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SUMMARY: Biliary epithelial cells differentiate from periportal hepatoblasts during fetal mouse liver development. It remains to
be determined whether each hepatoblast is equivalent for differentiation into hepatocytes and biliary epithelial cells in normal liver
development. To resolve this question, the mosaic pattern of ornithine transcarbamylase (OTC) expression was analyzed in the
hepatoblast population of spf2s" (sparse-fur with abnormal skin and hair)-heterozygous fetal mouse livers, in which random
inactivation of either the X chromosome carrying the spf2s" gene (causing OTC deficiency) or its wild-type gene occurs.
Aggregates (patches) of OTC-positive hepatoblasts showed very complex patterns, and their shapes and size distributions were
similar in sections from periportal regions and nonperiportal regions of the fetal liver in which bile duct differentiation by periportal
hepatoblasts occurred. Average sizes of periportal patches were larger than those of nonperiportal patches because of the
presence of more hemopoietic cells in the latter region. The OTC mosaicism in periportal bile duct progenitors and hepatoblast
islands of other liver parenchyma was also similar. These results suggest that the growth patterns of hepatoblasts are similar in
both periportal and nonperiportal regions. Isolated three-dimensional patches comprising hepatoblasts giving rise to only biliary
epithelial cells or hepatoblasts giving rise to both hepatocytes and biliary epithelial cells were observed in periportal regions. In
nonperiportal regions, patches consisting of hepatoblasts differentiating into hepatocytes were also seen. Thus, it is likely that
there are three lineages for the developmental fates of hepatoblasts: hepatoblasts giving rise to only biliary epithelial cells,

hepatoblasts giving rise to only hepatocytes, and hepatoblasts giving rise to both of them. (Lab Invest 2001, 81:17-25).

epatocytes and biliary epithelial cells constitute

the liver as endodermal components (Shigjiri,
1981). Biliary epithelial cells differentiate from a histo-
chemically homogeneous cell population of hepato-
blasts under the influence of periportal connective
tissue at the fetal stage, and other hepatoblasts give
rise to mature hepatocytes during mammalian liver
development (Bloom, 1926; Enzan et al, 1974; Haruna
et al, 1996; Horstmann, 1939; Shiojiri, 1994; Shiojiri et
al, 1991; Terada et al, 1998; Terada and Nakanuma,
1994; Van Eyken et al, 1988a, 1988b). It has also been
experimentally demonstrated that hepatoblasts can
give rise to both hepatocytes and biliary epithelial cells
during in vivo transplantation experiments using im-
mature fetal mouse liver fragments (Shiojiri, 1984;
Shiojiri et al, 1995). Cell culture studies also indicate
that hepatoblasts can differentiate into cells express-
ing bile duct markers or mature hepatocyte markers,
depending on culture conditions (Blouin et al, 1995;
Brill et al, 1995; Germain et al, 1988). However, it still
remains to be resolved whether each hepatoblast
gives rise to both hepatocytes and biliary epithelial
cells during fetal liver development or whether special
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hepatoblasts for biliary epithelial cells are present
around the portal area.

Mosaic analysis in chimeric animals, in which cells of
two genotypes or two species are mixed, can reveal cell
lineages and cell migration in development. Such anal-
ysis in rodent livers suggests that hepatocytes randomly
allocate their progeny in liver development and regener-
ation (lannaccone et al, 1987; Khokha et al, 1994; Ng and
lannaccone, 1992). We have immunohistochemically
demonstrated that, in spf2" (sparse-fur with abnormal
skin and hair)-heterozygous mouse liver (DeMars et al,
1976; Hodges and Rosenberg, 1989; Ohtake et al, 1987),
ornithine transcarbamylase (OTC) expression is mosaic
in hepatocytes because of the random inactivation of
either the X chromosome carrying the spf " gene or the
wild-type gene (Lyon, 1961, 1972; Wareham and Wil-
liams, 1986), and that the mosaic pattern can be ana-
lyzed in both two and three dimensions (Shiojiri et al,
1997). Analysis of the OTC mosaic pattern in the fetal
mouse liver, where biliary cell differentiation occurs, may
be helpful in resolving the issues mentioned above. OTC
has already been shown to be expressed in fetal hepa-
toblasts and hepatocytes (Dingemanse et al, 1996; Ryall
et al, 1986). If special hepatoblasts reside in periportal
regions and give rise only to biliary epithelial cells during
liver development, mosaic patterns of OTC expression in
the precursor cell populations of biliary epithelial cells
would be different from those of cells giving rise to
mature hepatocytes (Fig. 1). Mosaicism of OTC expres-
sion in precursor structures of bile ducts may also be
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Mosaic analysis for bile duct differentiation. If periportal progenitors for biliary epithelial cells grow more extensively than hepatoblasts in other regions in the mosaic
liver, in which hepatoblasts of two genotypes for ornithine transcarbamylase (OTC) are mixed, the OTC mosaicism in bile duct cells would be biased toward either
OTC-positive or -negative patches (arrows). Periportal mosaicism would also become different from that in other hepatic regions. Periportal connective tissue is not
drawn. HC, hemopoietic cells; 0TC+, OTC-positive hepatoblasts; OTC—, OTC-negative hepatoblasts; PV, portal vein.

