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Three-dimensional reconstruction of the biliary tree,
hepatic artery, and portal vein in normal rats and rats
fed �-naphthylisothiocyanate (ANIT), a compound
that causes selective proliferation of epithelial cells
(ie, cholangiocytes) that line the bile ducts, was per-
formed. All hepatic structures in ANIT-fed rats
branched 1.5 times more often than in normal rats,
reflecting an increased number of segments, whereas
the length of the biliary tree, hepatic artery, and
portal vein remain unchanged. The length of the
proximal vessel segments was uniform in both
groups of rats whereas the length of distal segments
decreased twofold in ANIT-fed rats, suggesting that
small vessels preferentially undergo proliferation. In
contrast, the length of all bile duct segments de-
creased twofold, suggesting that ANIT induced prolif-
eration of all compartments of the biliary tree. The
total volume of the biliary tree, hepatic artery, and
portal vein was increased 18, 4, and 3 times, respec-
tively, after ANIT feeding. The diameters of the bile
ducts (range, 20 to 259 �m) and arterial (range, 21 to
276 �m) segments in ANIT-fed rats did not differ from
normal rats (range, 21 to 245 �m and 20 to 265 �m,
respectively). In contrast, the diameters of proximal
venous segments in ANIT-fed rats were significantly
less (316 � 68 �m versus 488 � 89 �m, P < 0.001).
The data suggest that after experimentally induced
cholangiocyte proliferation, the hepatic artery and
portal vein also undergo marked proliferation, presum-
ably to support the increased nutritional and functional
demands of the proliferated bile ducts. The molecular
mechanisms of these vascular changes remain to be
determined. (Am J Pathol 2003, 162:1175–1182)

The liver receives its blood supply from both the hepatic
artery and the portal vein, vessels that promptly taper
down into many small branches with close association to
the biliary tree. Each intrahepatic bile duct is accompa-

nied by a branch of the hepatic artery and is surrounded
by a well-developed vascular network, ie, the peribiliary
vascular plexus.1–3 It has been suggested that the
peribiliary vascular plexus plays an important role in the
physiological function of the biliary epithelia. In particular,
it may participate in the transfer of solutes between blood
and bile as well as in the supply and drainage of the
substances to and from cholangiocytes, the epithelial
cells that line the biliary tract. The intimate relationship
between the intrahepatic bile ducts and hepatic arteries
might also be critically important in the development of
hepatobiliary diseases.4–6

A characteristic of cholangiocytes is their selective
proliferation that is observed in many forms of liver injury
and under a variety of specific experimental condi-
tions.1,2,7–9 Anatomical modifications of the hepatic vas-
cular structures, particularly in experimentally induced
biliary cirrhosis, have also been documented with most
investigators observing predominantly neovasculariza-
tion of arterial branches. Rearrangement of portal venous
branches was also noted under the same conditions,
although without agreement as to the nature of these
changes.10–15

We have shown previously that �-naphthylisothiocya-
nate (ANIT), a compound that induces selective prolifer-
ation of cholangiocytes, causes significant architectural
alterations of the rat intrahepatic biliary tree, character-
ized by an increased number of newly formed bile ducts
and dramatic volume enlargement.16 However, no infor-
mation is available on potential morphological alterations
in the hepatic artery and portal vein in this experimental
model of selective cholangiocyte proliferation.

Thus, our aim was to examine by three-dimensional
X-ray microtomography (ie, micro-CT) anatomical fea-
tures (ie, length, diameter, volume) as well as patterns of
branching in the biliary, arterial, and portal vein networks
in normal rats and in rats to whom selective cholangio-
cyte proliferation was induced by ANIT.
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Materials and Methods

Animals

Experiments were performed on male Fisher-344 rats
(n � 18) weighing 200 to 220 g. Rats were housed in
temperature-controlled rooms (22°C) with 12-hour light/
dark cycles. All studies were performed after approval of
the Mayo Institutional Animal Care and Use Committee.
Rats were anesthetized with pentobarbital (50 mg/kg bw,
ip) and laparotomy was performed. The rats were divided
into three groups with three normal and three experimen-
tal animals in each. Normal rats were fed a normal labo-
ratory chow diet. Experimental animals were fed a diet
containing 0.1% ANIT (70 to 80 mg/kg bw) for up to 28
days.16

Surgical Procedure

In the first group of animals, the common bile duct was
cannulated above the pancreas with PE-10 intramedic
polyethylene tubing. In the second group of animals, the
hepatic artery was cannulated with a 22-gauge intrave-
nous catheter just below the celiac axis. The superior
mesenteric artery, splenic artery, and all nonhepatic
branches of the hepatic artery were ligated to ensure that
perfusion through the aortic cannula flowed exclusively
into the liver; the gastroduodenal artery was not ligated
because this vessel feeds the left hepatic artery in approx-
imately one of five animals. The abdominal aorta was
clamped above the celiac artery just after perfusion was
started. In the third group of rats, the portal vein was can-
nulated with a 16-gauge intravenous catheter.

