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Abstract We observed postnecrotic tissue remodeling to
examine vascularization in adult rat livers. Livers, bone
marrow, and peripheral blood from rats at 24h to 14 days
after an injection of dimethylnitrosamine (DMN) were
examined by light microscopic, immunohistochemical, and
ultrastructural methods. Numerous ED-1 (a marker for rat
monocytes/macrophages)-positive round mononuclear cells
infiltrated in the necrotic areas at 36h after DMN treat-
ment. On day 5, when necrotic tissues were removed, some
of the cells were transformed from round to spindle in
shape. On day 7, these cells were contacted with residual
reticulin fibers and became positive for SE-1, a marker of
hepatic sinusoidal endothelial cells and Tie-1, an endothe-
lial cell-specific surface receptor, associated with frequent
occurrence of ED-1/SE-1 and ED-1/Tie-1 double-positive
spindle cells. Ultrastructurally, the spindle cells simulta-
neously showed phagocytosis and endothelial cell-like mor-
phology. With time necrotic areas diminished, and on day
14, the necrotic tissues were almost replaced by regenerated
liver tissues and thin bundles of central-to-central bridging
fibrosis. Bone marrow from 12h to day 2 showed an in-
crease of BrdU-positive mononuclear cells. Some of them
were positive for ED-1. The BrdU-labeled and ED-1-
positive cells appeared as early as 12h after DMN injection
and reached a peak in number at 36h. They were similar in
structure to ED-1-positive cells in necrotic liver tissues.
These findings suggest that round mononuclear ED-1-

positive cells proliferate first in bone marrow after DMN
treatment, reach necrotic areas of the liver through the
circulation, and differentiate to sinusoidal endothelial cells.
Namely, hepatic sinusoids in DMN-induced necrotic areas
may partly be reorganized possibly by vasculogenesis.

Key words Vasculogenesis · Submassive hepatic necrosis ·
Dimethylnitrosamine · Macrophage · ED-1-positive stem
cells

Introduction

Vascularization is composed of vasculogenesis and angio-
genesis.1–3 The former is defined as the development of
blood vessels derived from in situ differentiating end-
othelial cells, and the latter is caused by the sprouting of
capillaries from preexisting vessels.1–3 Vasculogenesis had
been considered as occurring only in the early embryonic
stage.4–7 However, postnatal vasculogenesis has recently
become a critical paradigm for the repair of adult ischemic
myocardial tissues, hindlimb, and chorioid plexuses.3,8–11

Pioneering work showed that endothelial progenitor cells
are derived from bone marrow3,11–16 and circulate in adult
peripheral blood.11,13,17 On the other hand, to the best of our
knowledge, there have been no useful animal models for
post-necrotic regeneration of the hepatic sinusoid of adult
animals.

Hepatic sinusoidal endothelial cells (HSEs) are well-
differentiated specific endothelial cells.18 They possess open
fenestrae that are grouped in sieve plates and lack a basal
lamina.19 Maintenance of the unique structure is prerequi-
site for the active metabolism of liver parenchymal cells.
Because of the structural complexity and the intimate meta-
bolic relationship with liver parenchymal cells, the HSEs
are vulnerable to many kinds of liver injuries.20–22 The inju-
ries and regeneration of HSEs are frequently associated
with those of liver parenchymal cells.

Dimethylnitrosamine (DMN), metabolized in the liver,
causes a striking centrilobular necrosis accompanied by
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severe hemorrhage in many laboratory animals.21,23,24

The aim of this study is to clarify the mechanism of vas-
cularization after DMN-induced acute rat liver injury, using
histological, immunohistochemical, and ultrastructural
methods.