biased toward either OTC-positive or -negative cells if
special cell proliferation occurs more extensively in pro-
genitor cells of biliary epithelial cells than in cells of
nonperiportal liver parenchyma.

In the present study, we analyzed the mosaic pattern
of OTC expression in fetal livers of spf 2"-heterozygotes,
and we report here that there was no special zone for
proliferation of hepatoblasts in the fetal liver parenchyma
and that hepatoblasts may be classified into three cell
lineages: hepatoblasts giving rise to only biliary epithelial
cells, hepatoblasts differentiating into only hepatocytes,
and hepatoblasts differentiating into both hepatocytes
and biliary epithelial cells.

Results
OTC Expression in Fetal Mouse Livers of the Wild Type

In 15.5-day fetal livers of wild-type mice, bile duct
differentiation by hepatoblasts occurred around portal
veins, and their progenitor cells expressed OTC and bile
duct markers (laminin and strong expression of cytoker-
atins) (Figs. 2 and 3). Hepatoblasts differentiating into
hepatocytes in nonperiportal regions were positive for
OTC immunostaining but were negative for laminin and
were weakly or moderately positive for cytokeratin im-
munostaining. Hemopoietic cells, which were abundant
in fetal livers, were negative for OTC, laminin, and
cytokeratin immunostainings. At 17.5 days, squamous
biliary epithelial cells differentiated and became negative
or weakly positive for OTC immunostaining (Fig. 2).
Neonatal biliary epithelial cells of the wild-type did not
express OTC. Although our anticytokeratin antibodies
reacted weakly or moderately with hepatocytes, laminin
expression was specific for biliary epithelial cells and
their progenitors around portal veins among hepatic
endodermal cells throughout development (Fig. 3).

OTC Mosaicism in Fetal spf2s"-Heterozygous Livers

Mosaic expression of OTC was already seen not only in
hepatoblasts of nonperiportal regions, but also in peri-
portal bile duct progenitors in 15.5-day spfas"-
heterozygous livers (Fig. 4). The percentage of OTC-
positive regions in the liver parenchyma at this stage was
very low (10%—-25%) because of the presence of many
OTC-negative hemopoietic cells, which accounted for
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approximately 50% of the liver volume. Patches were
very small compared with those in postnatal livers.
OTC-positive cells and OTC-negative cells were compli-
catedly mixed in periportal bile duct progenitors and
hepatoblast islands in the liver parenchyma (Fig. 4).
There was no special orientation of patch shapes in
sections in either the periportal or nonperiportal region.

Double immunofluorescence analysis of OTC and
cytokeratins or laminin demonstrated that OTC-
positive or -negative biliary cell progenitors sometimes
connected with OTC-positive or -negative hepato-
blasts differentiating into hepatocytes, respectively
(Fig. 5). OTC-positive patches remaining only within
biliary cell progenitors were also found.

Mosaicism in OTC expression in squamous epithe-
lial cells of bile ducts was seen in 17.5-day fetal livers
(Fig. 4). However, because in some biliary epithelial
cells OTC expression was suppressed as a result of
bile duct differentiation at this stage, quantitative
analysis was done only for 15.5-day livers.

Comparison of Patch Sizes between Periportal Regions
and Nonperiportal Regions of Fetal Livers

Patch sizes in the liver parenchyma of 15.5-day spf 2"-
heterozygous mice were measured quantitatively using
the computer-assisted image analyzer, and those in
periportal and nonperiportal regions were compared
(Fig. 6). In both regions, many small patches were
observed, though average patch sizes of periportal re-
gions were larger than those of nonperiportal regions
(1.4 times). Histologically, more hemopoietic cells were
observed in nonperiportal regions, which may have
decreased the patch sizes. There were no clear differ-
ences in the shapes of the patch size distributions
between periportal and nonperiportal regions (Fig. 6).
The shapes of the patches themselves were also similar.

OTC Mosaicism in Bile Duct Progenitors and Hepatoblast
Islands of the Liver Parenchyma

OTC mosaicism in bile duct progenitors and hepato-
blast islands in liver parenchyma was examined in
15.5-day fetal livers. If each patch were developmen-
tally derived from one cell, it would be composed only
of cells of either genotype. If cell proliferation patterns
differed in hepatoblast populations between periportal
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Figure 2.

