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Abstract

The microvascular supply of the biliary tree, the
peribiliary plexus (PBP), stems from the hepatic artery
branches and flows into the hepatic sinusoids. A
detailed three-dimensional study of the PBP has been
performed by using the Scanning Electron Microscopy
vascular corrosion casts (SEMvcc) technique. Considering
that the PBP plays a fundamental role in supporting
the secretory and absorptive functions of the biliary
epithelium, their organization in either normalcy and
pathology is explored. The normal liver shows the PBP
arranged around extra- and intrahepatic biliary tree.
In the small portal tract PBP was characterized by a
single layer of capillaries which progressively continued
with the extrahepatic PBP where it showed a more
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complex vascular network. After common duct ligation
(BDL), progressive modifications of bile duct and PBP
proliferation are observed. The PBP presents a three-
dimensional network arranged around many bile ducts
and appears as bundles of vessels, composed by
capillaries of homogeneous diameter with a typical round
mesh structure. The PBP network is easily distinguishable
from the sinusoidal network which appears normal.
Considering the enormous extension of the PBP
during BDL, the possible role played by the Vascular
Endothelial Growth Factor (VEGF) is evaluated. VEGF-A,
VEGF-C and their related receptors appeared highly
immunopositive in proliferating cholangiocytes of BDL
rats. The administration of anti-VEGF-A or anti-VEGF-C
antibodies to BDL rats as well as hepatic artery ligation
induced a reduced bile duct mass. The administration
of rVEGF-A to BDL hepatic artery ligated rats prevented
the decrease of cholangiocyte proliferation and VEGF-A
expression as compared to BDL control rats. These data
suggest the role of arterial blood supply of the biliary
tree in conditions of cholangiocyte proliferation, such as
it occurs during chronic cholestasis. On the other hand,
the role played by VEGF as a tool of cross-talk between
cholangiocytes and PBP endothelial cells suggests
that manipulation of VEGF release and function could
represent a therapeutic strategy for human pathological
conditions characterized by damage of hepatic artery or
the biliary tree.
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INTRODUCTION

Cholangiocytes are currently the object of extensive
investigation since recent evidence demonstrates their
involvement in different processes (secretion, absorption,
proliferation, neoangiogenesis), which are fundamental for



Gaudio et al. Bile duct vascularization

3547

the liver pathophysiology!™. The metabolic and functional
demands of cholangiocytes are sustained by the hepatic
artery which forms a complex network of vessels, the
peribiliary plexus, around the biliary tree®”.

The central role of liver vascularization in hepatic
functions and the importance of microcirculation for
liver zonal organization were developed in the 17th
century by Marcello Malpighi” who first described the
"acinus", a hexagonal structure of the liver parenchyma
that was comparable with a glandular unit of the liver.
This description correlates with the current concept of
a liver morpho-functional unit, also termed "acinus",
described by Rappaport in 1952, A number of studies
on liver vasculatization clarified the typical microvascular
architecture that supplies the biliary tree. This typical
microvascular network runs along the intra- and
extrahepatic biliary tree and, as previously mentioned, has
been termed peribiliary plexus (PBP)"*!Y. The structural
study of either the intrahepatic and extrahepatic PBP in
the liver under normal conditions has been the subject
of a number of studies using both two-dimensional and
three-dimensional approaches™ """,

Although it is well known that the liver has a dual blood
supply from the hepatic artery (HA) and the portal vein
(PV), controversies still remain concerning the distribution
of hepatic arterial blood flow. It is generally accepted that
terminal branching of the HA opens into sinusoids, as
demonstrated by injection of dyes and vascular casting
B12 The question that remains is if the HA provides ar-
terial blood directly to sinusoids"******! or rather runs in
the portal tract stroma, thus feeding the PBP and the peti-
portal plexus (PPP) to finally arrive at the sinusoids”",
The presence of a double feeding to the sinusoids from
the PV, at a pressure of 6-7 cm H20, and from the HA, at
a pressure of 12-25 cm H20, has generated many studies
in order to explain the prevalence of flow from the PV",
Arterio-portal anastomoses are mainly observed in termi-
nal portal tracts” but other studies deny the presence of
real arterio-portal venous anastomoses' >,