In all cases, the liver was first perfused through the
hepatic artery or portal vein with a 0.9% sodium chloride
solution containing heparin. Immediately after perfusion
was started, the inferior vena cava was cut above the
diaphragm. When the perfusate draining through the he-
patic vein was essentially free of blood and the livers
were uniformly blanched, lead chromate-containing ra-
diopaque liquid silicone polymer compound (Microfil)
with low viscosity (MV-122; Flow Tech., Inc., Carver, MA)
was injected: 1) in the first group of animals into the biliary
tree at an infusion rate of 0.01 to 0.05 ml/min and at a
pressure of 7 to 10 mmHg); 2) in the second group of
animals into the hepatic artery at an infusion rate of 2
ml/min and at a pressure of 60 to 70 mmHg; and 3) in the
third group of animals into the portal vein at an infusion
rate of 8 to 10 ml/min and at a pressure of 10 to 12 mmHg.
These infusion rates and pressures were chosen be-
cause they did not exceed the physiological flow and
pressure in bile and blood, respectively, in normal rats.
Flow rates and pressures were controlled by a perfusion
pump (Syringe Infusion Pump, 22; Harvard Apparatus)
and a pressure transducer (Recorder 2000; Gould Inc.
Instruments System Division), respectively. Once the en-
tire liver had uniformly become yellow, the injection of
Microfil was stopped and the dead rat bodies were
placed under refrigeration at 4°C overnight to allow
polymerization of the compound.

Specimen Preparation

On the following day after complete polymerization of the
compound, the liver was dissected into individual lobes
and immersed in 10% buffered formalin. To completely
dehydrate the liver, at 24-hour intervals each lobe was
placed in a solutions of glycerin in water from 30 to 75%
and embedded in clear BioPlastic polymer.

Scanning and Reconstruction

Specimens were scanned by a micro-CT scanner devel-
oped at Mayo and reconstructed using the modified Feld-
kamp cone beam backprojection algorithm as de-
scribed17 to provide the three-dimensional images of the
intrahepatic biliary tree, hepatic artery, and portal vein of
normal and ANIT-fed rats.

Analysis of the Reconstructed Image Data

The quantitative analysis of the three-dimensional images
of the intrahepatic structures of four liver lobes (left lat-
eral, median, right lateral, and caudate) was performed
using the ANALYZE image processing software program
(version 7.5; Biomedical Imaging Resource, Mayo Foun-
dation. Rochester, MN). This program allowed comput-
ing, displaying, and analyzing orthogonal and oblique
sections from the reconstructed volume images. Volume
rendering and maximum intensity projections were dis-
played at various angles of view and threshold voxel
values. Average voxel size was 25 to 31 �m and images
of up to 600 slices were rendered for each specimen.

Measurements

To allow accurate definition of the length and cross-
sectional area, measurements were made in terms of bile
duct and blood vessel segments. First, the longest (ie,
the major) branch of the biliary tree, hepatic artery, or
portal vein was selected, manually traced, and divided
into interbranch segments. A segment was defined as a
part of the biliary tree, hepatic artery, or portal vein be-
tween two consecutive branching sites (Figure 1). The
segments were numbered consecutively, starting from
the hilus, and moving to the distal segments. The mea-
surement of the cross-sectional area and the length of the
segments were performed as described.16 The total
length of the intrahepatic biliary, portal vein, and hepatic
arterial trees was calculated as a sum of length of the
individual segments. The volume of the liver lobe and the
volume of the hepatic fractions were determined as de-
scribed.16

To describe quantitatively the intrahepatic biliary tree,
hepatic artery, and portal vein architecture, the following
measurements were performed: 1) the number of seg-
ments along the longest branch; 2) the diameter of the
bile duct and blood vessel segments; 3) the length of the
individual segments; 4) the length of the biliary tree,
hepatic artery, and portal vein along the longest branch;
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5) and the volume of the biliary tree, hepatic artery, and
portal vein.