Materials and methods

Animals

Acute hepatic injury was induced by an intraperitoneal in-
jection of DMN (Sigma, St. Louis, MO, USA) in a dose of
50mg (diluted 1 :100 with 0.15M NaCl solution)/kg body
weight in 40 male Wistar strain rats (7–10 weeks old). Five
untreated rats and 5 saline-injected rats were used as nor-
mal controls. All animals were maintained under 12-h light/
12-h dark cycles with food and water available ad libitum.
Four rats per each group were killed at 12, 24 and 36h and
2, 3, 5, 7, 8, 10, and 14 days after the injection. All animals
were anesthetized with diethyl ether before being killed.
Four rats in each time interval after DMN treatment and 3
control rats received an intraperitoneal injection of 5-
bromo-2-deoxyuridine (BrdU) (10mg/kg body weight, at a
concentration of 20mg/ml in saline) 1h before death. This
study was approved by the Animal Care and Use Commit-
tee of Kochi Medical School and followed the National
Institutes of Health guidelines for humane care and use of
animals.

Examination of peripheral blood

We obtained 5-ml peripheral blood samples from all rats.
Half the blood samples were measured by standard meth-
ods for red blood corpuscles (RBC, ×104/µl), hemoglobin
(Hb, g/dl), and white blood cells (WBC, /µl). After centrifu-
gation (1500rpm, 10min), the values of serum alanine ami-
notransferase (ALT, IU/l) and aspartate aminotransferase
(AST, IU/l) were determined. The other half was used for
cytological and immunocytochemical examination. Low-
density peripheral blood mononuclear cells were isolated
by density centrifugation over Histopaque-1083 (Sigma).
These isolated cells were fixed in 10% phosphate-buffered
formalin and then embedded in paraffin using the celloidin
bag method.25

Light microscopy, immunohistochemistry, and double
immunohistochemical stainings

Liver and bone marrow tissues obtained from DMN-treated
and control groups were fixed in 10% phosphate-buffered
formalin. Some of the liver frozen sections were fixed by
acetone and prepared for immunohistochemical examina-
tion of Tie-1 (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Some of the livers were fixed by perfusion of
periodate-lysine-paraformaldehyde (PLP) solution through
the portal vein for the immunohistochemical demonstration
of HSEs, using a monoclonal antibody for rat HSEs (SE-1;
IBL, Takasaki, Japan).26 After perfusion, pieces of the livers
were immersed in PLP solution for an additional 24h at 4°C
and then embedded in paraffin. The liver tissue sections were
stained with hematoxylin and eosin, with Berlin blue method
for iron, with silver impregnation for reticulin fibers, and
with Azan method for collagen fibers.

Additionally, immunostaining of the liver and bone ma-
rrow tissues and peripheral blood smears was performed
using the avidin-biotin-peroxidase complex (ABC) method.
For visualization, each section was immersed in a substrate
solution of 0.5% 3,3′-diaminobenzidine tetrahydrochloride
(DAB; Sigma Chemical, St. Louis, MO, USA) as described
in our previous study.21 Antibodies employed in the present
study are summarized in Table 1. For a negative control of
immunostaining, the tissue sections and peripheral blood
smears were incubated in normal mouse serum at the same
concentration as the primary antibodies used in this study
and were subsequently handled according to the same pro-
cedure as described above.

To simultaneously detect cytoplasmic ED-1, a marker
for rat monocytes/macrophages,27 and nuclear BrdU incor-
poration in the same sections of liver and bone marrow
tissues and peripheral blood samples, double immunohis-
tochemical stainings were applied as described in our previ-
ous study.21 The nuclei of the cells in S phase showed a
positive reaction for BrdU with brown color, and the cyto-
plasmic reaction product for ED-1 showed a blue color with
fast blue BB.

Double stainings using silver impregnation and
ED-1 immunostaining

After silver impregnation, the sections were incubated
overnight with anti-ED-1 antibody and visualized by New
Fuchsin (Dako, Carpinteria, CA, USA).

