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The anatomical details of the biliary tree architecture
of normal rats and rats in whom selective prolifera-
tion was induced by feeding a-naphthylisothiocya-
nate (ANIT) were reconstructed in three dimension
using a microscopic-computed tomography scanner.
The intrahepatic biliary tree was filled with a silicone
polymer through the common bile duct and each
liver lobe embedded in Bioplastic; specimens were
then scanned by a microscopic-computed tomogra-
phy scanner and modified Feldkamp cone beam back-
projection algorithm applied to generate three-di-
mensional images. Quantitative analysis of bile duct
geometry was performed using a customized software
program. The diameter of the bile duct segments of
normal and ANIT-fed rats progressively decreased
with increasing length of the biliary tree. Diameter of
bile ducts from ANIT-fed rats (range, 21 to 264 mm)
was similar to that of normal rats (22 to 279 mm). In
contrast, the number of bile duct segments along the
major branch reproducibly doubled, the length of the
bile duct segments decreased twofold, and the length
of the biliary tree remained unchanged after ANIT
feeding. Moreover, the total volume of the biliary tree
of ANIT-fed rats was significantly greater (855 ml)
than in normal rats (47 ml). Compared with normal
rats, the total surface area of the biliary tree increased
26 times after ANIT-induced bile duct proliferation.
Taken together, these observations quantitate the an-
atomical remodeling after selective cholangiocyte
proliferation and strongly suggest that the prolifera-
tive process involves sprouting of new side branches.
Our results may be relevant to the mechanisms by
which ducts proliferate in response to hepatic injury
and to the hypercholeresis that occurs after experi-
mentally induced bile duct proliferation. (Am J
Pathol 2001, 158:2079–2088)

In recent years, it has become apparent that cholangio-
cytes, the epithelial cells that account for 3 to 5% of the
liver cell population and that line the intrahepatic biliary
system, are critically important epithelia. From a biologi-

cal viewpoint, cholangiocytes participate in a variety of
fundamental physiological processes of liver function.
From a pathological viewpoint, they represent a primary
target of a group of human disorders, the cholangiopa-
thies, which include immune-mediated, infectious, genet-
ic/developmental, neoplastic, and drug-induced, vascu-
lar and idiopathic conditions. For reasons that are not well
understood, these conditions often preferentially involve
specific portions or segments of the biliary tract. For
example, primary biliary cirrhosis leads to destruction
that is limited to interlobular bile ducts. In contrast, intra-
hepatic cholestasis induced by drugs seems to affect
principally the cholangiocytes that line small bile
ducts.1–4 Although cholangiocyte functional and mor-
phological heterogeneity, a concept that we devel-
oped,5–8 likely contributes to the selective involvement of
different portions of the biliary tree in the cholangiopa-
thies, our understanding of the nature and mechanisms
for normal and abnormal anatomical remodeling of the
biliary tree is limited. To better define the heterogeneous
nature of the human biliary tree, we9 used a computer-
aided three-dimensional imaging technique to present a
quantitative anatomical study of the normal human biliary
tree architecture.

In various forms of human liver diseases, including virtu-
ally all of the cholangiopathies, proliferation of cholangio-
cytes is a common pathological response.1,3,10 Moreover,
the rodent biliary tree undergoes selective proliferation in
response to different experimental stimuli such as bile duct
ligation,6,8,11–14 70% hepatectomy,15–17 CCl4 treatment,18

and feeding of a-naphthylisothiocyanate (ANIT), a chemical
substance the chronic administration of which produces a
dose- and time-dependent cholangiocyte proliferative re-
sponse in rats.19–25 However, the anatomical basis for and
the nature of the remodeling process of the biliary tract in
response to these stimuli remain unclear.

The present study reports the analysis of the normal rat
biliary tree and morphological alterations in its architec-
ture associated with bile duct proliferation after ANIT
feeding examined by three-dimensional X-ray microto-
mography (microCT). Reconstruction of the intrahepatic
biliary system and quantitation of the biliary tree anatomy
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were accomplished using novel sophisticated computer
software.

