-
neal injection. However, the duration of the development of
cirrhosis (16 weeks) is much longer (Lieber 1984). Inhala-
tion of CCL4 might cause potential health hazards for the
investigator and can lead to toxicity of other organs like kid-
ney, lung, brain and spleen (Sinicrope et al. 1984; Benson
et al. 2001). Intraperitoneal injection can also lead to toxic-
ity of the kidney (Zimmerman ez al. 1983).

The CBDL model is a model for secondary biliary cirrho-
sis, which is less frequently seen in clinic than human alco-
holic cirrhosis. The CBDL model has a high mortality rate
and can also lead to damage and adherences of the mesen-
tery, bowel and liver, which complicate in vivo experiments
in the abdominal cavity. In contrary to the CCly; model, the
CBDL model leads to cirrhosis in 6 weeks, which is also
observed in clinic, where cirrhosis can develop very quickly
after bile duct obstruction. Other models for cirrhosis such
as thioacetamide (Popov et al. 2006) and dimethylnitrosa-
mine (Abraldes et al. 2006) are available, but they will not
be further discussed in detail.

In a healthy liver, the sinusoids with regular diameter are
a continuous network organized to form an acinus. With
IVEM and with histology, we can see that the intrahepatic
architecture is totally disturbed after CCl; and CDBL induc-
tion, with the complete loss of the zonation in the liver.

The architectural microvascular changes in the CCly
model are situated in zone 3 (pericentral area), which is the
site for drug metabolism and is sensitive to ischaemic and
toxic damage including alcohol and CCly (Lieber 1984; Sato
& Nakajima 1984; Koop & Coon 1986; Zimmerman 1986;
Garro & Lieber 1990; Koop & Tierney 1990). There are
marked sinusoidal-free spaces predominantly around the
CV, which are enlarged, and is associated with accumulation
of HSC in zone 3. These features have also been found in
the CCly rat (Vollmar ef al. 1998). In contrast to the CCly
mice, microvascular changes occur in zone 1 (periportal
area) in the CBDL model. There are marked sinusoidal-free
spaces around the PV, which are enlarged. Additionally, bile
lakes are observed in the CBDL mice.
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At the stage of cirrhosis, a marked distortion and narrow-
ing of the sinusoids are observed in both mice models which
increase the intrahepatic resistance, described in previous
studies (Pinzani 1995; Rockey 1997). Several mechanisms
can be responsible for the identified alterations of sinusoidal
perfusion: (i) accumulation of fibrotic tissue can cause nar-
rowing of the sinusoids, (ii) cirrhotic animals exhibit activa-
tion of HSCs with release of vasoactive substances, e.g.
endothelin-1 and carbon monoxide, that cause changes in
sinusoidal diameter at locations where HSC reside (Zhang
et al. 1994; Suematsu et al. 1995; Rockey 1997); (iii) subse-
quent to CBDL, intrahepatic bile ductules and canaliculi
become dilated and periportal oedema develops (Edlund &
Gelin 1962; Koeppel et al. 1997; Ito et al. 2003). Therefore,
sinusoidal narrowing can result from increased hydrostatic
pressure in the biliary tract and account for sinusoidal flow
disturbances in the present study, (iv) increased numbers of
leucocytes and hepatic macrophages are found after CBDL.
These inflammatory cells can also alter the sinusoidal diame-
ter. This impaired sinusoidal perfusion can further aggravate
liver injury by decreasing tissue oxygenation and energy sup-
ply as well as the removal of toxic metabolites.

Hepatic stellate cells exhibit an activated phenotype in
liver disease and, among other features, acquire contractile
properties by which HSCs contribute to the regulation of
sinusoidal blood flow and vascular resistance. They also syn-
thesize a-SMA, extracellular matrix proteins and collagen.
The first consequence is the cappilarization of the sinusoids
that lose their fenestrae, develop a basement membrane and
become more rigid, which impairs the metabolic exchange
with the hepatocytes and increases mechanically the sinusoi-
dal vascular resistance. The active contraction of HSC fur-
ther increases the hepatic vascular tone and contributes to
the development of portal hypertension (Pinzani & Gentilini
1999; Bataller et al. 2003).

As we have shown on a-SMA staining, the progression of
increased o-SMA positive spindle-shaped cells paralleled the
development of fibrosis to cirrhosis in both mice models,
which demonstrates the presence of activated HSCs during
the development of cirrhosis. The presence of activated
HSCs appears in the pericentral area (zone 3) for the CCly
model and in the periportal area (zone 1) for the CBDL
model, which are respectively the zones where fibrosis first
occurs. These findings are also confirmed by our observa-
tions of vitamin A distribution with IVFM.

In parallel with this sinusoidal remodelling, there is a
process of angiogenesis, in which HSCs play a major role,
such as the production of angiogenic growth factors (e.g.
VEGF). Angiogenesis occurs mainly along areas of active
inflammation and fibrous septa and probably favours

Journal compilation © 2008 Blackwell Publishing Ltd, International Journal of Experimental Pathology, 89, 419-432



430 E. Vanbeule et al.

inflammation, tissue repair and gives rise to intrahepatic
shunts.