Cell Lineage in Mouse Liver Development

Development of bile ducts in wild-type mouse livers. A, Bile duct progenitors (arrow) at 15.5 days of gestation. Many hemopoietic cells are also seen.
Hematoxylin-eosin staining. B, Cytokeratin immunostaining in 15.5-day liver. Precursor cells for biliary epithelial cells (arrow) around the portal vein express
cytokeratins strongly. Hepatoblasts in other parts are weakly or moderately stained for the cytokeratins. G, OTC immunostaining in B. Precursor cells of biliary
epithelial cells also express OTC. D, Squamous biliary epithelial cells (arrow) in 17.5-day fetal liver. Hematoxylin-eosin staining. E, Cytokeratin immunostaining in
17.5-day fetal liver. Cytokeratins are expressed strongly in biliary epithelial cells (arrow). F, OTC immunostaining in E. Biliary epithelial cells either express OTC or

do not. PV, portal vein. Bar indicates 50 pm.

and nonperiportal regions, different mosaicisms would
be obtained in them (Fig. 1).

The percentages of OTC-positive cells in periportal
bile duct progenitors and hepatoblast islands of nonpe-
riportal areas, which were strongly cytokeratin-positive
and laminin-positive or moderately cytokeratin-positive
and laminin-negative, respectively, were analyzed using
double immunofluorescent pictures (Fig. 7). A biased
pattern of OTC mosaicism was not obtained in hepato-
blast populations for either region. Distribution patterns
of OTC mosaicism were similar in the two cell popula-
tions. The average percentage was approximately 42%
for both regions (42% = 19% in bile duct progenitors;
42% = 23% in hepatoblast islands in 18 sections of 3
heterozygous livers).

Three-Dimensional Analysis of Periportal Paiches

Three-dimensional analysis also showed no definite
shapes of three-dimensional patches in either region in

15.5-day fetal livers (Fig. 8). Isolated three-dimensional
patches were often seen (Table 1). Their population sizes
were approximately 5 through 70 cells in the smallest
patches. Periportal patches consisted only of laminin-
positive cells or of both laminin-positive biliary cell pro-
genitors and laminin-negative hepatoblasts differentiat-
ing into hepatocytes. In nonperiportal regions, three-
dimensional patches of laminin-negative hepatoblasts
differentiating into hepatocytes were observed.

In 17.5-day livers, isolated three-dimensional
patches were also detectable, but a strict analysis of
the three-dimensional connections of patches in sec-
tions could not be done for periportal areas because
of the partial suppression of OTC expression in them.

Discussion

It is well established that bile duct differentiation by
hepatoblasts takes place in periportal areas in the fetal
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Figure 3.

Biliary epithelial cells and their progenitors express laminin in development of wild-type mouse livers (A, 15.5-day; B, 17.5-day; C, 2-week-old). Arrows indicate biliary
epithelial cells and their progenitors. D and E, OTC immunostaining in A and B, respectively. Biliary cell progenitors at 15.5 days coexpress OTC and laminin. PV,

portal vein. Bar indicates 50 pm.

Figure 4.

OTC mosaicism in livers of spf"-heterozygous fetuses. A, Cytokeratin immunostaining in 15.5-day fetal liver. B, OTC expression in A. Note the small patches and
the lack of special orientation of patch shapes to portal veins. C, Cytokeratin immunostaining in 17.5-day fetal liver. D, OTC expression in C. Patches are very small.

PV, portal vein. Bar indicates 50 pm.

stages of humans and rodents (Bloom, 1926; Enzan et
al, 1974; Haruna et al, 1996; Horstmann, 1939; Shiojiri,
1981, 1994; Shiojiri et al, 1991; Terada et al, 1998;
Terada and Nakanuma, 1994; Van Eyken et al, 1988a,
1988b). Immunohistochemical studies have shown that
hepatoblasts are a homogeneous population in terms of
expression of alpha-fetoprotein, albumin, and cytokera-
tins before the appearance of periportal bile duct pro-
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genitors (Shiojiri, 1981; Shiojiri et al, 1991; Van Eyken et
al, 1988a, 1988b). However, strict analysis of the cell
lineages during fetal bile duct development has not been
carried out. The present study on OTC expression with a
double immunofluorescent technique in mosaic mouse
reported on similar growth patterns of hepatoblasts
located in periportal areas and nonperiportal areas and
on the cell lineages of hepatoblasts.



Cell Lineage in Mouse Liver Development

Figure 5.