Materials and Methods

Animals

All experiments were performed on male Fisher 344 rats
weighing 180 to 220 g. Rats were housed in a tempera-
ture-controlled room (22°C) with 12-hour light-dark cy-
cles. Experiments were performed in two groups of ani-
mals. Group one (n 5 3) consisted of control rats fed a
normal laboratory chow diet. Group two (n 5 3) consisted
of rats fed a diet containing 0.1% ANIT (70 to 80 mg/kg
body weight) for up to 28 days. The study was performed
after approval by the Mayo Clinic Institutional Animal
Care and Use Committee.

Specimen Preparation

Rats were anesthetized with pentobarbital (50 mg/kg
body weight, i.p.). Through a midline abdominal incision,
the common bile duct was isolated and cannulated
above the pancreas with PE-10 intramedic polyethylene
tubing. The portal vein was cannulated using a PE-50
tubing and blood flushed out with 0.9% sodium chloride.
A low-viscosity, lead chromate-containing radiopaque
liquid silicone polymer compound (MV-122; Flow Tech,
Inc, Carver, MA) was then injected retrogradely through
the common bile duct at a constant pressure of 10 to 14
mmHg controlled by a perfusion pump (Syringe Infusion
Pump, 22; Harvard Apparatus) and pressure transducer
(Recorder 2000; Gould Inc., Instruments System Divi-
sion). Once the entire liver had uniformly become yellow,
the common bile duct was ligated and the dead rat body
placed under refrigeration at 4°C overnight to allow po-
lymerization of compound. On the following day, the liver
was resected, divided into individual lobes, and fixed in
10% buffered formalin. Each specimen was then trans-
ferred to a solution of glycerin in water with increasing
concentrations from 30, 50, 75, and 100% to completely
dehydrate the liver. The specimen was left for 24 hours in
each solution, removed from 100% glycerin, and each
liver lobe was then suspended in a thin-walled plastic
cylinder and clear Bioplastic Liquid Casting Plastic (Al-
don Corp Avon, NY) poured around for setting into a hard
cylinder.

Scanning Procedure

The specimens were scanned by Mayo microCT scanner
to provide the three-dimensional image of the intrahe-
patic biliary tree. The microCT scanner consists of a
spectroscopic X-ray source, a fluorescent crystal plate,
lens, and a charge-coupled device detector array.

Our microCT scanner uses a Philips spectroscopy X-
ray tube with 12 mm 3 0.4-mm line-focus focal spot. The
specimen was mounted on a stack of computer-con-
trolled precision stages. At the base of the stack is an
inclination stage that is used to position a specimen’s

rotation axis at right angles to the X-ray beam. On top of
this stage is a linear translation stage with 0.1-mm reso-
lution and 1.4-mm repeatability. On top of this stage is a
rotation stage with 0.01° step size, 0.01° accuracy, and
0.001° resolution. On the top of the rotation stage is a
Huber goniometer stage that allows the specimen to be
placed in a symmetrical (or if desired, asymmetrical)
position about the axis of rotation. The specimen was
positioned close to the crystal plate and rotated in 721
equiangular steps around 360° between each X-ray ex-
posure and its accompanying charge-couple device re-
cording. The transmitted X-rays were converted to visible
light by a fluorescent crystal plate. The light image gen-
erated within the crystal plate was transferred by the lens
of a microscope objective onto the surface of a charge-
coupled device camera. The charge of each pixel was
digitized and stored as an array in a computer until all
projections, at small increments of specimen rotation
around 360°, have been acquired. The focus, rotation,
and translation stages were controlled with a computer.

Image Reconstruction

The X-ray projection data covering the entire volume
scanned were submitted to the reconstruction program.
The modified Feldkamp cone-beam backprojection algo-
rithm was applied to the recorded projection images to
generate three-dimensional images of the intrahepatic
biliary tree.