Statistical Analysis

All values are expressed as mean � SE as a result of
pooling the data of all lobes together into one for the
whole liver. Statistical analysis was performed by the
Student’s t-test, and results were considered statistically
significant at P � 0.05.

Results

The reconstructed three-dimensional images of the intra-
hepatic biliary tree, the hepatic artery, and the portal vein
of the left lateral lobe of normal (Figure 2, top) and ANIT-
fed (Figure 2, bottom) rats are shown in Figure 2; A, B,
and C, respectively. The hepatic structures were visual-
ized under conditions that preserve their original in situ
anatomical organization within the parenchyma whereas
the individual lobes remained intact. Three-dimensional
images of the biliary tree, hepatic artery, and portal vein
after ANIT feeding revealed numerous newly formed,
well-organized ducts and vessels originated from pre-
existing biliary and vascular branches. All trees are
viewed at 80° increments to display in great detail in
different planes the branching pattern of the bile ducts
and blood vessels and assess their dimensions more
precisely by applying segment-by-segment analysis (see
Materials and Methods for details).

Branching Patterns

In the biliary tree in control and experimental groups of
animals, bifurcation of ducts was the only type of branch-
ing. In this branching pattern, each segment divides into
two branches only (Figure 3A, top). This type of branch-
ing was also a common pattern in the hepatic artery and
the portal vein systems. A less frequent type of branching
pattern observed only in the vascular system were trifur-
cations, when each segment gives rise to three branches
(Figure 3, B and C, top). Trifurcations were found only in
distal hepatic arterial and portal venous segments and
never in the intrahepatic biliary system. ANIT feeding had
no effect on the number of trifurcations in hepatic artery
and portal vein (Figure 3, bottom).

Number of Segments

The number of interbranch segments along the longest
branch of biliary tree, hepatic artery, and portal vein in
normal and ANIT-fed rats are shown in Table 1. In normal
rats the hepatic artery branched more extensively than
the biliary tree. After ANIT feeding, the number of branch-
ing points along the biliary tree increased two times (P �
0.01) compared to control; the hepatic artery and portal
vein bifurcated 1.5 times (P � 0.01) and 1.6 times (P �
0.02), respectively, more often than in normal rats.

Length

The length of each interbranch bile duct and vessel seg-
ment was calculated as a straight line distance between
two consecutive bifurcations. For segments that con-
sisted of subsegments, segmental length was calculated
as a sum of the lengths (Figure 1). To analyze the ana-
tomical features of the bile duct and vessel segments, we
examined the dispersion of length along the longest
branches and the length of the individual bile duct and
vessel segments within the same segmental order among
the networks in both groups of animals.

Table 2 summarizes mean values of the length for
proximal and distal bile duct and vascular segments in
normal and ANIT-fed rats. The length of the biliary seg-
ments in normal rats did not vary significantly along the
course of the major branch. However, after cholangiocyte
proliferation induced by ANIT feeding, the length of both
proximal and distal segments decreased two times.

The analysis of length of the individual arterial and
portal venous segments revealed remarkable differences
compared to bile ducts. The lengths varied significantly,
both along the course of the major branch of the vascular
trees and within a given segmental order as well (Table
2). The length of the arterial and venous segments
ranged from 0.24 mm to 2.14 mm and from 0.35 mm to
2.01 mm, respectively. In the experimental group, the
length of proximal segments was not changed signifi-
cantly, whereas the length of the arterial and venous
distal segments decreased by �1.5 (P � 0.05).

With regard to the distribution of the length of bile
ducts within a given segmental order, we noted consid-

Figure 1. An example of quantitative analysis performed in the biliary tree,
hepatic artery, and portal vein in both groups of animals is shown for a bile
duct segment from normal rats. A segment is defined to be the part of the
biliary tree, hepatic artery, or portal vein between two consecutive branching
sites, ie, bifurcations. The trace (white dotted line) was performed at the
middle of the segment; the round inset shows a part of segment, ie, a
subsegment. Cross-sectional area and the length of each subsegment were
measured. The segmental cross-sectional area was taken as the arithmetic
average of the subsegmental cross-sectional areas. The length of the each
segment was calculated by summing the length of the subsegments.
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erable uniformity in both groups of animals. The variability
was narrow; typically two-thirds of the bile duct segments
fell within 10 to 17% of the mean value. The distribution of
the length of arterial segments was significantly broader
(42 to 68% of the mean) than that of bile duct segments.
We also found large variations in the lengths of the portal
venous segments within the same segmental order; how-
ever, the spread (� 42% of average value) was less than
in the hepatic arterial system. Segments with large and
small lengths occur at almost all levels of the vascular
network. The vessels with a smaller diameter tend to be
relatively shorter.