Two patterns of OTC mosaicism in the periportal region of 15.5-day spf 2"-heterozygous fetal livers. A, Laminin immunostaining. B, OTC immunostaining in A. Note
the OTC-positive patch within a bile duct progenitor (thin arrow). C, Laminin immunostaining. D, OTC immunostaining in C. OTC-positive patches composed of
laminin-positive cells and -negative cells are seen (thick arrows). PV, portal vein. Bar indicates 50 um.
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Representative of patch size distribution in periportal (A) and nonperiportal regions (B) of a 15.5-day heterozygous liver. Patches at this stage are small, and their
size distributions in both regions are similar. Periportal patches are larger than nonperiportal patches on average.

The present study demonstrated that OTC mosaicism
was similar in both periportal bile duct precursors and
nonperiportal hepatoblast islands at 15.5 days of gesta-
tion, suggesting that hepatoblasts in both areas grow
similarly. Furthermore, the shapes of patch size distribu-
tions were similar in periportal and nonperiportal hepa-
toblasts, and patch shapes in both areas had no special
orientation to the landmarks of the liver at this stage.
These results also support the similar growth of both
periportal and nonperiportal hepatoblasts. Although the

average patch sizes were smaller in nonperiportal re-
gions than in periportal regions, this difference probably
stemmed from the presence of more hemopoietic cells
in nonperiportal regions; OTC-negative hemopoietic re-
gions became larger in nonperiportal regions, which
resulted in smaller patch sizes. Therefore, there may be
no special zones for growth of hepatoblasts in the liver
parenchyma before 15.5 days of gestation. This conclu-
sion agrees well with findings of the random allocation of
progeny by hepatocytes during postnatal liver develop-
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Representative of OTC mosaicism in periportal progenitors of biliary epithelial cells (A) and hepatoblast islands (B) of the nonperiportal area. The average ratio of

OTC mosaicism (42% for each region) is similar.

Figure 8.

Three-dimensional reconstruction of OTC patches from six serial sections of
15.5-day spf2sM-heterozygous mouse liver. Note irregular shapes of three-
dimensional patches. Arrow indicates a three-dimensional patch comprising a
ductal plate and cells giving rise to hepatocytes. PV, portal vein.

ment (lannaccone et al, 1987; Khokha et al, 1994; Ng
and lannaccone, 1992; Shiojiri et al, 2000).

We also observed isolated three-dimensional
patches in 15.5-day fetal livers of spfas"-
heterozygotes whose population sizes were approxi-
mately 5 to 70 cells in the smallest patches. As
discussed elsewhere (Shiojiri et al, 2000), they might
correspond to hepatoblast clones. These could be
observed because of the high imbalance of OTC-
positive hepatoblasts in fetal livers in which hemopoi-
esis was climaxing. In the present study, we analyzed
the differentiation states of cells in these isolated
patches using laminin and cytokeratin immunohisto-
chemistry and observed three types of patches:
patches consisting of only biliary cell progenitors,
patches of only hepatocyte progenitors, and patches
of both progenitors. Therefore, there may be three cell
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Table 1. Isolated Three-Dimensional Patches of

Periportal Regions in 15.5-Day Fetal Livers of

spf 2*M-Heterozygotes

Progenitors of

Patch sizes Biliary
(No. of cells) epithelial cells Hepatocytes
5 2 3
5 5 0
8 8 0
8 3 5
9 8 1
10 10 0
10 5 5
10 3 7
10 6 4
12 7 5
14 9 5
21 3 18
22 2 20
40 25 15
53 19 34
74 37 37

In nonperiportal regions, 22 isolated patches were observed, and they were
all composed of laminin-negative hepatocyte progenitors.

Progenitors of biliary epithelial cells were identified by laminin immuno-
staining.

lineages for hepatoblasts in the fetal liver: hepato-
blasts that give rise to only biliary epithelial cells,
hepatoblasts that give rise to only hepatocytes, and
hepatoblasts that give rise to both biliary epithelial
cells and hepatocytes.

The three possible cell lineages for hepatoblasts in
fetal mouse livers may indicate the importance of the
microenvironment surrounding each hepatoblast in its



differentiation (Doljanski and Roulet, 1934; Wilson et
al, 1963; Wood, 1965), which could be equivalent in its
potential to differentiate into hepatocytes and biliary
epithelial cells. It has been stated that periportal
connective tissue is crucial for bile duct differentiation
(Doljanski and Roulet, 1934; Wilson et al, 1963), but its
mechanism is still uncertain. Molecular genetic studies
of Allagile syndrome, which is an autosomal-dominant
disorder characterized by intrahepatic cholestasis and
abnormalities of the heart, eye, and vertebrae, recently
revealed that mutations in the human Jagged1 gene
are responsible for this disease, thus offering insight
into the mechanisms of hepatobiliary development (Li
et al, 1997; Oda et al, 1997).