A number of reports indicate that structural changes
of the biliary tree, associated with experimental models
of liver damage or human pathologies, are followed
by substantial adaptive modifications of the PBP. At
the experimental level, the bile duct-ligated (BDL)
rat has been widely used as a model of typical and
selective cholangiocyte proliferation”**), This model
is characterized by a dramatic increase of cholangiocyte
number which reaches 30% of the total parenchymal
hepatic cells compared with 2% in the normal liver ™,
In order to investigate the adaptive changes of hepatic
microvascular organization associated with an increased
mass of the biliary tree following BDL, our group has
used the method of vascular corrosion casts observed
with Scanning Electron Microscopy (SEM). This technique
provides the ability to follow the tiniest vessels in three
dimensions and to distinguish arterial, capillary and venous
vessels by surface characteristics™'>** As detailed
above, this technique demonstrates how the evolution
of PBP expansion follows the proliferation of biliary
tree suggesting a role of proliferating cholangiocytes in
sustaining, through the secretion of angiogenenic factors,

and the adaptive proliferation of their vascular supply. To
this regard, recent reports demonstrate that cholangiocytes
are an important source of vascular endothelial growth
factor (VEGF) in the damaged liver and that VEGF
secreted by cholangiocytes may play role in driving the
adaptive changes of the PBP, which accompany the
proliferation of the biliary tree. Therefore, cross talk
between cholangiocytes and endothelial cells could be
fundamental in determining the response of the liver to
cholestatic damage™™.

In this manuscript, we review recent studies related to
the physiopathology of hepatic microvasculature in expeti-
mental models of liver damage and discuss the biological
and clinical implications.

BLOOD SUPPLY

The microvasculature organization was investigated in
normal or BDL rats by means of the Scanning Electron
Microscopy Vascular Corrosion Casts (SEMvcc)
technique™™. The casts of normal livers showed an
even distribution of sinusoids closely surrounding portal
spaces. In larger portal spaces the hepatic artery (HA)
branches were always evidently smaller than the portal
ones. In smaller portal spaces the HA was often difficult
to visualize' "), The terminal branches of the HA are
always represented by ecither the extra- and intrahepatic
Peribiliary Plexus (PBP) or the periportal plexus (PPP). In
very small portal spaces a small capillary, representing the
terminal branch of a HA, can continue the course of the
arteriole and eventually run into the sinusoids. It must be
pointed out that it has all the characteristics of a capillary
as far as diameter and endothelial imprints are concerned.
This typical microvascular organization around the
extrahepatic and intrahepatic biliary tree takes origin from
the HA", Hepatic artery branches paralleled the divisions
of the portal vein up to the interlobular vessels and always
showed regular profile and spindle shaped endothelial
nuclear imprints. The PBP and the PPP took their origin
from both the HA and from short collateral vessels of
larger arteries' ",

In larger portal spaces, the PBP is an anastomotic
network between short collateral arterioles from arising
from the same arterial branch. The network presents two
layers only next to the hilum, being generally mono-layered.
In smaller portal spaces the PBP is progressively reduced
up to one single capillary>””.Capillaries are recognized by
the poorly defined endothelial imprints and the irregular
profile of the cast®*. Sometimes, capillaries both from
the PBP, the PPP as well as single capillaries, were more
dilated than normal but always exhibited a smaller diameter
than adjacent sinusoids'>””. The PPP can be recognized
as a true net only in very large portal spaces. However, in
other regions the PPP is represented by interstitial, isolated
capillaries. In smaller spaces it is not possible to discern
periportal from peribiliary capillaries' >,

The extrahepatic biliary tree shows a dense vascular
network arranged around the circumference of the
common bile duct"”. Arterial and venous trunks are
very easily distinguished by observing their different
endothelial imprints on the cast surface. Two main layers
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Figure 1 SEMvcc of normal rat liver (orig. magn., 20X). A dense vascular
network is arranged around the circumference of the common bile duct. A:
transverse section of Extrahepatic peribiliary plexus. Observe the arterial and
venous vessels on the outer layer (B) and a dense capillary network in the inner
layer of the plexus (C).