Analysis of the Reconstructed Image Data

The quantitative analysis of the three-dimensional images
of the intrahepatic biliary tree was performed using a
customized software program, Analyze, developed at
Mayo (version 7.5; Biomedical Imaging Resource, Mayo
Foundation, Rochester, MN). This program allowed com-
puting, displaying, and analyzing orthogonal and oblique
sections from the reconstructed volume images.

Volume rendering and maximum intensity projection
were displayed at various angles of view and threshold
voxel values. Average voxel size was 25 to 31 mm and
images of up to 700 slices were rendered for each spec-
imen. The measurement of cross-sectional area of the
bile duct segments was made by use of brightness area
product method as described by Block and col-
leagues.26 The length of the bile duct segment was mea-
sured as a straight-line distance between bifurcations.

Measurements of the Biliary Tree Volume and
Surface Area

The volume of each bile duct segment was calculated
from volume 5 length 3 cross-sectional area. The sur-
face area of each bile duct segment was given by sur-
face area 5 2 3 length 3 root square (cross-sectional
area 3 p).
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Statistical Analysis

All values are expressed as mean 6 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
different at P , 0.05.

Results

Reconstructed Images of the Intrahepatic Biliary
Tree

The brightest voxel projections of the three-dimensional
images of the intrahepatic biliary tree of left lateral lobe
from normal (Figure 1A) and ANIT-fed (Figure 1B) rats are
viewed at 80° increments. Substantial differences in
these two images are obvious. Visually, it would appear that
the total biliary tree is markedly enlarged after ANIT feeding
and that the number of individual bile ducts has increased.
To more quantitatively assess these apparent differences,
we used the segment-by-segment analysis of the intrahe-
patic biliary tree from normal and ANIT-fed rats.

Bile Duct Segments and Branching Orders

Quantitative analysis of the intrahepatic biliary tree in-
volved the determination of its branching geometry. To
accomplish segment-by-segment analysis, the major
branch (ie, the longest branch of the intrahepatic biliary
tree) was selected, manually traced, and divided into
segments at each bifurcation branch point, allowing
quantitation of both length and number of bile duct seg-
ments along the biliary tree. An example of such an
analysis is shown for the normal biliary tree (Figure 2A).
We defined a bifurcation as the point along the biliary tree
at which the bile duct divides and a segment as that part
of the biliary tree between bifurcations (Figure 2B). Thus,
the number of segments equals the number of branching
orders, which are numbered consecutively beginning at
the largest bile duct and moving along the biliary tree axis
to the smallest bile duct.

The number of bile duct segments along the major
branch of the intrahepatic biliary tree was found to be sig-
nificantly higher (P , 0.001) in ANIT-fed rats than in normal
rats (Figure 3). In normal rats, the biliary tree had 9 6 2 bile
duct segments along the major branch. In contrast, the
number of bile duct segments after bile duct proliferation
provoked by ANIT feeding reproducibly doubled (17 6 3).

Figure 1. The brightest voxel projections of the three-dimensional microCT images of the intrahepatic biliary tree of the left lateral lobe of normal (A) and
ANIT-fed (B) rats. Contrast agent for biliary tree visualization was injected into the common bile duct as described in detail in Materials and Methods. Both biliary
trees are viewed at 80° increments. Scale bars, 1 mm.
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Length of the Biliary Tree along the Major
Branch

The length of the biliary tree was calculated as a sum of
the length of individual bile duct segments along the

major branch (Figure 4, A and B). After bile duct prolif-
eration induced by ANIT, the length of the intrahepatic
biliary tree was not significantly different from the length
of the biliary tree of normal rats (15.22 6 0.86 mm versus
14.48 6 0.77 mm).

Length of the Individual Bile Duct Segments

The length of the individual bile duct segments was mea-
sured as a straight-line distance between bifurcations.
The results of this analysis are shown in Figure 5. The
average length of the individual bile duct segments of the
normal biliary tree was 1.61 6 0.17 mm. These data
suggest that the biliary tree under normal conditions un-
dergoes a bifurcation approximately every 1 1/2-mm
along the major branch. After induction of bile duct pro-
liferation by ANIT, the average bile duct segment length
decreased 1.8 times (0.90 6 0.23 mm). The data indicate
that the biliary tree from ANIT rats undergoes a bifurca-
tion twice as often per unit length as the normal biliary
tree.