On the other side, our observation of patches con-
sisting of only biliary cell progenitors may also suggest
the presence of cells that are already committed to
differentiation into biliary epithelial cells long before
15.5 days of gestation. Previous immunohistochemi-
cal analyses demonstrated that the hepatoblast pop-
ulation has a homogeneous morphology and expres-
sion of several molecular markers before 13.5 days of
gestation and that biliary cell progenitors transiently
express mature hepatocyte markers (Shiojiri, 1981,
1994), including OTC, as shown in the present study.
These data suggest that, at early stages of develop-
ment, hepatoblasts could be equivalent in terms of
their potential to differentiate into biliary epithelial cells
and hepatocytes. The similar OTC mosaicism in cell
populations of both periportal and nonperiportal re-
gions at 15.5 days shown in the present study also
seems to support the idea of the equivalency of young
hepatoblasts. Because mature hepatocyte markers
(bile canalicular alkaline phosphatase and 5'-
nucletidase activities) and biliary cell markers (laminin,
PNA-binding sites, and cytokeratins) start to be ex-
pressed at around 13.5 days (Shiojiri, 1981, 1994;
Shiojiri and Katayama, 1987; Shiojiri and Nagai, 1992),
their commitment or determination may commence at
around 13.5 days of gestation. Thus, at around 15.5
days of gestation, biliary cell progenitors and hepato-
cyte progenitors may already be determined in mouse
liver development. Because intrahepatic bile duct de-
velopment continues during the remainder of fetal life
along the developing branches of the portal vein
towards the periphery of the liver organ (Wilson et al,
1963; Wood, 1965), commitment or determination of
biliary cells may proceed successively. In any event,
experimental studies, such as clonal cultures of hepa-
toblasts for strict demonstration of the differentiation
potency of each hepatoblast, are required in the
future.

In conclusion, we demonstrated that the growth
pattern of hepatoblasts was not different between
periportal and nonperiportal regions and that there
may be three lineages of hepatoblasts in fetal liver:
hepatoblasts differentiating into only biliary epithelial
cells, hepatoblasts differentiating into only hepato-
cytes, or hepatoblasts differentiating into both cells.
These data will be helpful for the study of the mech-
anisms of bile duct differentiation.

Cell Lineage in Mouse Liver Development

Materials and Methods

Materials

(B6XC3H/He)F,-spf 2" mice were used. Livers (left
lobes) of heterozygous females of 15.5-day and 17.5-
day fetuses, neonates (1-day-old), and youngs (2-
week-old) were examined for mosaicism of OTC ex-
pression. Wild-type mouse livers were also examined.
Noon of the day a vaginal plug was found was
considered 0.5 days of gestation. At least five animals
were examined at each developmental stage.

Immunohistochemistry

Tissues were fixed in Gendre’s fixative (a mixture of
saturated 90% ethanol of picric acid, formalin, and
acetic acid [80:15:5 v/v/v]) overnight, dehydrated, and
embedded in paraffin (melting point [mp], 51-54° C).
Serial paraffin sections 6 um thick were used for
immunohistochemistry. Immunohistochemistry for
OTC was carried out according to Shigjiri et al (1997).
Briefly, dewaxed sections were incubated with rabbit
antihuman recombinant OTC antiserum (1/1000 dilu-
tion with PBS containing 1% BSA) for 1 hour at room
temperature, washed thoroughly with PBS, incubated
with fluorescein isothiocyanate (FITC)-labeled goat
antirabbit immunoglobulin G (IgG) antibodies (Or-
ganon Teknika Corporation, West Chester, Pennsyl-
vania) (1/100 dilution) for 1 hour at room temperature,
washed again with PBS, and then mounted in buffered
glycerol containing p-phenylenediamine (Johnson and
Nogueira Araujo, 1981). The specific immunofluores-
cence in the section was observed with a fluorescence
microscope (Model BHS-RF; Olympus, Tokyo, Japan).
Control slides were incubated with PBS containing
1% BSA or nonimmune rabbit serum (1/1000 dilution
in PBS) in place of the primary antibodies.

The OTC mosaic pattern and expression of cytoker-
atins 8 and 18, which was seen in all endoderm-
derived cells, including hepatoblasts, hepatocytes,
and biliary cell progenitors in fetal livers, were also
analyzed in the same sections of the developing livers.
Progenitor cells of biliary epithelial cells are strongly
positive for cytokeratins 8/18 (Shiojiri, 1994; Van
Eyken et al, 1988a, 1988b) and also express hepato-
cyte markers such as carbamoylphosphate syn-
thetase I, OTC, and albumin (Shiojiri, 1981; Shiojiri et
al, 1991). Hepatoblasts and hepatocytes in nonperi-
portal liver parenchyma are weakly positive for cyto-
keratins 8/18. Laminin expression, which was a
marker of biliary epithelial cells (Shiojiri and Katayama,
1987), was also analyzed in OTC patches by using
double immunofluorescent method.