Table 1. Antibodies used for immunohistochemical analysis in this study

Antibodies Clone Source Dilution Antigen retrieval

Antirat hepatic sinusoidal SE-1 IBL, Japan 5 µg/ml 0.1% pronase E (20 min, room temperature)
endothelial cell

BrdU Bu20a Dako, Denmark 1/20 0.01M citrate buffer (for microwave
treatment, 5 min, three times)

Rat monocyte/macrophage ED1 Serotec, Oxford, England 1/50 0.1% pronase E (20 min, room temperature)
Tie-1 poly Santa Cruz Biotechnology, USA 1/50 –

BrdU, 5-bromo-2-deoxyuridine; –, no treatment for antigen retrieval
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Double immunofluorescence labelings

To clarify the relationship between the SE-1-, Tie-1-
positive, and ED-1-positive cells, we carried out double
immunofluorescence labelings with SE-1, Tie-1, and ED-1
antibodies in PLP-fixed paraffin sections and frozen sec-
tions. Deparaffinized sections were exposed to Alexa Fluor
594 mouse IgG1 (Zenon Tricolor mouse IgG1 Labeling
Kit #2; Molecular Probes, Atlanta, GA, USA)-conjugated
monoclonal anti-SE-1 antibody/Alexa Fluor 594 mouse
IgG1 (Zenon Tricolor mouse IgG1 Labeling Kit #1; Molecu-
lar Probes)-conjugated monoclonal anti-ED-1 antibody for
1h after with 0.1% pronase-E treatment as shown in Table
1. Finally, these sections were mounted with Vectashield
Mounting Medium with TAPI (Vector Laboratories,
Burlingame, CA, USA).

The frozen sections were incubated overnight with a
polyclonal anti-Tie-1 antibody. They were incubated at
room temperature for 1h with a 1 :200 dilution of
biotinylated rabbit antimouse IgG F(ab′)2 fragment (Dako)
and swine antirabbit IgG F(ab′)2 fragment (Dako), and then
incubated at room temperature for 30min with fluorescein
isothiocyanate (FITC)-labeled streptavidin (Dako; 1 :200).
After washing with phosphate-buffered saline (PBS),
sections were reincubated with 1% bovine serum albumin
(BSA) in PBS for 30min, and exposed to Alexa Fluor 594
mouse IgG1 (Zenon Tricolor mouse IgG1 Labeling Kit #2;
Molecular Probes)-conjugated monoclonal anti-ED-1 anti-
body (AC40; Sigma; dilution 1 :50) for 1h. Finally, these
sections were mounted with DAKO Fluorescent Mounting
Medium (Dako).

Digital images were captured using the CoolSnap system
on an Olympus BX60 microscope (Olympus America, Lake
Success, NY, USA). Serial images of multistained fluores-
cent sections were overlaid using Lumina Vision software
(Mitani, Tokyo, Japan) on a Power Macintosh G4 computer
(Apple Computer, Cupertino, CA, USA).

Electron microscopy

Small pieces of liver tissue were prefixed in 2.5% glutaral-
dehyde in 0.1M phosphate buffer (PB, pH 7.4) for 24h at
4°C and postfixed in 1% osmium tetroxide in PB for 2h at
4°C followed by dehydration and embedding in epoxy resin.
For selecting optimal areas, semithin sections were stained
with toluidine blue. Ultrathin sections stained with uranyl
acetate and lead citrate were examined with a JEM 100S
electron microscope (JEOL, Tokyo, Japan).

Statistical analysis

Peripheral blood CBC (complete blood count) and serum
ALT and AST concentration were tested. Post hoc analysis
by Fisher’s protected least squares difference (PLSD) test
was performed for comparison at different time points. All
statistical calculations were made with a statistical software
package (StatView II; Abacus Concepts, Berkeley, CA,
USA). A value of P < 0.05 was considered to be statistically
significant.

Results

Blood chemistry

The number of RBC (×104/µl) and the value of serum Hb
(g/dl) showed no significant changes throughout the exami-
nation (Fig. 1). The number of WBC (/µl) showed the low-
est level at 36h and then gradually increased and returned
to the normal level on day 14. Serum AST (IU/l) and ALT
(IU/l) reached a peak at 36h (P < 0.001) after DMN injec-
tion and then decreased with time.