Diameter of Bile Duct Segments

The diameter of the defined bile duct segments was
estimated from our three-dimensional reconstruction-
based measurements. Diameter of bile duct segments
along the major branch of the intrahepatic biliary tree of
normal rats ranged from 22 mm to 279 mm (Figure 6A).

Figure 2. Quantitative analysis of the intrahepatic biliary tree. A: An example for quantitative analysis is shown for the biliary tree of normal rat. The major branch
of the biliary tree was selected, manually traced, and divided into segments at each branch point. Segments were numbered consecutively from 1 to 9 beginning
at the largest bile duct and moving along the major branch to the smallest bile duct. B: Portion of the manually traced major branch. A bifurcation is defined as
a point along the biliary tree at which the bile duct divides and a segment as that part of the biliary tree between bifurcations.

Figure 3. The number of bile duct segments along the major branch of the
intrahepatic biliary tree of normal and ANIT-fed rats. After bile duct prolif-
eration induced by ANIT feeding, the number of bile duct segments was
reproducibly doubled (P , 0.001).
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Our data showed that proliferating bile ducts from ANIT-
fed rats have a diameter similar to that of normal rats.
After ANIT feeding, the biliary tree was composed of bile
duct segments that varied in diameter from 21 mm to 264
mm (Figure 6B). As can be seen, the diameter of the bile
duct segments from normal and ANIT-fed rats progres-
sively decreased with increasing length of the biliary tree
from the origin (ie, a point designated as first bile duct
segment).

Volumes and Surface Areas of the Individual
Bile Duct Segments

We analyzed only major branch sequence and assumed
that all segments at the same branching level in the other
branch regions were of the same dimensions. Cumulative
volumes and cumulative surface areas of all bile ducts of
the same branching order were calculated by multiplying
the calculated volume or surface area of each individual
bile duct segment along the major branch, beginning
from the origin, by 2, 4, 8, 16, and so forth, respectively.

Cumulative volumes and cumulative surface area of
the individual bile duct segments at the defined
branching level represents the sum of volumes or sum
of surface areas of all bile ducts within this branching
order (data not shown). These data were used for
estimation of total volume and total surface area of the
entire biliary system.

Total Volume and Total Surface Area of the
Entire Biliary System

Total volume (Figure 7A) and total surface area (Figure
7B) of the entire biliary system were markedly enlarged in
ANIT-fed rats. The total volume of the entire biliary system
from normal rat liver was 46.97 6 4.21 ml. After bile duct
proliferation induced by ANIT, total volume of the entire
biliary system significantly increased to 855.40 6 42.69
ml (P , 0.001). After ANIT feeding, the total surface area
of the entire intrahepatic biliary system was markedly
evaluated (40,825.58 6 8040.91 mm2) compared to nor-
mal rats (1563.66 6 142.89 mm2, P , 0.001).

Discussion

Using a novel powerful imaging technique, we provide
the first three-dimensional quantitative analysis of the
normal rodent intrahepatic biliary tree as well as the
corresponding alterations that occur in the biliary tree of
rats with selective induction of cholangiocyte prolifera-
tion. By using this approach, we generated key biliary
tract dimensions (length, duct diameter, surface area,
volume) and described branching patterns (distance
from the junction of intrahepatic ducts, number of bile
duct branches) in normal and ANIT-fed rats. Based on
our anatomical data, we have concluded that the prolif-
eration of the biliary tree after ANIT feeding is associated

Figure 4. Length of the intrahepatic biliary tree along the major branch of normal and ANIT-fed rats. A: Length of the biliary tree was calculated as a sum of length
of the individual bile duct segments along the major branch. After bile duct proliferation induced by ANIT, the biliary tree length was not different from the length
of the biliary tree of normal rats. B: Representative traced major branch of the biliary tree of normal and ANIT-fed rats.
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with anatomical changes in the biliary architecture and
results from sprouting of new duct side branches.