For double immunofluorescence of OTC and cyto-
keratins 8/18, dewaxed sections were incubated for
20 minutes with 0.0125% trypsin (Sigma, St. Louis,
Missouri) in 10 mm Tris-HCI (pH 7.4)-buffered saline
containing 10 mm CaCl, at room temperature and
washed with PBS. Sections were then incubated as
follows: (a) anti-OTC antiserum (1/1000 dilution with
PBS containing 1% BSA) for 1 hour, (b) PBS washes,
(c) lissamine rhodamine-labeled donkey antirabbit IgG
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antibodies (Jackson ImmunoResearch Laboratory,
Inc., West Grove, Pennsylvania) (1/500 dilution) for 1
hour, (d) PBS washes, (e) guinea pig anticytokeratins
8/18 (Progen Biotechnik Gmbh, Heidelberg, Germany)
(17200 dilution) for 1 hour, (f) PBS washes, (g) FITC-
labeled donkey antiguinea pig IgG antibodies (Jack-
son ImmunoResearch) (1/500 dilution) for 1 hour, (h)
PBS washes.

Double immunofluorescence analysis of laminin and
OTC was done according to Carl et al (1993). Briefly,
dewaxed sections were incubated as follows: (a) anti-
OTC antiserum (1/2000 dilution) for 1 hour, (b) PBS
washes, (c) Cy3-labeled donkey antirabbit IgG anti-
bodies (Jackson ImmunoResearch) (1/500 dilution) for
1 hour, (d) PBS washes, (e) normal rabbit serum
(Rockland, Gilbertsville, Pennsylvania) (1/20 dilution)
for 1 hour, (f) PBS washes, (g) nonlabeled Fab’ frag-
ment of goat antirabbit IgG antibodies (Protos Immu-
noresearch, San Francisco, California) (1/20 dilution)
for 2 hours, (h) PBS washes, (i) rabbit antimouse
laminin antiserum (E-Y Laboratories, Inc., San Mateo,
California) (1/200 dilution) for 1 hour, (j) PBS washes,
(k) FITC-labeled goat antirabbit IgG antibodies (1/400
dilution) for 1 hour, (I) PBS washes.

Quantitative Analysis of Patch Sizes and OTC Mosaicism

Immunofluorescent pictures of OTC and cytokeratins
8/18 or laminin in five or six sections of each liver, with
relatively low magnification (X10 or X20 objective
lenses), were taken on Tri-X pan film (Eastman Kodak
Company, Rochester, New York). Then contours of
the positive cells around portal veins and in nonperi-
portal regions on the photographic prints were manu-
ally traced onto transparent sheets. Such traces were
input into a computer-assisted image analysis system
(Luzex F; Nireco Corporation, Hachioji, Japan) using a
3CCD RGB camera (XC-009/P; Sony, Atsugi, Japan).
The areas of each OTC-positive patch, strongly
cytokeratin-positive or laminin-positive biliary cell pro-
genitors in periportal regions, and weakly cytokeratin-
positive or laminin-negative hepatocyte islands in non-
periportal regions were measured using programs
running on the Luzex F. OTC mosaicism was also
calculated in each bile duct progenitor and hepato-
blast island in the sections.

Computer-Aided Three-Dimensional Reconstruction

Computer-aided three-dimensional reconstruction
was done according to Shigjiri et al (1997). OTC
immunofluorescent pictures of serial sections, with
relatively low magnification, were taken using Tri-X
pan film, and then contours of the positive cells, portal
veins, and central veins on the photographic prints
were manually traced onto transparent sheets. Such
traces were input into a computer-assisted image
analysis system (TRI for Windows; Ratoc System
Engineering Company, Ltd., Tokyo, Japan) using a
3CCD RGB camera. Connections of each patch were
also analyzed by manually piling traces of it onto
transparent sheets. Laminin and strong cytokeratin
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expression was examined in such three-dimensional
patches.

Acknowledgements

We thank Professor Emeritus Takeo Mizuno of the
University of Tokyo and Professor Dr. Nelson Fausto
of the University of Washington for their interest in our
study and their encouragement, Professor Dr. Shige-
yasu Tanaka of Shizuoka University for his kind teach-
ing of the double immunofluorescence technique, and
Mr. Kim Barrymore for his help in preparing our
manuscript. We also thank Ratoc System Engineering
Company, Ltd., for kindly providing TRI for Windows
for the three-dimensional reconstruction and Messrs.
Nobuhito Nangou, Toshiyuki lizuka, and Chisa Tanabe
for their kind teaching of the use of the computer.