Fig. 1. Peripheral blood
examination. The number of red
blood cells (RBC) and the
concentration of hemoglobin
(Hb) show no significant
changes throughout the
experiment. The number of
white blood cells (WBC) shows
the lowest level at 36h and then
gradually increases and returns
to the normal level on day 14.
The values of serum aspartate
aminotransferase (AST) and
alanine aminotransferase (ALT)
reach a peak at 36h (P < 0.001)
and then decrease with time.
Data are expressed as mean ±
SEM. N, normal control; DMN,
dimethylnitrosamine. *P < 0.05,
**P < 0.001 versus normal
control
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Light microscopic and immunohistochemical observations

In the control livers, inflammatory cell infiltrate was absent.
Normal rat livers were negative for BrdU whereas a few
BrdU-positive cells were detected in the normal rat bone
marrow.

Liver tissues obtained from rats at the same period after
DMN treatment showed similar morphological changes.
Small focal necrosis appeared in liver lobules at 12h after
DMN injection. At 36h, liver necrosis became most pro-
minent. Various types of inflammatory cells, including
macrophages, neutrophils, eosinophils, and lymphocytes,
infiltrated in the necrotic areas. Among the inflammatory
cells, large round (about 15µm in diameter) mononuclear
cells were predominant and positive for ED-1 (Fig. 2). On
days 2 and 3 after injection, necrotic tissues and extrava-
sated erythrocytes were phagocytosed by the ED-1-positive
cells and gradually removed. On day 5, when most necrotic
tissues were removed, the ED-1-positive round mono-
nuclear cells were transformed to spindle-shaped cells with
elongated cytoplasm (Fig. 3). These ED-1-positive spindle
cells were attached to residual reticulin fibers (Fig. 3b).
Some of the cells simultaneously showed a positive reaction
for BrdU (Fig. 3c). The ED-1- and BrdU-positive cells ap-
peared in the necrotic areas from day 2. On day 7, all ED-1-
positive spindle cells were stained with iron.

On the other hand, numerous round-shaped ED-1-posi-
tive cells aggregated in the central vein (Fig. 4a). These cells
showed a stronger intensity of iron staining compared with
that of the spindle-shaped cells in necrotic areas on day 7
(Fig. 4b). On day 8, the findings of liver tissues were almost
similar to those on day 7, except for the diminution of
necrotic areas. Until day 0, regenerated liver trabeculae
appeared and increased in volume in the necrotic area. In
the perinecrotic areas, small islands of erythroblasts oc-
curred after day 5. Most of them were strongly positive for
BrdU. The erythroblastic islands increased in number and

Fig. 2. Liver at 36 h after DMN injection. Numerous ED-1-positive
large round mononuclear cells (arrows) infiltrate in necrotic areas.
Immunohistochemical stain for ED-1. Inset: Higher magnification of an
ED-1-positive round mononuclear cell. C, central vein; N, necrotic
area; NN, nonnecrotic remaining liver parenchyma; P, portal tract. Bar
60 µm

Fig. 3a–c. Liver on day 5 after DMN injection. a Most of the necrotic
tissues are removed, leaving a punched-out-like lesion. An incomplete
network of spindle cells (arrows) is formed in the necrotic area.
Nonnecrotic remaining liver parenchyma still appears normal. The
margin between necrotic areas and remaining liver parenchyma is
sharp, and active sprouting of new blood vessels from the latter to
necrotic areas appears to be absent. Inset: Higher magnification of a
spindle cell showing avid erythrophagocytosis. Hematoxylin and eosin
(H&E) stain. b The cytoplasm of the spindle cell stains red with ED-1;
reticulin fibers stain black. The ED-1-positive spindle cells (arrows) are
closely attached to reticulin fibers in the necrotic area. Silver impregna-
tion and immunohistochemical stain for ED-1. c ED-1-positive spindle
cells having a bromodeoxyuridine (BrdU)-labeled nucleus (arrows)
are identified in the necrotic area. BrdU is stained brown and ED-1
is stained blue. Double immunohistochemical stain with anti-ED-1
and anti-BrdU antibodies. C, central vein; N, necrotic area; NN,
nonnecrotic liver parenchyma. Bars a 60µm; b,c 30 µm
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Fig. 4a,b. Liver on day 7 after DMN injection. a Both spindle cells in
the necrotic area and round cells within a central vein show a positive
reaction for ED-1. Arrow shows erythroblastic islands at the margin
between the necrotic area and the nonnecrotic liver parenchyma. Im-
munohistochemical stain for ED-1. b Both the spindle and round cells
are positive for iron stain (detected as blue). The iron staining is more
intense in the round mononuclear cells gathered in the central vein,
compared with the spindle cells in the necrotic areas. Iron stain. C,
central vein; N, necrotic area; NN, nonnecrotic liver parenchyma. Bars
a 60 µm; b 30 µm

