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Ad litional methods are available in the online Supporting Material.

Visualizing the whole architecture of the mouse biliary tree

nonical histological analyses of liver sections, bile ducts can be detected as an
elial tissue with tubular structure, consisting of BECs and being located adjacent to
the portal vein (Figure 1A). The entirety of the bile ducts spreads three-dimensionally in
the whole liver along with the j)ortal vein and is thus considered the biliary tree.
ough several imaging techniques, including resin castings and cholangiography, can
sed to broadly capture this tree-like structure, the precise, fine-scale architecture of
he peripheral biliary branches remains unknown (14, 15). This prompted us to develop

novel approach to observe the fine three-dimensional (3D) architecture of the mouse

éomplete colocalization of the ink and marker (Figures 1G and 1H). This result
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icates that the structure observed by the conduit for the ink consistently recapitulates

pithelial tubular architecture constituted by BECs.

Emergence and expansion of LPCs reflects remodeling of the biliary tree

By using this ink injection strategy, we next asked the question as to whether LPCs in
jured liver are connected to the bile duct. Section analysis after ink injection into the
y tree in the liver of a mouse treated with a toxin, DDC, that typically causes
onic liver injury, showed colocalization of the ink with CK19" cells (Figures 2A-2C
and Figures S1A-S1D). This indicates that LPCs actually formed tubular structures

ected to the pre-existing biliary tree, constituting a contiguous, whole conduit

m. This was also the case in all other types of chronic injury models tested,
including the CDE, the CCly, and the TAA models (Figures SIE-S1H).

g advantage of the newly developed visualization method, we further observed the
architecture of the biliary tree in DDC-treated livers and found that the biliary tree
amically transformed, with its branches being more extended outward to the

mal area (Figures 2D-2F). Time-course analysis showed that the tree gradually

otion, we also developed a 3D imaging technique using 200-pum-thick tissue sections
ined with immunostaining and confirmed that there were no biliary
marker-positive cells that were separated from the branches (Figure S3). Collectively,
’és’e results show that LPCs that have traditionally been defined in histopathological
inations of two-dimensional (2D) liver tissue sections actually emerge as a

onsequence of the expansion and remodeling of the biliary architecture from the
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iewpoint of 3D histodynamics.

Previous studies have identified several key signaling pathways and molecules that play
iologically relevant roles in regulating LPCs (16). Among them, FGF7 and tumor
osis factor-like weak inducer of apoptosis (TWEAK) can be regarded as the primary
cers for LPCs, as forced expression of either of these factors in the normal liver can
sufficiently induce cells characteristically reminiscent of LPCs, even in the absence of
njury condition (11, 17). As we revealed that LPCs emerge as the consequence of the
phological transformation of the biliary architecture, we re-evaluated the effects of

hese factors from this new viewpoint. We analyzed the biliary tree following

ovefexpression of FGF7 or TWEAK in the liver by hydrodynamic delivery of the

xpression plasmid (18, 19). As expected, either of these factors was capable of inducing
roliferation of CK19" cells, leading to an increase in the CK19" area in liver tissue
ons when compared with the LacZ-overexpressed control sample (Figures 3A-3E).
3D:observation of the biliary architectures in those livers (Figures 3F and 3G) revealed
that FGF7 induced increased density of the biliary branches, leading to expansion and

mal invasion of the biliary network (Figure 3G). In contrast, TWEAK did not

nduce apparent transformation of the tubular architecture as revealed by the ink injection
gure 3F). Together with the section analysis after ink injection (Figures 3H and 3I), the

ts demonstrate that the mode of action of FGF7 is to induce the morphological

ransformation of the biliary branches with an intact tubular structure. Notably, TWEAK
FGF7 both induced similar levels of increment in the CK19" area in the section
ysis (Figure 3E), which appears contradictory to the difference observed in 3D
%

corhpare Figures 3F and 3G). In order to manifest and quantitate the possible

morphological difference in the biliary architectures resulting from the distinct effects of
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TWEAK and FGF7, we analyzed the value of (perimeter)*/area for all the CK19" regions
cell clusters) in the whole section of each samples. This parameter is expected to
me higher when the patterns of the region are more complicated or scattered (Figure
schematic), and does not change upon homothetic transformation. This type of
meters reflecting the ratio of the area and the square of perimeter for objects are often
used in studies such as those assessing the shapes of cells, nuclei, wounds and nanowires
23). As a result, the value was significantly higher in the FGF7-overexpressed liver
ompared with those in the LacZ- or TWEAK-overexpressed liver, whereas no
ificant difference was observed between the values for the latters (Figure 3J). This

supports the idea that FGF7 induces changes in the pattern of the CK19" area, while the

gement of the CK19" area caused by TWEAK may be rather homothetic.
llectively, the results show that FGF7 has an effect clearly distinct from that of
AK in that only the former can induce changes in the architecture of the biliary

inches, even though both of them induce cell proliferation.