The normal intrahepatic biliary tree appears to be het-
erogeneous along the biliary tree axis with regard to the
area of individual cholangiocytes and the diameter of the
bile ducts.3,6–8,16,27,28 Morphometric analysis has been
performed in rats both in situ and in isolated intrahepatic
bile duct units. Analysis of isolated intrahepatic bile duct
units performed by us demonstrated that the diameters of
bile ducts ranged in size from 10 to 433 mm.5 Also, recent
in situ morphometric studies from our group and other
investigators have shown that the intrahepatic bile ducts
of normal rats varied in size from 5 to 200 mm.7,27,28

Several studies suggested that the diameters of the
smallest intrahepatic bile ducts ranged from 5 mm to 20
mm.5,7,8,16,27,28 Our observations are in agreement with
these previously published data and demonstrate that
the biliary tree of normal rats is composed of bile ducts of
different luminal diameters (21 to 279 mm). We were able
to determine the smaller bile duct with diameters of ;21
mm; bile ducts smaller remained undetected because of
the scanning resolution setup used.

It is of interest to compare the volume of the intrahe-
patic biliary tree of normal rats obtained in our study
using three-dimensional imaging to the measurements of
rat biliary tree volumes determined by totally different
procedures.29–31 The volume of the biliary tree measured
by the volume of bile collected between the time of intra-
venous injection of sulfobromophthalein and the time at
which its concentration in the bile reached one-half max-
imal excretion rate was 51 to 56 ml for livers weighing

10 g.30,31 The other determination of biliary tree volume,
which is based on production of mannitol transit time and
mean bile flow, suggested that the biliary tree volume
was ;32 ml/10 g liver.29 The only estimate of distended
volume available is 121 ml for a 10-g liver.30 In our study,
the volume of the entire biliary system of the normal rat
liver was 47 ml. Because the smallest bile ducts remained
undetected because of the scanning resolution used in
our study, the actual biliary tree volume may be some-
what greater. Having said that, our estimate is quite com-
parable to those obtained by these other methods.

It had been previously demonstrated in the rat that
selective cholangiocyte proliferation induced by chronic
biliary obstruction or by ANIT feeding is characterized by
significant biliary tree volume enlargement.11,13,14,24

Thus in rats obstructed for 7 days, the volume of biliary
tree (functionally determined using [14C] taurocholate as
a marker of biliary transit time) averaged 26.7 ml/g liver,
an approximate ninefold greater than the value estimated
in control rats (2.9 ml/g liver).13 In rats with ductular cell
hyperplasia induced by 14 days of extrahepatic biliary
obstruction, biliary tree volume measured during tauro-
cholate choleresis was 1071.9 ml/total liver, a value 33-
fold higher than that obtained in controls (32.8 ml/total
liver).14 The results from ANIT-feeding studies indicated
that during taurocholate choleresis, biliary tree volume in
control rats was 2.99 ml/g liver. Twenty-eight days after
rats were placed on an ANIT diet, the biliary tree volume
was increased 20 to 22 times (58.89 ml/g liver) compared
to control group.24 In our study, the estimated volume of
the entire biliary system after 28 days of ANIT feeding

Figure 5. Length of the individual bile duct segments from normal and ANIT-fed rats. A: The length of the bile duct segments was measured as a straight-line
distance between bifurcations. Bile duct segments from intrahepatic biliary tree of normal rats were two times longer than bile duct segments of ANIT-fed rats
(P , 0.001). B: Representative individual bile duct segments from normal and ANIT-fed rats.
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was 18-fold larger than volume of the biliary system from
normal rat. Thus, our finding is quite similar to previous
reports and indicates that increasing biliary tree volume
reflects anatomical changes in increasing numbers of
newly formed bile ducts after cholangiocyte proliferation
provoked by ANIT feeding.