Figure 2. The brightest voxel projection of the intrahepatic biliary tree (A), hepatic artery (B), and portal vein (C) from left lateral lobe of normal (top) and
ANIT-fed (bottom) rats reconstructed in three dimensions. Images are viewed at 80° increments, but any other axial direction could be selected. The images
clearly demonstrate significant bile duct proliferation and hepatic artery and portal vein neovascularization after ANIT feeding. All structures developed
well-organized networks connected with pre-existing networks. Scale bar, 2 mm.

Figure 3. Different types of branching patterns in the intrahepatic biliary tree
(A), hepatic artery (B), and portal vein (C) in normal (top) and ANIT-fed
(bottom) rats. The biliary tree (A) exhibited only one type of branching in
which bile duct divides into two branches (bifurcation). This type of branch-
ing had also been frequently seen in the hepatic artery and the portal vein.
A less frequent type of branching occurs in the hepatic artery (B) and portal
vein (C) in which the segment gives rise to three branches, ie, trifurcation.
Trifurcations were never seen in the intrahepatic biliary system. ANIT feeding
had no effect on number of trifurcations in hepatic artery and portal vein.
Scale bar, 0.3 mm.

Table 1. Number of Interbranch Segments Along the Longest
Branch of the Intrahepatic Biliary Tree, Hepatic
Artery, and Portal Vein in Normal and ANIT-Fed
Rats

Liver structure

Number of the interbranch
segments

Normal ANIT

Biliary tree 9 (�3) 17 (�5)*
Hepatic artery 13 (�4) 21 (�6)*
Portal vein 11 (�4) 16 (�5)†

*, P � 0.01 and †, P � 0.02, compared to normal group.
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The lengths of the biliary tree, hepatic artery, and
portal vein along the major branch were calculated as a
sum of the lengths of individual bile ducts, arterial seg-
ments, and venous segments. As is clear from Table 2,
the sum of all segments makes the hepatic artery the
longest intrahepatic structure in normal rats. ANIT feed-
ing did not affect the length of the biliary tree, hepatic
artery, and portal vein.

Diameter

We assumed that the bile duct and blood vessel seg-
ments were all circular in cross-section, and cross-sec-
tional area measurements were performed in the middle
of the segment. The cross-sectional area was determined
by the arithmetic average of subsegmental cross-sec-
tional areas (Figure 1). The hepatic structure was fol-
lowed until the most distal segment was reached or the
cross-sectional area of each segment was smaller than a
chosen threshold value. The mean values of the diame-
ters of the proximal and distal segments of the biliary,
hepatic arterial, and portal venous trees along the longest
branch in normal and ANIT-fed rats are shown in Table 3.

In normal rats, the proximal portal vein segments pos-
sessed a much larger luminal diameter than those in the
biliary tree and hepatic artery whereas the diameters of
the distal segments of all hepatic structures were com-
parable. We found no changes in diameters of proximal
and distal segments of the intrahepatic biliary tree and
hepatic artery in the experimental group of animals. In-
terestingly, the diameter of the proximal venous segment
after ANIT feeding was decreased 1.5 times (P � 0.001)
compared to control.

The distribution of the diameters of the bile duct, arte-
rial, and venous segments within each given segmental
order was narrow in both groups of animals; typically,

two-thirds of bile duct and blood vessel segments fell
within 15 to 20% of the average value.

Volume

Using a micro-CT scanner, volume of the whole liver and,
in particular, the hepatic artery, the portal vein, and the
biliary system in normal and ANIT-fed rats was assessed.
To compare the accuracy of our measurements, the vol-
ume of the whole liver was also experimentally deter-
mined at postmortem examination by fluid displacement
and the volumes of the biliary and vascular trees as-
sessed by the amount of Microfil injected. The amount of
contrast medium in the syringe at the beginning and at
the end of the infusion was measured; this difference
represented the volume of the particular liver structure.
The volume of the given hepatic structure obtained by
three-dimensional reconstruction was generally some-
what less (7 to 11%) than the volume of this structure
determined by the amount of contrast medium injected.