Vascular endothelial growth factor, one of the proteins
responsible for new blood vessel formation, is significantly
increased during the course of liver fibrosis/cirrhosis in the
present study and confirms the results of other experimental
studies (Corpechot et al. 2002). VEGF exhibits major bio-
logical activities, such as growth and proliferation of endo-
thelial cells, all of which contribute to the induction of
angiogenesis (Carmeliet 2005). It is possible that hepato-
cytes, in a continuously damaged liver (e.g. after CCly and
CBDL induction), are in a sustained hypoxic state that
strongly upregulates VEGF transcription and protein synthe-
sis (El-Assal ef al. 1998). This VEGF production in the hyp-
oxic area of the liver, can further lead to the activation and
proliferation of endothelial cells, which finally results in the
formation of newly formed blood vessels or shunts, that are
necessary to restore the intrahepatic blood circulation. Mod-
els of liver regeneration have shown that HSC also produce
VEGE, above extracellular matrix components and TGF-p,
and play a role in hepatic angiogenesis (Fausto 2000; Wack
et al. 2001; Lee et al. 2007). We further have to investigate
the role of hypoxia as the inducible factor of VEGF in both
cirrhotic models. We did not find any studies about angio-
genesis and toxicity of CCly in other organs like kidney,
brain and lung.

The role of angiogenesis in liver pathology is also demon-
strated in clinical studies: in patients with hepatocellular car-
cinoma (Papetti & Herman 2002; Zhang et al. 2006) and in
human cirrhotic livers from patients with chronic hepatitis
C, autoimmune hepatitis, primary biliary cirrhosis and pri-
mary sclerosing cholangitis, which showed an overexpres-
sion of many key genes, such as growth factors and their
receptors (VEGF, HGF, TGEF-B,...) involved in the different
phases of angiogenesis (Shackel et al. 2001, 2002). All these
data suggest that angiogenesis plays a major role during liver
damage and recovery.

On Ki67 THC, we observed an increase in proliferating
endothelial cells, which is probably induced by the upregula-
tion of VEGF and other growth factors, such as HGF and
TFG-B (Yancopoulos et al. 2000; Conway & Carmeliet
2003). We also confirmed the formation of new blood ves-
sels on CD31 IHC, where we see a parallel increase in blood
vessel amount after induction of cirrhosis in both mice mod-
els. These blood vessels are located around and in the fibro-
tic areas, which are probably hypoxic, suggesting that these
blood vessels have to compensate the insufficient blood flow
in the liver.

Another particular feature of the hepatic angio-architec-
ture, after CCl; and CBDL induction that we observe on

IVEM, is the appearance of intrahepatic shunts. These ves-
sels are large in diameter and flow from the PV to CV,
bypassing the sinusoids. This could lead to liver dysfunc-
tion due to lower delivery of nutritive blood flow and the
restriction of free interchange between hepatocytes and
the sinusoids. These IVFM results confirm our in wvitro
results, where we have detected an increase in proliferat-
ing endothelial cells and subsequently an increase in
blood vessels, probably in response to an upregulated
VEGF production.

The development of shunts involves either the opening of
preformed channels or the formation of new vessels or
angiogenesis (Rappaport et al. 1983). The role of angiogene-
sis during the development of cirrhosis is still unclear.
Whether it plays a beneficial role to control the portal pres-
sure or exerts an additional pathogenic mechanism remains
a matter of debate. It is reasonable to deduce that the fibro-
tic tissue around the central venule (zone 3) for the CCly
model and around the portal tracts (zone 1) for the CBDL
model serves as a perivenular fibrotic dam that causes the
obliteration and/or collapse of sinusoidal openings with sub-
sequent redistribution of blood flow favouring low hin-
drance pathways, i.e. fast sinusoids or intrahepatic shunts.
Our results of IVFM are conform to similar in vivo experi-
ments in a CCly rat model (Sherman et al. 1990; Vollmar
et al. 1998; Onori et al. 2000), a CCl,; mouse model induced
by intraperitoneal injection (Niggemann et al. 2004) and a
CBDL rat model described by Edlund and Gelin (1962).

In conclusion, the present study describes for the first
time an in vivo analysis of the dynamic intrahepatic micro-
circulatory disturbances by IVFM in two cirrhotic mice
models induced by subcutaneous administration of CCly
and common bile duct ligation, in relationship to consecu-
tive stages of liver fibrosis and cirrhosis. This study pro-
vides evidence for an increasing importance of intrahepatic
vascular alterations (such as shunt formation) and angio-
genesis during fibrogenesis/cirrhogenesis which may be the
consequence but may also contribute to the underlying pro-
cess of fibrosis. We have demonstrated an upregulation of
VEGF expression which may be one of the stimulating fac-
tors of angiogenesis.
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