Examination of hepatobiliary function and liver morphol-
ogy after ANIT treatment in the rat revealed that a single oral
dose of ANIT results in hepatocanalicular dysfunction, in-
volving damage to biliary epithelial cells. Biliary canaliculi
become dilated with peak dilatation on the third day; by the
sixth day after ANIT treatment, canalicular changes be-
come less observable and biliary epithelial cell hyperplasia
occurs.19–22,32 Thus the pathogenesis of ANIT-induced
cholestasis is biphasic; the onset of cholestasis is associ-
ated with changes in hepatocanalicular function, whereas
bile duct epithelial cell proliferation follows later.20,22,23 Con-
tinuous ANIT feeding is characterized by the development
of time- and dose-dependent ductular hyperplasia.21,24

Typical ductular hyperplasia produced by either ANIT feed-
ing or common bile duct ligation results in cholangiocyte

proliferation confined to the portal areas. In this type of
hyperplasia, cholangiocytes maintain a normal cholangio-
cyte phenotype with formation of an organized network of
well-defined tubular structures.1,6,13,15

Although, bile duct proliferation under a variety of
pathological and experimental conditions has been well
described, the origin of the newly formed bile ducts and
the type of anatomical remodeling that occurred is not yet
clearly understood. The identity of the proliferating cell
type responsible for bile duct epithelial cell hyperplasia is
somewhat controversial with hepatocytes, putative stem
cells, and the pre-existing biliary epithelium all being
candidates.12,13,22,23,33,34 A number of in situ and in vitro
studies support the conclusion that after bile duct ligation
cholangiocytes most likely arise from different portions of
the intrahepatic biliary tree and are morphologically and
functionally similar to the subpopulation of cholangio-
cytes obtained from normal rat liver and do not acquire
phenotypes of hepatocyte lineage.14,22,24,33 Studies in
the rat have shown that the pre-existing biliary epithelium
is the source of proliferating bile duct cells and that bile

Figure 6. Diameter of bile duct segments along the major branch of the intrahepatic biliary tree of normal (A) and ANIT-fed (B) rats. Diameters of the individual
bile duct segment are shown versus length of the biliary tree along the major branch. Values are mean 6 SE (P , 0.05). Note that proliferating bile ducts from
ANIT-fed rats have a diameter similar to that of normal bile duct segments. C: Representative of the major branch of the intrahepatic biliary tree. With increasing
length of the biliary tree diameter of bile duct segments becomes smaller.
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duct cells divide regardless of the size of the duct in
which they are located and form a system with a lumen
continuous with the pre-existing one. Morphometric anal-
ysis, based on an increase in the number of duct profiles
in histological section, confirmed that pre-existing ducts
elongate in zigzag manner.13

Because proliferation of the biliary tree induced by bile
duct ligation is known to result from elongation of the
pre-existing biliary epithelium, we suggested that the
proliferation of the biliary tree in response to ANIT feeding
can occur by at least two different types of anatomical
remodeling: by sprouting of the side branches of the
biliary tree, or by elongation in zigzag manner of the
pre-existing bile ducts, as had been described in bile
duct ligated rats,13 and as schematically illustrated in
Figure 8.

To clarify this issue, we examined changes seen after
ANIT feeding that included: 1) length of the biliary tree, 2)
length of the bile duct segments, 3) number of bile duct
segments along the major branch of the biliary tree, 4)
total volume of the biliary system, and 5) total surface
area of the biliary system. If elongation of the pre-existing
bile ducts took place after ANIT feeding, we should have
observed an increase in the length of the biliary tree and
in the length between branches. If, on the other hand,
proliferation of the biliary tree results from sprouting of
new side branches, we should have observed no change
in the length of the biliary tree, a decrease in the distance
between ductal branches, and an increase in the number
of branches. In either scenario, the total volume and total
surface area of the biliary system should each increase.