transformations of the biliary architecture corresponding to different

vy kinds of chemicals and toxins and is thus inherently predisposed to incurring a wide
ty of damage with distinct etiologies and injury patterns (Figure S4). While several
ypes of liver injury regimens are often arbitrarily and interchangeably employed as
dels for LPC induction in mice, recent evidence shows that LPCs induced in each

gel actually show divergent characteristics (4, 24). We therefore compared the

¥
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onse dynamics of the biliary tree in various chronic liver injury models with different
causative toxins, and found that distinct architectures were clearly exhibited in response
different injuries (Figures 4A—4H). Interestingly, the architectures seemed to be well
ted for each injury pattern, which can be roughly classified into two types for
lification (Figures 41 and 4J). When hepatocytes, including those in the peri-portal
region, were injured, as represented by the DDC and the CDE models, biliary branches
ately split around the portal vein (Figures 4A-4D and 4I). In stark contrast, in the
and the TAA models, where zonal metabolizing activity restricts production of
c metabolites and concomitant hepatocyte death only to the peri-central region, the
branches exhibited a characteristic structure that extended in a relatively straight line
vard the injured area (Figures 4E—4H and 47J). We used tissue sections to quantify the
rea of the biliary marker epithelial cell adhesion molecule (EpCAM)-positive cells along
porto-central axis, which revealed that their distribution was significantly more
nded towards the central vein in the TAA model compared with that of the CDE
%del (Figure 4K).

3D observation with the ink, we suspected that the different architectures of the
. bile ducts corresponding to injury patterns might reflect the difference in their

ectionality, which is hardly evaluated in accurate and precise ways by the 2D analysis.

y branches resulting from the transformation. We skeletonized the branches as
ents, and analyzed the branches as vector sets (Figures 5B and 5C). We calculated

he parameter for the directionality (D) as shown in Figure 5D. When the branches are

5

directed only in the plane vertical to the radius of the portal vein (represented as “the
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gential plane”), D becomes 0, and when the branches are completely unidirectional,
D.becomes 1. In a hypothetical simplified case where the branches expand completely
a random manner with the branch lengths being uniform, the simple theoretical value
om Can be estimated to be around 0.64 as shown in Supplementary Materials and
ods and Figure S5. We then calculated the value of D in the CDE and TAA models
as representatives for different injury patterns (Figure 5E). The result showed that in the

model the branches were highly directional (D = 0.90 £ 0.02), whereas those in the

E model are directed nearly at random (D = 0.58 £ 0.02). We also calculated the

ar neter D’ as shown in the Supplementary Materials and Methods to confirm that the

approximation of branches to vectors minimally affected the results (see Supplementary

rials and Methods). Combined with the cellular distribution analysis in 2D (Figure
K), these results indicate that directionality of the transformed branches changes

ficantly corresponding to the injury patterns (Figures 41 and 47).

iscussions

tudy, we developed and introduced novel methods for delineating the 3-D
structure of the biliary tree in the mouse liver, which include: the simple visualization
ethod with the ink injection and optical clearing of the whole liver; the section
ang}; sis in combination with ink injection to test the tubular connection; and, the
immunostaining and quantitative evaluation protocols for BECs in thick liver sections.

combining these original approaches, we have hereby revealed the hitherto
ognized fine-scale architecture of the mouse biliary tree under the normal

ondition, as well as its unprecedented structural dynamics in response to liver injury.