were recognized in the cast. Closely meshed arterial and
venous vessels formed the outer layer of the plexus and a
dense capillary network in the inner layer (Figure 1). The
arterial network (30-40 um) ramifies into precapillaries. At
the origin of some of precapillary vessels, an indentation
produced by perivascular cells or the rearrangement of
smooth muscle fibers can be observed™*. The capillaries
that originate from precapillary arterioles form a network
plane organized in the same plane of the arterial and
venous networks and in a deeper, denser and stratified
capillary network. This capillary plane, if observed in
its internal surface, exhibited well-delineated pits where
the capillaries are arranged around a vascular space that,
at LM observation, correspond to small acinar glands
surrounded by thin capillaties. Large venous vessels can be
observed at the same plane of the artetioles; these drained
blood arising from both the superficial and inner capillary
networks' .

The extrahepatic PBP progressively continued with
the intrahepatic PBP. It was composed of afferent arterial
vessels and capillaries and was observed more easily in
large portal tracts. In small portal tracts, the PBP was
characterized by a single layer of capillaries that typically
defined the periphery of the hepatic lobule (Figure 2).

PBP supports the bile epithelial function: the extension
of the extrahepatic peribiliary tree underlies the ability
of the bile duct to absorb water and electrolytes during
the passage of bile through this collecting system'*”,
Furthermore, the absence of the gallbladder in the rat
emphasizes the role of EPBP in water reabsorption during
the interdigestive phase'”. Finally, the connection between
the inner capillary venular plexus, portal venules and
sinusoids, permits the transport of substances directly to
the liver parenchyma where they can exert their actions.
The reduction of complexity of the PBP inside the liver
is strictly correlated with the progtressive decrease of the
diameter of the small bile duct, hence in the smaller portal
tract the PBP can be reduced to only few capillaries'”.

Cholangiocyte proliferation started after BDL at the
edge of the portal tract. During the first week from BDL
the hepatic microcirculation did not show any alterations
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Figure 2 SEMvcc of normal rat liver (orig. magn., A: 40X; B: 110 X). (A) small
portal tract: PBP is characterized by a single layer of capillaries. (B) * = terminal
hepatic artery, V = vena porta, arrows = peribiliary plexus, S = sinusoids.

Figure 3 SEMvcc of BDL rat liver (orig. magn., A: 40 X; B: 60 X). (A) proliferated
PBP run at the periphery of the lobule separated from the sinusoidal network (S)
by an empty space (*) which corresponds to proliferating connective tissue. (B) not
completely developed PBP with typical neovascular organization with dead end
vessels (arrows).

with respect to the normal liver. But after two weeks
from BDL SEMvce showed extention of the PBP from
the portal tract. The proliferated PBP presented a three-
dimensional net that did not arrange around a single
lumen but delimited different troughs with a diameter of
20-30 um. An empty space separated proliferated PBP and
portal tract vessels from sinusoids. The sinusoids showed a
normal organization with the typical structure of a classic
lobule, in which sinusoids run evidently towards the central
Vein[9,13,15,24-2()].

Three to four weeks after common BDL, a typical
well-developed petibiliary microvascular plexus, originating
from arterioles detived from hepatic arterial branches, is
observed. The plexus runs at the periphery of the lobule
and appears hypertrophic, but otherwise normal in its
arrangement. The plexus is composed of many layers
and shows an intimate meshed network, characterized by
round loops, resembling the organization of the inner
vascular layer of the extrahepatic peribiliary plexus (Figure
3A). Between the PBP and the sinusoidal network there
is an empty space, which corresponds to proliferating
connective tissue, digested during the casting procedure
(Figure 3A). Infrequent vascular communications between
the PBP and sinusoids are also visible. The efferent vessels
that arise from the confluence of the capillaries form a
small vein that tends to drain into the interlobular vein. In
some ateas of the liver the PBP does not seem to develop
completely. In these areas there is a typical neoangiogenetic
organization with interrupted vascular loops and dead-
end vessels (Figure 3B). These structutes may represent
an attempt to increase metabolic exchange within the
ductular lumen and PBP™*, In contrast to the profound
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Figure 4 Immunohistochemistry for VEGF-A (A) and VEGF-C (B). Proliferating
bile ducts in BDL rat show an intense positivity for both VEGF-A and VEGF-C (Orig.
magn., 20 X).

modification of the PBP, the sinusoidal organization
remains quite normal even in BDL rats.