The total liver tissue volume assessed by micro-CT
scanning was 10.22 � 3.12 ml in normal rats and 9.67 �
2.24 ml in ANIT-fed rats, respectively, versus 11.04 �
2.08 ml and 8.73 � 1.89 ml, as measured by saline
displacement technique, suggesting precise measure-
ments. The results of volume determinations of the entire
intrahepatic biliary, arterial, and portal vein systems in
normal and ANIT-fed rats are given in Table 4. The intra-
hepatic biliary tree in normal rats displays the smallest
total volume compared to hepatic artery and portal vein
volumes. After ANIT feeding, volumes of all analyzed
hepatic structures was significantly increased. It has
been shown that ANIT feeding in rats results in weight
loss during the first 3 weeks and then remains constant
up to 6 weeks.18,19 In contrast to body weight, liver
weight is increased. We found that ANIT triggered signif-

Table 2. Length of the Proximal and Distal Interbranch Segments and Length of the Longest Branch of the Intrahepatic Biliary
Tree, Hepatic Artery, and Portal Vein in Normal and ANIT-Fed Rats

Hepatic structure

Length (mm)

Proximal segments Distal segments Longest branch

Normal ANIT Normal ANIT Normal ANIT

Biliary tree 1.44 � (0.39) 0.72 � (0.27)* 1.32 � (0.38) 0.63 � (0.25)* 14.48 � (4.9) 15.32 � (6.1)
Hepatic artery 1.67 � (0.62) 1.49 � (0.46) 0.41 � (0.11) 0.26 � (0.05)* 18.25 � (5.8) 19.39 � (7.9)
Portal vein 1.59 � (0.54) 1.45 � (0.44) 0.48 � (0.12) 0.30 � (0.06)* 16.24 � (6.4) 17.14 � (6.8)

*, P � 0.05 compared to normal biliary tree.

Table 3. Diameters of the Proximal and Distal Segments of the Biliary Tree, Hepatic Artery, and Portal Vein in Normal and
ANIT-Fed Rats

Hepatic structure

Diameters (�m)

Proximal segments Distal segments

Normal ANIT Normal ANIT

Biliary tree 218.1 � (38.4) 195.9 � (45.3) 21.3 � (5.7) 22.1 � (6.3)
Hepatic artery 211.8 � (56.6) 281.6 � (54.6) 22.5 � (3.6) 24.6 � (4.6)
Portal vein 488.1 � (85.4) 316.5 � (83.9)* 33.6 � (7.3) 26.8 � (5.3)

*, P � 0.001 compared to normal portal vein.
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icant increases in the volumes of the intrahepatic biliary
tree, hepatic arterial, and portal venous systems. Thus,
we speculate that the increase in liver weight in ANIT-fed
rats is because of marked bile duct proliferation and
blood vessel neovascularization.

Discussion

The present study used a novel imaging technique to
examine the three-dimensional architecture of the intra-
hepatic biliary, arterial, and portal vein systems in normal
rats and in rats with experimentally induced selective
cholangiocyte proliferation after ANIT feeding. By com-
parison of key anatomical parameters (ie, length, diame-
ter, branching patters, volume) in both groups of animals,
we conclude that ANIT feeding triggered significant
changes not only in the biliary tree, as previously report-
ed,16 but also induced neovascularization of the hepatic
artery and portal vein branches characterized by: 1)
markedly enlarged volumes; 2) increased number of bi-
furcation points along the length of the hepatic structures;
and 3) decreased length of the interbranch segments.
Newly formed bile ducts form a well-organized three-
dimensional network and remain connected with the pre-
existing network. A similar three-dimensional neovascu-
larization was also observed in both the hepatic artery
and portal vein.

Among the three analyzed intrahepatic structures, the
biliary tree in normal rats comprises the smallest portion
of the total liver volume, which markedly increases after
ANIT feeding. The expanded mass of proliferated biliary
tree theoretically requires an increased vascular supply
to support the newly formed bile ducts. Indeed, signifi-
cantly enlarged hepatic artery and portal vein volumes
after ANIT feeding presumably supply additional nutrients,
oxygen, and growth factors to the expanded biliary tree.

The results of our study confirm a number of observa-
tions made previously and also represent new quantita-
tive information about the anatomical features of the in-
trahepatic biliary tree, hepatic artery, and portal vein in
normal and ANIT-fed rats. The diameters of bile ducts,
hepatic arterial, and portal venous segments in normal
rats as well as diameters of bile ducts and hepatic arterial
segments in rats with selective cholangiocyte prolifera-
tion observed in our study are comparable to those in the
literature.16,20–22 We found that the diameters of portal
vein segments significantly decreased after ANIT feeding
whereas the segmental diameters of the hepatic arterial
network remained unchanged. Although the explanation

for this difference in vascular response of the portal vein
and hepatic artery is not clear from our work, it may
reflect the fact that the portal vein has a thin wall and
lower blood pressure, and therefore, may be easily com-
pressed by expanded surrounding tissue. On the other
hand, despite the decreased diameter of portal venous
segments in response to ANIT feeding, the volume of the
portal vein markedly increased because of formation of
new blood vessel branches.