size to day 7 and disappeared by day 14 after DMN
treatment. Necrotic tissue spaces were gradually replaced
by regenerating liver parenchyma. On day 14, thin fibrous
bands extended from adjoining centrilobular areas and con-
nected with each other, resulting in the formation of thin,
C–C (central-to-central) bridging fibrosis, as reported in our
previous study.21 The necrotic areas, which were significant
in zones 2 and 3 from 36h to day 5 after a DMN injection,
were mostly replaced by regenerating liver parenchyma
and partly by thin C–C bridging fibrosis, and almost
disappeared. However, small necrotic foci were rarely seen
scattered.

At 36h, large round (about 10µm in diameter) mono-
nuclear cells showing the colocalization of ED-1 and BrdU
were frequently observed in the bone marrow and periph-
eral blood. The ED-1 and BrdU double-positive cells were
seen in the bone marrow from 12h to day 7, having a peak

Fig. 5. Double immunohistochemical stain of bone marrow cells with
ED-1 and BrdU at 36h after DMN injection. Numerous BrdU
(brown)-positive cells and ED-1 (blue)-positive cells are observed.
Some of them are double positive for ED-1 and BrdU (arrows). Inset:
Higher magnification of a double-positive mononuclear cell. Bar 30 µm

at the period from 36h to day 2 (Fig. 5), while they were
observed in the peripheral blood from 24h to day 10, having
a peak at the period from 36h to day 2 (Fig. 6).

The chronological changes of the numbers of single-
positive cells for each ED-1 and SE-1, and double-positive
cells for ED-1/BrdU or ED-1/SE-1, in bone marrow, peri-
pheral blood, and necrotic and nonnecrotic liver tissues
after DMN treatment are summarized in Table 2.

Double immunofluoresecence staining for SE-1, and ED-1

Some of the ED-1-positive spindle cells in the necrotic area
showed colocalization of SE-1 on day 7 (Fig. 7). Both ED-
1-positive spindle cells in the necrotic area and round cells

Fig. 6. Double immunohistochemical stain with ED-1 and BrdU of
peripheral blood cells at 36 h after DMN injection. Numerous BrdU
(brown)-positive cells and ED-1 (blue)-positive cells are observed.
Double-positive cells for ED-1 and BrdU (arrows) are occasionally
seen. Inset: Higher magnification of a double positive mononuclear cell
for ED-1 and BrdU. Bar 30 µm
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Table 2. Occurence of single-positive cells for ED-1 and SE-1 and double-positive cells for ED-1/BrdU and ED-1/SE-1 in bone marrow,
peripheral blood, and necrotic and nonnecrotic liver tissues at various time intervals after DMN treatment

0 12h 24h 36h 2d 3d 5 d 7d 10d 14d

Bone marrow
ED-1 + + ++ +++ +++ ++ ++ ++ + +
ED-1/BrdU – + ++ +++ +++ ++ ++ + – –
ED-1/SE-1 – – – – – – – – – –
SE-1 – – – – – – – – – –

Periperal blood
ED-1 + + ++ +++ +++ ++ ++ +++ +++ ++
ED-1/BrdU – – + ++ ++ + + + + –
ED-1/SE-1 – – – – – – – – – –
SE-1 – – – – – – – – – –

Liver (necrotic area)
ED-1 + + ++ +++ +++ ++ ++ +
ED-1/BrdU – – – + +++ ++ + –
ED-1/SE-1 – – – – + + ++ +
SE-1 – – – – + + ++ +