After BDL, the intrahepatic biliary epithelium
undergoes cholangiocyte proliferationm’ml, which leads
to bile duct mass expansion, followed by an adaptive
proliferation of the PBP". Proliferating bile ducts are
characterized by enhanced cholangiocyte secretory and
proliferative activities*’. Cholangiocyte proliferation
is modulated by a complex system of growth factors,
neuropeptides and hormones” . Most of this
information has been achieved in the BDL-rat model,
which is characterized by cholangiocyte proliferationlSS"Sﬂ
followed by an adaptive proliferation of the PBP" that
occurs after that of the intrahepatic biliary epithelium.
Therefore, the adaptive proliferation of the PBP (and its
circulating factors including VEGF) seems to be adequate
for the increased mass of the bile ductal system.

VEGF REGULATION

Considering the enormous extension of the PBP during
BDL, it is interesting to evaluate the possible role played by
one of the most potent and well known angiogenic factors,
the VEGE. VEGF is a member of a family of related
growth factors that includes VEGF-A, -B, -C, -D, and -E,
and placenta growth factor™ ", VEGF’s role in vascular
proliferation associated with tumour growth or wound
healing has been widely documented in different organs[()z].
The expression of VEGF and its receptors is not restricted
to vascular endothelial cells, since their expression has
been detected in vascular smooth muscle cells, osteoblasts,
regenerating myotubes and hematopoietic stem cells™ .,
Moreover, VEGF has also been secreted in a large number
of normal epithelial cells, such as keratinocytes, goblet
cells in nasal polyps, pulmonary cells, prostate cells, ductal
cells derived from normal pancreas and also in normal
hepatocytes[“'os]. Because cholangiocyte proliferation, as
described above, is regulated by growth hormones, we
investigated the expression of VEGF and its receptors in
normal and proliferating biliary epithelia.

After immunohistochemistry of liver sections
from normal and BDL rats, we found that intrahepatic
cholangiocytes from both normal and BDL rats express
VEGFR-2 and VEGFR-3 but not VEGFR-1", This
data was confirmed by immunoblot analysis in a purified
cholangiocyte cell culture. Moreover, we found that
intrahepatic cholangiocytes from normal and BDL

Figure 5 Immunohistochemistry for VEGF-A. Normal rat liver. The hepatocyte of
pericentral zone shows positivity for VEGF-A (Orig. magn., 20 X).

rats express the protein for VEGF-A and VEGE-CP.
Immunohistochemistry shows that the expression of
VEGF-A and VEGF-C was higher in bile ducts from
BDL rats (Figure 4) compared to bile ducts from normal
rats™, In addition, we found VEGF in the supernatant of
primary cultures of normal cholangiocytes, indicating that
the intrahepatic cholangiocytes secrete VEGE. Following
BDL, the amount of VEGF secreted by cholangiocytes
into the supernatant significantly increased compared to
the amount of VEGF secreted by normal cholangiocytes.
In normal rat liver, pericentral hepatocytes show positivity
for VEGF-A (Figure 5).

In order to confirm that VEGF plays an important
role in the regulation of cholangiocyte proliferation, we
also tested the effect of the administration of an anti-
VEGF-A or an anti-VEGFC antibody to BDL rats. The
administration of anti-VEGF to BDL rats induced an
increased number of apoptotic cholangiocytes compared
with BDL and a decrease in the number of PCNA and
CK-19 positive cholangiocytes. In order to demonstrate
that the proliferation of the PBP following BDL only
occurs after cholangiocyte proliferation, we measured the
number of PCNA-positive vascular endothelial cells and
cholangiocytes in liver sections from rats with BDL for 1
or 2 wk. After BDL for 1 wk, PCNA was expressed only
by proliferating cholangiocytes (and in rare hepatocytes),
whereas endothelial cells were negative. In contrast, after
BDL for 2 wk, both cholangiocytes and endothelial cells
became positive for PCNA. This was confirmed by the
immunohistochemical expression of Factor VIII-related
antigen (a marker of endothelial cells)[()g] in liver sections
from normal, 1- and 2-wk BDL rats. The number of
Factor VIII- related antigen positive cells increase, in
comparison with normal rats, only after 2-wk BDL but
it was unchanged after 1-wk BDL, thus confirming that
the proliferation of PBP occurs after that of the biliary
epithelium.