Based on the canonical histological observation of liver sections, bile ducts are depicted
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n many textbooks as a simple epithelial tubular structure with clear luminal space

located adjacent to the portal vein, constituting a part of the portal triad. Notably, BECs

thout apparent tubular structure are also observed in the normal liver along the
hery of the portal vein (Figure 1A, arrowheads), but the presence and nature of
cells are often dismissed. Obviously, they should correspond to the biliary plexus
that we identified with th¢ 3-D analysis, which branches intricately around the portal
to form apparently distinct structure from the large diameter bile duct tube running
llel to the portal vein (Figure 1E and 1F). This structural heterogeneity may
‘espond to the epithelial diversity around the bile ducts (25). Other imaging
techniques employed thus far to reveal the 3-D architecutre of the biliary tree, including
castings and cholangiography (14, 15), did not seem to have sufficient resolution
o'that they were incapable of capturing and distinguishing these different structures.
, our novel methods are advantageous to readily perform precise observation of the
mplicated and elaborated biliay structure, and should also be useful for studies on the
é duct development as well as pathogenesis of biliary disease models such as
ic liver disease.

he method with ink injection and that with thick sections are complementary to each
er. The former can clarify the large-scale view of the biliary tree at an organ-wide
, but is less amenable to quantitative analysis. In contrast, the latter provides the
data on the middle-scale view of the biliary branches that can be subject to quantitative
uation. In addition, the former detects the biliary tree structure based on the tubular
ectivity, while the latter based on the epithelial cellular architecture visualized by
tai;ing for marker molecules expressed therein. Combinatorial use of these different

types of approaches enables us to conduct comprehensive analyses on the biliary system,
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“covering large aspects of its phenotypes and dynamics.

In, liver pathology, LPCs have usually been described as a population distinct from,
gh related to, BECs, based on their parenchymal location and morphological
rences (26, 27). Our present results clearly show that LPCs and BECs together
titute an integral epithelial tubular structure and cannot strictly be distinguished at
the histological level, although some phenotypical heterogeneity might still exist among
at the functional levels such as clonogenic activity and differentiation capability.
ably, the expansion of the biliary branches does not necessarily mean that they all
ise from the pre-existing BECs; theoretically, they can also continuously arise from
neighboring cells by means such as cell type conversion from hepatocytes or
rentiation from putative stem/progenitor cells located in the junctional structure
etween BECs and hepatocytes, or the canal of Hering (28). In fact, recent studies have
n that hepatocytes can convert to biliary epithelial cells under certain types of liver
jury conditions, thereby contributing to a part of the ductular reaction (2, 29-31).
vertheless, our results showing that the biliary tree expands as contiguous structure

: suggest that such hepatocyte-to-BEC conversion occurs solely adjacent to or

the bile ducts. One possible explanation for this is that hepatocytes beside the bile
cts may have unique characteristics with the ability to convert to BECs. Alternatively,
bile ducts or the junctional structure of the canal of Hering may impose some signals
that can induce and/or permit conversion of adjacent hepatocytes.

sing the new methods, we also demonstrate that FGF7 and TWEAK have different
lular effects on the biliary epithelium. This further suggests that in response to injuries,
he iiver actively stimulates multiple signaling pathways with different effects that may

coordinately induce the dynamic remodeling of the biliary tree. Regarding the cellular
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ynamics and mechanisms of the ductular reaction, our findings highlight the need in the
future to focus not only on the proliferation or mobility of the cells but also on the
hogenetic aspects of their reaction, such as protrusion of the cells and cell division
tion. While our observations in the current study are still static and based on
pshots” at fixed time points, we expect that future time-lapse analyses of the cellular

dynamics, such as those employing intravital live imaging systems, should uncover the

e remodeling process of the biliary epithelial architecture.
> novel methods developed in this study enable us to capture the 3D characteristics of

e ductular reaction, which appears disordered in 2D sections. Our results showed that

the biliary branches exhibited expanded structure with apparent tropism toward the injury
rea. The dynamic and diverse reconstruction of the biliary architecture corresponding to
ifferent types of liver injury may represent an adaptive response of the tissue and should
several physiological advantages. Considering the primary role of the biliary tree
he conduit of bile excretion, its expansioﬁ should contribute to ameliorate cholestatic
ury conditions. It may also be beneficial in the excretion and elimination of lipophilic
nd wastes, thereby protecting the liver from sustained damages. Additionally,
I 1dexing the classical view on LPCs as progenitor cells (1-5) and that the bile ducts
mselves have been reported to be a compartment harboring potential stem/progenitor
in the liver (28, 32), it is possible that the expanded biliary branches can also
C()\ri:ltribute as the extended source or niche for progenitors that facilitates the local

tocyte supply and resultant liver regeneration.