Liver (nonnecrotic)
ED-1 ++ ++ ++ + + + ++ ++ ++ +++
ED-1/BrdU – – – + ++ +++ ++ + – –
ED-1/SE-1 – – – – – – – – – –
SE-1 +++ +++ ++ + + + ++ ++ ++ +++

d, day; BrdU, 5-bromo-2-deoxyuridine; DMN, dimetylnitrosamine; ED-1, antirat monocyte/macrophage; SE-1, antirat hepatic sinusoidal en-
dothelial cell; –, none; +, a few; ++, moderate; +++, numerous

that aggregated in the central vein were simultaneously
positive for Tie-1 at the same period (Fig. 8). At this period,
HSEs in the remaining and regenerating liver tissues were
positive for SE-1 or Tie-1 but did not stain for ED-1.

Ultrastructural findings

After 36h, not only liver parencymal cells but also hepatic
sinusoidal endothelial cells (HSEs) and hepatic stellate cells
(HSCs) showed marked degeneration and necrosis, and the
intrinsic trabecular structure was completely lost. The ves-
tige of previous sinusoids was scarcely discernible. Platelets
and various types of inflammatory cells were observed in
the necrotic area of DMN-treated rat livers (Fig. 9). On day
7, after removal of necrotic tissues, a primitive sinusoidal
wall was developed, although liver parenchymal cells and
HSC were still absent (Fig. 10a). In the reorganizing sinu-
soidal lumen and along the sinusoidal wall, round mono-
nuclear cells and various transitional forms to spindle cells
were seen (Fig. 10b–f). Some of the spindle cells showed
various stages of erythrophagocytosis (Fig. 10a,d,e). Spindle
cells were frequently attached to extracellular matrix com-
ponents containing reticulin fibers on the abluminal surface
of the cell (Fig. 10a,f). On day 8, in the regenerated tissue
near the necrotic areas, spindle cells, which are very similar
to sinusoidal endothelial cells, overlaid the hepatic cells and
appeared to form a sinusoidal wall, although the Disse’s
space was not yet well reorganized (Fig. 11). A slightly
dilated sinusoidal structure was detected in the regenerat-
ing parenchyma, which was more distant from the necrotic
area. These sinusoidal endothelial cells had some fenes-
trated structure. HSCs were present in the well-developed
Disse’s space.

Discussion

The ED-1- and BrdU-positive large round mononuclear
cells infiltrated in the liver necrotic areas from day 2, while
cells with the same cytological features were already seen as
early as 12h in the bone marrow and then at 24h in the
peripheral blood after DMN treatment. Previous studies
reported that endothelial progenitor cells are derived from
the bone marrow3,11–16 and circulate in the peripheral blood
of adult animals.8–11,17 These findings suggest that the ED-
1-positive large round mononuclear cells in necrotic liver
areas are derived from the bone marrow. They may migrate
to the necrotic area through the blood circulation.
Ultrastructural examination showed an increase with time
in the number of transitional cells, from large round
mononuclear cells to spindle cells. From day 5, the spindle
cells in necrotic areas showed a differentiation into HSEs,
immunohistochemically confirmed by the expression of
SE-1.

On the other hand, both spindle cells in the necrotic area
and round cells in the central veins showed avid phagocyto-
sis and positive reactions for ED-1, Tie-1, and iron staining.
Namely, the bone marrow-derived ED-1-positive cells may
differentiate to two types of cells, i.e., macrophages and
HSEs. In the HSE lineage, the feature of phagocytosis may
suggest a transition from the ED-1-positive large round
mononuclear cells with phagocytotic activity to the SE-1-
positive spindle HSEs or the phagocytosis of immature
HSEs. Tie-1, the endothelial cell-specific receptor tyrosine
kinase for angiopoietin, has been detected in vascular
endothelial cells and some myeloid leukemia cells.28–32 The
gene is expressed in the early embryonic vascular system.29