Our data on the lengths of the interbranch intrahepatic
bile duct, arterial, and portal venous segments as well as
the length of these hepatic structures along the longest
branch are novel. Segmental length may be an important
anatomical parameter reflecting both the branching and
the growth patterns of networks during growth and mat-
uration of the intrahepatic structures under normal con-
ditions or structural modifications during abnormal devel-
opment. As we have shown, a clear anatomical
reorganization of the intrahepatic biliary tree, hepatic ar-
tery, and portal vein occurs after ANIT feeding.16 In par-
ticular, cholangiocyte proliferation provoked by ANIT was
associated with a twofold decrease in the length of prox-
imal and distal bile duct segments, suggesting that all
segments of the biliary tree are involved in the process of
proliferation. In contrast, our data show decreased
lengths only of the distal segments of the vascular struc-
tures in response to ANIT feeding suggesting that pref-
erentially small blood vessels undergo proliferation in
hepatic artery and portal vein.

Despite growing data on conditions in which bile duct
proliferation and hepatic artery neovascularization occur,
information regarding chronological rearrangement of the
hepatic microvasculature as a consequence of the bile
duct proliferation is limited. It has been shown that after
common bile duct ligation both events, bile duct prolifer-
ation and hepatic artery neovascularization, occur at dif-
ferent time points and bile duct proliferation seems to be
a prerequisite for angiogenesis; cholangiocyte prolifera-
tion reached a plateau at 3 days whereas vascular en-
dothelial cell proliferation was observed 1 week lat-
er.12,15,23 To our knowledge, no published data exist on
whether the veins or arteries proliferate first.

A number of studies suggest that a variety of factors or
inducers may be involved in both cholangiocyte prolifer-
ation and accompanying angiogenesis. First, factors may
exist that specifically act on biliary epithelia and vascular
endothelia. To date, no cholangiocyte-specific growth
factors have been identified1,2,7,8 while several angio-
genic growth factors have been characterized, including
members of the vascular endothelial growth factor and
fibroblast growth factor families. Nonspecific factors that
can directly activate a variety of target cells may also be
important. Indeed, several growth factors and chemo-
kines have been implicated in the process of proliferation
and neovascularization but their precise contribution is
unclear. Finally, indirect-acting factors that trigger the
release of direct-acting molecules from macrophages,
hepatocytes, and bile duct epithelial or endothelial
cells24–28 are potentially important but remain as yet
unidentified.

Table 4. Volume of the Intrahepatic Biliary Tree, Hepatic
Artery, and Portal Vein in Normal and ANIT-Fed
Rats

Liver structure

Volume (�l)

Normal ANIT

Biliary tree 48.53 � (11.01) 873.56 � (146.17)*
Hepatic artery 398.58 � (91.53) 1747.82 � (343.32)*
Portal vein 550.07 � (123.17) 1476.64 � (294.71)*

*, P � 0.001 compared to normal group.
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Based on published data suggesting that biliary tree
proliferation precedes the vascular response by more
than a week, and on our data showing that extensive
neovascularization accompanied selective cholangio-
cyte proliferation, we speculate that bile duct hyperplasia
triggers the release of as yet unknown molecular signals
from cholangiocytes or other cells to promote blood ves-
sel neovascularization. Thus, cholangiocyte proliferation
may represent a physiological stimulus for angiogenesis,
enhancing the production of directly acting angiogenic
factors such as vascular endothelial growth factor24–26

receptor of which is known to be expressed in cholan-
giocytes27 and hepatocytes28 or production of indirectly
acting cytokines or growth factors produced by cholan-
giocytes such as epidermal growth factor, hepatocyte
growth factor, and transforming growth factor29–33 be-
cause it is known that they are able to stimulate vascular
endothelial growth factor expression in specific cell
types.34–36 However, further studies are necessary to
understand the molecular mechanisms of crosstalk be-
tween proliferated cholangiocytes and adjacent vascular
endothelia.

In conclusion, the anatomical phenotypes of the three
analyzed hepatic structures by our approach clarified
almost certainly reflect specific and perhaps different
molecular morphogenic regulatory processes that cur-
rently represent a totally obscure fruitful area of study.
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