regard to this issue, however, many recent studies using conventional liver disease
models in mice have collectively shown that contribution of activated stem/progenitor

cells or the biliary compartment to new hepatocytes is usually very limited (3, 4), or even
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undetectable in some cases, thereby casting doubt on the presence of adult hepatic

progenitor cells in the first place (6-8). Perhaps the liver pathologies in these models are
t sufficiently severe, so that hepatocytes that are exempt from damage can still
nsively proliferate and replenish the lost tissue, making the contribution of the
progenitor cells obscure (2, 33, 34). Notably,_ in the cases of more radical hepatocyte ‘
injury models developed in other animals, predominant contribution of the
y/progenitor compartment has been reported (2, 34, 35). In this regard, our result
ing that the biliary branches extend to the peri-central necrotic area in the chronic
or TAA models may suggest the possibility that the supply of hepatocytes from

biliary/progenitor compartment is spatially restricted to regions only where hepatocytes

conclusion, our results demonstrate that the liver achieves the diverse remodeling of

iliary architecture corresponding to the nature of injuries, although the mechanism

efines the directionality of the branches still remains to be solved. We propose that
ver can be a prominent model where dynamic epithelial tissue remodeling occurs

in adulthood as an adaptive response against various stress conditions.
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gure legends

~ Number of figures: 5

umber of Supplementary figures: 5

re 1 A novel approach for visualizing the fine-scale 3D architecture of the mouse
biliary tree.

(A)A liver section immunostained with biliary marker CK19. Arrowheads show CK19*
11s without apparent tubular structure. PV, portal vein; CV, central vein; BD, bile duct.
Harvested liver without any treatment. (C-E) Architecture of the biliary tree (fine
black structure) visualized by using the method developed in this study. GB, gall
bladder. (F) Model for the architecture of the biliary tree. The green shows tht; bile ducts,
nd the pink shows the portal vein. (G and H) Immunostaining for CK19 (green) on a
sue section of a liver whose biliary tree was filled with ink. Fluorescence image and

t field image are merged. Black ink is colocalized with CK19" cells. Scale bars:

pum in (A, E, G, and H).

gure 2 The liver dynamically transforms the biliary tree in response to chronic injury.

) Immunofluorescent staining for CK19 (green) on a section of the DDC-treated
whose biliary tree was filled with ink. White dashed lines outline the portal vein.
The same field as (B) without the fluorescent image. The black ink is colocalized
CK19" cells (arrowheads). The brown particles are the porphyrin that accumulates
long with the toxic injury by DDC. The color tone is adjusted to emphasize the

contrast between the ink and the porphyrin (see also Figures S1A, S1C and S1D). (D-F)
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itecture of the biliary tree visualized with ink (black) in the DDC-treated liver (D

) and its schematic model (F). Scale bars: 100 pm in (A-E).

Figure 3 Different effects of FGF7 and TWEAK on the biliary epithelium.
(A-C) Immunofluorescent staining for CK19 (green) and the proliferation marker Ki67

d) on tissue sections of the livers where LacZ (A), TWEAK (B). or FGF7 (C) was

overexpressed. Blue shows nuclei. (D) Quantification of the proliferation of BECs in

he liver upon overexpression of LacZ, TWEAK, or FGF7. Percentages of Ki67" cells in
CK19" cells calculated by cell numbers are shown. (B) Percentages of CK19" area per

the:entire liver section area were calculated for the livers where LacZ, TWEAK, or

was overexpressed. (F and G) Architecture of the biliary tree in the livers upon
| overexpresson of TWEAK (F) or FGF7 (G). Note that the branches increase intricately
e FGF7-overexpressed liver. (H and I) Immunofluorescent staining for CK19
n) on the sections of the livers upon overexpression of TWEAK (H) or FGF7 (D),
e biliary tree was filled with ink. White dashed lines outline the portal vein. The
is colocalized with CK19" cells, including those distant from the portal vein in
GF7 overexpressed liver (arrowheads). (J) The value of (perimeter)z/area was
calculated for all the CK19* regions in the whole section of the livers with LacZ,
VEAK, or FGF7 overexpression. Schematic (left) shows hypothetical area patterns
w and high values of (perimeter)*/area. Scale bars: 100 pm. n = 5 mice for each
up in (D, E and J). **P < 0.01; ***P < 0.001; N.S., not significant. Error bars

resent SEM.
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e 4 The biliary tree exhibits widely different architectures for various injuries.