Our three-dimensional quantitative assessment of the
resulting anatomical remodeling after ANIT feeding
strongly suggests that the proliferative process involves

sprouting rather than elongation. This conclusion is
based on the following observations. First, after bile duct
proliferation induced by ANIT, the length of the bile duct
segments decreased twofold. Second, ANIT feeding led
to an increase in the number of bile duct segments along
the major branch. Third, the length of the biliary tree did
not change after ANIT feeding. Taken together, this ob-
servation supports our conclusion that proliferation of the
biliary tree after ANIT feeding results from sprouting of
new side branches not from elongation of the existing
biliary tree.

Three-dimensional reconstructive imaging of the biliary
tree after ANIT feeding allowed us to determine that the
newly formed bile ducts originate from the existing biliary
system, remaining connected with the pre-existing net-
work. This observation has physiological implications
with regard to ductal bile secretion; ie, it is consistent with
the known increase in basal and hormone-induced ductal
bile secretion that occurs after cholangiocyte prolifera-
tion.1,6,13,14,24 Cessation of ANIT feeding leads to a de-
crease in secretory and proliferative processes of small
and large cholangiocytes, which decline to control values
28 days later. Gradual regression in cholangiocyte pro-
liferation and secretion was associated with an increase
of cholangiocytes apoptosis.25 This observation is in
agreement with previous reports showing that regression
of cholangiocyte hyperplasia after removal of the prolif-
erative stimulus may occur through apoptosis.35

A number of studies provide strong evidence that there
are different proliferative segments along the length of
the biliary tree that specifically respond to various stimuli.
For example, it has been shown that the proliferative
compartment for cholangiocytes after bile duct ligation is
present principally in large cholangiocytes that line large

Figure 7. Total volumes (A) and total surface areas (B) of the entire biliary tree from normal and ANIT-fed rats. Total volume and total surface area of the biliary
tree after bile duct proliferation provoked by ANIT feeding was 18 and 26 times larger, respectively, than if seen in normal rats.
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bile ducts. Small cholangiocytes apparently do not pro-
liferate after bile duct ligation and do not respond phys-
iologically in this hyperplastic model.6,8,28 In contrast,
when cholangiocyte hyperplasia was induced by acute
exposure to CCl4, the loss of proliferative capacity of
large cholangiocytes damaged after treatment was com-
pensated by proliferation of small cholangiocytes. Two
days after CCl4 administration there was an increased
number of small ducts but a reduction in large ducts.18

Both large and small cholangiocytes during the regrowth
of the intrahepatic biliary tree after 70% hepatectomy
were involved in proliferative processes.17 Examination of
cholangiocyte growth assessed in situ by morphometry of
the number of small and large cholangiocytes and by
assessment of H3 histone and proliferating cell nuclear
antigen mRNA expression in small and large cholangio-
cytes revealed that both proliferate in response to ANIT
feeding.25 The results from our investigation based on
anatomical analysis of the intrahepatic biliary tree con-
firmed that all segments of the biliary tree are involved in
the process of proliferation induced by ANIT.

Molecular and functional studies taken together with
our anatomical data suggest that all cholangiocytes have
the capacity to proliferate but, depending on the nature of
the stimulus, different compartments of the biliary tree
may be involved in the process. Little information exists
on the mechanisms by which specific segments of the
intrahepatic biliary tree proliferate in response to certain
stimuli. Because the biliary tree is heterogeneous along
its longitudinal axis with regard not only to the size of bile

ducts but also to the localization, distribution and expres-
sion of proteins, transporters, receptors, exchangers and
channels, we proposed, based on this diversity, that the
proliferative plasticity of cholangiocytes in response to
various stimuli may be related not only to the nature of the
stimulus but also to the heterogeneity of distributed pro-
teins along the length of the biliary tree.

In summary, microCT is a novel technique that allows
three-dimensional views of the entire biliary tree. The
diameter of the intrahepatic bile ducts, their volumes and
surface areas, the length of the bile duct segments, and
the length of the entire biliary tree can all be measured
using this method. Our careful anatomical characteriza-
tion of the biliary tree in quantitative terms in the basal
and proliferative states has provided novel information on
the functional capacity and elasticity of the biliary tree
and on the mechanism and sites of origin of the cholan-
giocyte proliferation after ANIT feeding.
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