The angiopoietin/Tie signaling system is involved in the
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Fig. 7a–c. Double immunofluorescence for ED-1 and SE-1 in the liver
on day 7 after DMN injection. a ED-1 (labeled with Alexa Fluor 594
mouse IgG1) stained in red. b SE-1 [labeled with fluorescein
isothiocyanate (FITC)] stained in green. c Double staining for ED-1
and SE-1. Some of the ED-1-positive mononuclear cells (arrows) are
also positive for SE-1 in the necrotic area. Hepatic sinusoidal endothe-
lial cells in nonnecrotic liver parenchyma are preferentially positive for
SE-1. Nucleus showed blue color with TAPI. Inset: Higher magnifica-
tion of a double-positive cell for ED-1 and SE-1. C, central vein; N,
necrotic area; NN, nonnecrotic liver parenchyma. Bars 30 µm

Fig. 8a–c. Double immunofluorescence for ED-1 and Tie-1 in the liver
on day 7 after DMN injection. a ED-1 (labeled with Alexa Fluor 594
mouse IgG1) stained in red. b Tie-1 (labeled with FITC) stained in
green. c Double staining for ED-1 and Tie-1. Some of the ED-1-
positive mononuclear cells (arrows) are also positive for Tie-1 in the
necrotic area. Hepatic sinusoidal endothelial cells (HSEs) in
nonnecrotic liver parenchyma are preferentially positive for Tie-1.
Inset: Higher magnification of a double-positive cell for ED-1 and Tie-
1. C, central vein; N, necrotic area; NN, nonnecrotic liver parenchyma.
Bar 30 µm
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secondary stages of vessel growth; vessel remodeling, matu-
ration, and formation of complex hierarchical networks.32

Sato et al.33 reported that the Tie-1 knockout mice died
before embryonic day 15 or immediately after birth (de-
pending on the genetic background). The cause of death
was considered to be the loss of microvascular integrity,
resulting in severe hemorrhage.31,33,34

Tie-1 receptor tyrosine kinase may evolve for multiple
protein–protein interaction, possibly including cell adhe-
sion to the vascular endothelium.28 In the present study,
both ED-1-positive spindle cells in the necrotic area and
round cells aggregated in the central vein were also positive
for Tie-1, suggesting the same stem cell origin of these cells.
In the liver parenchyma adjacent to the necrotic areas,
erythroblastic islands increased in number with a peak from
day 5 to day 7 and had a high proliferative activity. How-
ever, Hb and RBC level showed no significant changes,
compared with the control group. Flamme and Risau35 re-
ported a similar phenomenon in an in vitro study. Cells used
for culture in their study were from blastodiscs of stages X
to XII from unincubated quail egges. As a result, the cell
islands were composed of both round erythropoietic cells at
the center and spindle-shaped endothelial cells at the pe-
riphery of the cell cultures after 3 days under treatment with

basic fibroblast growth factor.35 Together with consider-
ation of their results, the ED-1-positive stem cells may dif-
ferentiate not only to macrophages and HSEs but also to
erythroblasts in perinecrotic zones.

According to previous studies, hepatic stellate cells
(HSCs) survive even in severe parenchymal necrosis36 and
significant destruction of lobular architecture.37 They are
activated and play a significant role in postnecrotic liver
remodeling36,38 and biliary fibrosis, resulting in obstruction
of the common bile duct.37 However, following a single
large-dose injection of DMN, all types of cells in zones 2
and 3 including HSCs fell into complete necrosis.21 In the
necrotic area, along the vestige of previous sinusoids, small
fragments of degenerated and necrotic endothelial cells and
small amounts of collagen fibrils are only scattered. Hepatic
stellate cells are lost. Then, numerous ED-1-positive mono-
nuclear cells attach to residual reticulin fibers and contrib-
ute to tissue remodeling instead of necrotic HSCs. The
restoration of HSEs in the necrotic area may be predomi-
nantly accomplished by the infiltrated ED-1-positive cells,
namely by vasculogenesis rather than by angiogenesis.
Shintani et al.39 reported that cultured rabbit bone marrow
mononuclear cells changed to spindle-shaped cells and be-
gan to sprout from the edge of the cell clusters within 3 days