H) Architecture of the biliary tree in liver injury models caused by DDC (A and E),
DE (C and D), CCly (E and F), and TAA (G and H). Scale bars, 100 pm. (I and J)
ct ematic models for the biliary architectures. Top panels depict a cross-sectional view
enting the injury pattern (reddish area) deduced from the histological analyses
wn in Figure S4, and the branching pattern of the biliary branches (green) based on
the ;observations shown in the panels A-H. Lower panels show 3D models for the
panded biliary branches around the portal vein (blue box) and in relation to the
tral vein (purple box; gray zone represents injury area). PV, portal vein; CV, central
vein. (I) Biliary branches split intricately around the portal vein; (J) biliary branches are
cted to the injured areas. (K) Proportion of biliary marker EpCAM" area in each
,‘\ne from the portal vein to the central vein (1 to 10, x-axis) in the CDE and the TAA
els were calculated. The left panel shows immunostaining for EpCAM (green) and
i sue autofluorescence (magenta) used for identification of PV and CV. Scale bar, 100
1, Y values were normalized for each mouse so that each graph area correlates with
ortion of total EpCAM cells in the whole section. n = 3 mice x 10 fields for

group. Error bars represent SEM.

igure 5 Directionality of the biliary branches shows different patterns corresponding
jury types.

3D appearance of the reconstructed biliary branches. White shows the staining for
CK19 and pink shows the portal vein (see Supplementary Materials and Methods for

rmation on the reconstruction). Scale bar, 50 pm. (B) 3D image of vector extraction
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thod. Green shows the skeletonized biliary branches. Note that the sum of the minute
tors tracing the branches equals the vector from the starting point to the end. (C)
natic vector extraction method. Green shows the biliary branches and the orange
epresents the region of interest (ROI; see Supplementary Materials and Methods).
ortal vein. (D) Parameter D was calculated for directionality. Simple theoretical

values for the parameter D in possible distinctive cases are shown. (E) The value of D

‘was' calculated for the CDE and TAA models. Orange dashed lines show simple

eoretical values for each indicated case shown in (D). n = 3 mice, total of 17 fields for

ach group. Error bars represent SEM.

igure S1 Ink colocalizes with biliary marker-positive cells in various injury models.

: ) Tissue section of a DDC-treated liver immunostained for CK19 (purple). Brown
les are porphyrin, which accumulate along with the toxic injury by DDC. LPCs
ge as ectopic biliary marker positive cells. PV, portal vein; CV, central vein. (B) If
Cs are connected to the pre-existing bile duct (BD), the ink injected in the bile duct
reaches these cells (upper model), and if they are not connected, the ink does not reach
- (Jower model). (C-H) Tissue sections of liver injury models with their biliary trees
ed with ink. PV, portal vein; CV, central vein. (C and D) A DDC liver immunostained
CK19 (green) (C) and the same image merged witﬁ far-red autofluorescence
flowing porphyrin (red) (D). (E) A CDE liver immunostained with the biliary marker
ipCAM. (F) Repetitive CCly injection model immunostained with CK19 (yellow). (G)
treated with TAA for 4 wk immunostained for CK19 (red) and collagen (green).
ote that ectopic CK19" cells spread toward the collagen fiber in the damaged region

and'that the ink colocalized with these cells (inset). (H) A liver treated with TAA for 8
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mmunostained for CK19 (green). Scale bars: 100 pm.

re S2 Time-course analysis with ink in a DDC liver.

itectures of the biliary tree (A—C) and sections (D-F) of the liver treated with DDC
(Aand D), 5 (B and E), and 8 wk (C and F). The biliary tree was filled with black
ink. Sections were immunostained for CK19 (green). Note that CK19" cells gradually
spread and the ink colocalizes with these cells, showing that these are connected to the
existing bile ducts. Brown bodies are porphyrin (Figures SI1A, S1C and S1D).

ashed lines outline the portal vein. Scale bars: 100 pm.

re S3 3D reconstruction of the biliary branches with 200-pum sections.

esentative 3D reconstruction with confocal images of a 200-pum section of a sample
DE liver injury model is shown. Example of optical slices is shown. White shows
ng for CK19 and blue shows nuclei stained with Hoechst. The top left shows an
plane (pink plane in the schematic), the top right shows a Y-Z plane (yellow plane
hematic), and the bottom shows an X-Z plane (light blue in the schematic).
w lines show intersections. For the X-Z plane, Y-stack projection with the width
icated by the light blue double-headed arrow is shown. The red arrows point the
cells in the three different planes. The red point in the schematic indicates the
on of the cells. Note that the poir/lt indicated with the red arrow appears separated

the biliary tree in the X-Y plane, but the X-Z plane reveals that it is in fact

onnected. Scale bar: 50 um.
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