References

Bloom W (1926). The embryogenesis of human bile capillar-
ies and ducts. Am J Anat 36:451-465.

Blouin MJ, Lamy Y, Loranger A, Noél M, Corlu A, Guguen-
Guillouzo C, and Marceau N (1995). Specialization switch in
differentiating embryonic rat liver progenitor cells in response
to sodium butyrate. Exp Cell Res 217:22-30.

Brill S, Zvibel |, and Reid LM (1995). Maturation-dependent
changes in the regulation of liver-specific gene expression in
embryonic versus adult primary liver cultures. Differentiation
59:95-102.

Carl SAL, Gillete-Ferguson |, and Ferguson DG (1993). An
indirect immunofluorescence procedure for staining the
same cryosection with two mouse monoclonal primary anti-
bodies. J Histochem Cytochem 41:1273-1278.

DeMars R, LeVan SL, Trend BL, and Russell LB (1976).
Abnormal ornithine carbamoyltransferase in mice having the
sparse-fur mutation. Proc Natl Acad Sci USA 73:1693-1697.

Dingemanse MA, De Jonge WJ, De Boer PAJ, Mori M,
Lamers WH, and Moorman AFM (1996). Development of the
ornithine cycle in rat liver: Zonation of a metabolic pathway.
Hepatology 24:407-411.

Doljanski L and Roulet F (1934). Uber die gestaltende Wech-
selwirkung zwischen dem Epithel und dem Mesenchym,
zugleich ein Beitrag zur Histogenese der sogenannten “Gal-
lengangswucherungen.” Virchows Arch Pathol Anat Physiol
292:256-267.

Enzan H, Ohkita T, Fujita H, and lijima S (1974). Light and
electron microscopic studies on the development of peripor-
tal bile ducts of the human embryo. Acta Pathol Jap 24:427-
447.

Germain L, Blouin M-J, and Marceau N (1988). Biliary epi-
thelial and hepatocytic cell lineage relationships in embryonic
rat liver as determined by the differential expression of
cytokeratins, a-fetoprotein, albumin, and cell surface-
exposed components. Cancer Res 48:4909-4918.

Haruna Y, Saito K, Spaulding S, Nalesnik MA, and Gerber MA
(1996). Identification of bipotential progenitor cells in human
liver development. Hepatology 23:476-481.

Hodges PE and Rosenberg LE (1989). The spf #" mouse: A
missense mutation in the ornithine transcarbamylase gene
also causes aberrant mRNA splicing. Proc Natl Acad Sci USA
86:4142-4146.



Horstmann E (1939). Entwicklung und Entwicklungsbedin-
gungen des intrahepatischen Gallengangsystems. Wilhelm
Roux Arch Entw Mech Org 139:363-392.

lannaccone PM, Weinberg WC, and Berkwits L (1987). A
probabilistic model of mosaicism based on the histological
analysis of chimaeric mouse liver. Development 99:187-196.

Johnson GD and Nogueira Araujo GM (1981). A simple
method of reducing the fading of immunofluorescence during
microscopy. J Immunol Methods 43:349-350.

Khokha MK, Landini G, and lannaccone PM (1994). Fractal
geometry in rat chimeras demonstrates that a repetitive cell
division program may generate liver parenchyma. Dev Biol
165:545-555.

Li L, Kranta ID, Deng Y, Genin A, Banta AB, Collins CC, Qi M,
Trask BJ, Kuo WL, Cochran J, Costa T, Pierpont ME, Rand
EB, Piccoli DA, Hood L, and Spinner NB (1997). Alagille
syndrome is caused in human Jagged1, which encodes a
ligand for Notch1. Nat Genet 16:243-251.

Lyon MF (1961). Gene action in the X-chromosome of the
mouse (Mus musculus L.). Nature 190:372-373.

Lyon MF (1972). X-chromosome inactivation and develop-
mental patterns in mammals. Biol Rev Camb Philos Soc
47:1-35.

Ng Y-K and lannaccone PM (1992). Fractal geometry of
mosaic pattern demonstrates liver regeneration is a self-
similar process. Dev Biol 151:419-430.

OdaT, Elkahloun AG, Pike BL, Okajima K, Krantz ID, Genin A,
Piccoli DA, Meltzer PS, Spinner NB, Collins FS, and Chan-
drasekharappa SC (1997). Mutations in the human Jagged1
gene are responsible for Alagille syndrome. Nat Genet 16:
235-242.