In addition, to better define the role of VEGF-A in
the regulation of cholangiocyte and PBP proliferation
during BDL we performed in: (1) normal rats and normal
rats + hepatic artery ligation (HAL); (2) 1 wk BDL™ rats;
and (3) rats that (immediately after BDL or BDI + HAL)
were treated by IP implanted with BSA or --VEGF-A for
1wk, With the aim of evaluating PBP organization
and the cholangiocyte VEGF protein expression, SEMvcc
were performed. The peribiliary plexus, observed in BDL
rats”, was not demonstrated in BDL + HAL rats by the

www.wjgnet.com
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Figure 6 Effect of hepatic artery ligation and chronic administration of VEGF on
bile duct volume.Bile Duct volume is measured as a volume fraction of the entire
liver tissue specimen. HAL induced in BDL rats a disappearance of PBP and an
impaired cholangiocyte proliferation. The effects of HAL on PBP and cholangiocyte
functions were prevented by r-VEGF by maintaining the integrity of the peribiliary
plexus and cholangiocyte proliferation.

SEMvcc technique. We did not observe PBP in BDL +
HAL rats because the PBP is nourished by the HA. In
normal rats, PBP was observed more easily in large portal
tracts”. In small portal tracts, the PBP was characterized
by single layer of capillaries or even by a single capillary;
in BDL + HAL we do not observed PBP. Administration
of r-VEGF-A to BDL + HAL rats prevented the HAL-
induced microvascular modification (absence of PBP).
The microvascular pattern observed after administration
of r-VEGF-A to BDL + HAL rats demonstrated the
presence of a PBP with similar characteristics previously
described in BDL rats™"".

Immunohistochemistry in BDL liver sections
shows that bile ducts express VEGF-A, VEGFR-2 and
VEGFR-3. HAL induced a decrease in the number of
cholangiocytes positive for VEGF-A and VEGFR-2 and
VEGEFR-3 receptors compared to liver sections from 1
wk BDL rats. Following the administration of r-VEGF-A
to BDL + HAL rats, the expression of VEGF-A and
VEGFR-2 and VEGFR-3 was similar or higher than
that of BDL rats. VEGFR-1 was not expressed by
cholangiocytes. These indicate that VEGE, predominantly
by an autocrine mechanism, plays an important role in
modulating cholangiocyte proliferation[m]. Furthermore, if
we drastically reduced the HA blood flow in BDL rats by
the HAL, we induced the absence of PBP, reduction of
both VEGF and VEGEF receptors at the cholangiocyte level
and a reduction of bile duct mass with no induced effect
in the liver of normal rats (Figure 6). Evidently, when the
intrahepatic bile duct mass is expanded, as occurs after
BDL"" blood supply through the hepatic artery becomes
fundamental in sustaining the enhanced nutritional and
functional demands of proliferating intrahepatic biliary
epitheliumm. VEGTF has been demonstrated to participate
in a complex that sustains cholangiocyte proliferation
after BDLP"; therefore, concerning the effect of HAL
on bile duct mass, the fall of synthesis and release of
VEGTF by cholangiocytes after HAL certainly has a role in
compromising cell proliferation.

In conclusion, recent data highlights the role of arterial
blood supply of biliary tree in conditions of cholangiocyte
proliferation, such occurs during chronic cholestasis. On
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the other hand, the role played by VEGF as a tool of
cross-talk between cholangiocytes and PBP endothelial
cells suggests that manipulation of VEGF release and
function could represent a therapeutic strategy for human
pathological conditions characterized by damage of
hepatic artery or the biliary tree.
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