Fig. 9. A necrotic area at 36h after DMN injection. Numerous
inflammatory cells consisting of mononuclear cells/macrophages (M),
a neutrophil (N), and a lymphocyte (L) and platelets (arrows) are
identified. The trabecular arrangement of liver cells and sinusoidal

structure is almost completely lost. HSEs and even hepatic stellate cells
are not present. H, necrotic hepatocyte; SP, scarcely discernible sinu-
soidal structure. Bar 10 µm
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Fig. 10a–f. Round to spindle cells
in the necrotic area on day 7 after
DMN injection. a Mononuclear
cells/macrophages (M) are
predominantly seen and mainly
located in the lumen of reorganiz-
ing sinusoid (SR), whereas a few
of them are attached to the
sinusoidal wall. Elongated spindle
cells (*) attached to the residual
reticulin fibers (arrowheads)
contain phagocytosed materials.
The round cells marked as MS
attach to the putative sinusoidal
wall. The extrasinusoidal portion
(ES) is composed of loose
extracellular matrix. Hepatocytes
and hepatic stellate cells are not
yet seen. SR, reorganizing
sinusoid. b–f Cells in various
stages of transition from round
mononuclear cells to spindle cells
in necrotic areas. b A round
mononuclear cell with a high
nuclear cytoplasmic ratio shows a
large round nucleus with a
prominent nucleolus, without any
features of differentiation and any
signs of phagocytosis. In scanty
cytoplasm numerous polyribo-
somes are present. Short frag-
ments of rough-surfaced
endoplasmic reticulum are
scattered. c A short filopodia and
a few vacuoles and small second-
ary lysosomes are seen. d A
mononuclear cell shows eryth-
rophagocytosis (*) and well-
developed filopodia. e A
spindle-shaped cell with avid
phagocytosis. f A spindle-shaped
cell closely attached to residual
reticulin fibers (arrows) has a few
dense bodies in the cytoplasm.
Slender cytoplasmic processes are
extended. Bars a 5µm; b–f 1.8µm
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Fig. 11. At day 8, a sinusoidal endothelial-like cell (E) with an elon-
gated cytoplasm partly surrounds a hepatic cell (H) in the newly regen-
erating tissue adjacent to the necrotic area (N). The sinusoidal

endothelial cell forms a sinusoid-like structure (S) with other
endothelial-like cells (arrows). Bar 2.5µm

and formed a network of spindle cells. After day 7 of cul-
ture, the spindle cells became positive for both Ulex euro-
paeus lectin binding and von Willebrand factor (vWF),
which are characteristic markers for endothelial cell
lineage.39

Newly formed sinusoids in the necrotic areas, as shown
in Figs. 10 and 11, are slightly dilated. The cytoplasm of
sinusoidal endothelial cells is elongated, but with no degen-
erative changes. With further development of sinusoids, the
endothelial cells show thin fenestrated cytoplasm. In the
space of Disse between regenerating liver parenchymal
cells and sinusoidal endothelial cells, the hepatic stellate
cells are present. However, to demonstrate more clearly the
capacity of bone marrow cells (BMC) to differentiate into
sinusoidal endothelial cells in the hepatic necrotic areas, it
may be necessary, for example, to inject intravenously the
BMC labeled with fluorescent protein into the rats and
show the appearance of the labeled BMC and the differen-
tiation to sinusoidal endothelial cells in the injured areas.

In conclusion, our results from morphological observa-
tions at various time intervals after DMN treatment suggest
that the infiltrating ED-1 and BrdU-positive round and
large mononuclear cells in the necrotic area may be derived
from the bone marrow. They may proliferate and ultimately
differentiate to SE-1-positive HSEs and regenerate the si-
nusoidal structure, showing vasculogenesis. Furthermore, in

addition to HSEs, macrophages in necrotic areas and eryth-
ropoietic cells in perinecrotic areas may have the same
origin. Because this rat model for submassive complete
necrosis induced by a DMN injection is highly stable and
reproducible, it may be useful in understanding the mecha-
nisms and factors involved in the vasculogenesis of adult
livers.
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