Ohtake A, Takayanagi M, Yamamoto S, Nakajima H, and
Mori M (1987). Ornithine transcarbamylase deficiency in spf
and spf-ash mice: Genes, mMRNAs and mRNA precursors.
Biochem Biophys Res Commun 146:1064-1070.

Ryall JC, Quantz MA, and Shore GC (1986). Rat liver and
intestinal mucosa differ in the developmental pattern and
hormonal regulation of carbamoyl-phosphate synthetase |
and ornithine carbamoyl transferase gene expression. Eur
J Biochem 156:453-458.

Shiojiri N (1981). Enzymo- and immunocytochemical analy-
ses of the differentiation of liver cells in the prenatal mouse.
J Embryol Exp Morphol 62:139-152.

Shiojiri N (1984). The origin of intrahepatic bile duct cells in
the mouse. J Embryol Exp Morphol 79:25-39.

Shiojiri N (1994). Transient expression of bile-duct-specific
cytokeratin in fetal mouse hepatocytes. Cell Tissue Res
278:117-123.

Cell Lineage in Mouse Liver Development

Shiojiri N, Imai H, Goto S, Ohta T, Ogawa K, and Mori M
(1997). Mosaic pattern of ornithine transcarbamylase expres-
sion in spf " mouse liver. Am J Pathol 151:413-421.

Shiojiri N and Katayama H (1987). Secondary joining of the
bile ducts during the hepatogenesis of the mouse embryo.
Anat Embryol (Berl) 177: 153-163.

Shiojiri N, Lemire JM, and Fausto N (1991). Cell lineages and
oval cell progenitors in rat liver development. Cancer Res
51:2611-2620.

Shiojiri N and Nagai Y (1992). Preferential differentiation of
the bile ducts along the portal vein in the development of
mouse liver. Anat Embryol (Berl) 185:17-24.

Shiojiri N, Sano M, Inujima S, Nitou M, Kanazawa M, and Mori
M (2000). Quantitative analysis of cell allocation during liver
development using the spf @"-heterozygous mouse. Am J
Pathol 156:65-75.

Shiojiri N, Wada J, Tanaka T, Noguchi M, Ito M, and Geb-
hardt R (1995). Heterogeneous expression of glutamine syn-
thetase in developing mouse liver and in testicular trans-
plants of fetal liver. Lab Invest 72:740-747.

Terada T, Ashida K, Kitamura Y, Matsunaga Y, Takashima K,
Kato M, and Ohta T (1998). Expression of epithelial-cadherin,
alpha-catenin and beta-catenin during human intrahepatic
bile duct development: A possible role in bile duct morpho-
genesis. J Hepatol 28:263-269.

Terada T and Nakanuma Y (1994). Profiles of expression of
carbohydrate chain structures during human intrahepatic bile
duct development and maturation: A lectin-histochemical
and immunohistochemical study. Hepatology 20:388-397.

Van Eyken P, Sciot R, Callea F, Van der Steen K, Moerman P,
and Desmet VJ (1988a). The development of the intrahepatic
bile ducts in man: A keratin-immunohistochemical study.
Hepatology 8:1586-1595.

Van Eyken P, Sciot R, and Desmet V (1988b). Intrahepatic
bile duct development in the rat: A cytokeratin-
immunohistochemical study. Lab Invest 59:52-59.

Wareham KA and Williams ED (1986). Estimation of the
primordial pool size of the mouse liver using a histochemi-
cally demonstrable X-linked enzyme in the adult female
mouse. J Embryol Exp Morphol 95:239-246.

Wilson JW, Groat CS, and Leduc EH (1963). Histogenesis of
the liver. Ann N 'Y Acad Sci 111:8-24.

Wood RL (1965). An electron microscope study of developing
bile canaliculi in the rat. Anat Rec 151:507-530.

Laboratory Investigation ® January 2001 ® Volume 81  Number 1

25



	Cell Lineage Analysis during Liver Development Using the spfash-Heterozygous Mouse
	Introduction
	Results
	OTC Expression in Fetal Mouse Livers of the Wild Type
	OTC Mosaicism in Fetal spfash-Heterozygous Livers
	Comparison of Patch Sizes between Periportal Regions and Nonperiportal Regions of Fetal Livers
	OTC Mosaicism in Bile Duct Progenitors and Hepatoblast Islands of the Liver Parenchyma
	Three-Dimensional Analysis of Periportal Patches

	Discussion
	Materials and Methods
	Materials
	Immunohistochemistry
	Quantitative Analysis of Patch Sizes and OTC Mosaicism
	Computer-Aided Three-Dimensional Reconstruction

	Acknowledgements
	Note
	References


