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After liver injury, parenchymal regeneration occurs through hepatocyte replication. How-
ever, during regenerative stress, oval cells (OCs) and small hepatocyte like progenitor cells
(SHPCs) contribute to the process. We systematically studied the intra-hepatic and extra-
hepatic sources of liver cell replacement in the hepatitis B surface antigen (HBsAg-tg) mouse
model of chronic liver injury. Female HBsAg-tg mice received a bone marrow (BM) trans-
plant from male HBsAg-negative mice, and half of these animals received retrorsine to block
indigenous hepatocyte proliferation. Livers were examined 3 and 6 months post-BM trans-
plantation for evidence of BM-derived hepatocytes, OCs, and SHPCs. In animals that did
not receive retrorsine, parenchymal regeneration occurred through hepatocyte replication,
and the BM very rarely contributed to hepatocyte regeneration. In mice receiving retrorsine,
4.8% of hepatocytes were Y chromosome positive at 3 months, but this was frequently
attributable to cell fusion between indigenous hepatocytes and donor BM, and their fre-
quency decreased to 1.6% by 6 months, as florid OC reactions and nodules of SHPCs
developed. By analyzing serial sections and reconstructing a 3-dimensional map, continuous
streams of OCs could be seen that surrounded and entered deep into the nodules of SHPCs,
connecting directly with SHPCs, suggesting a conversion of OCs into SHPCs. In conclusion,
during regenerative stress, the contribution to parenchymal regeneration from the BM is
minor and frequently attributable to cell fusion. OCs and SHPCs are of intrinsic hepatic
origin, and OCs can form SHPC nodules. (HEPATOLOGY 2006;43:316-324.)

After acute liver injury, parenchymal regeneration oc-
curs through hepatocyte proliferation. However,
under conditions of regenerative stress, bipotential

oval cells (OCs) spread from the canals of Hering and can
differentiate into hepatocytes.1 A third potential compart-

ment for liver regeneration is the bone marrow (BM). In
normal mice, 1% to 2% of hepatocytes may be of BM ori-
gin2; however, others have found little or no contribution to
the parenchyma from BM.3 BM transplants have been used
to correct a mouse model of tyrosinemia, a lethal hepatic
enzyme deficiency. However, this occurs through fusion of
BM-derived macrophages with the recipient’s diseased hepa-
tocytes.4 The frequency of cell fusion has not yet been as-
sessed with this unique model. Murine studies show BM–
hepatocyte differentiation without cell fusion, but the
magnitude has been small.5,6

Another potential regenerative cell is the small hepato-
cyte-like progenitor cell (SHPC). SHPCs share some phe-
notypes with hepatocytes, fetal hepatoblasts, and OCs,
but are phenotypically distinct. They express markers
such as albumin, transferrin, and alpha fetoprotein (AFP)
and possess bile canaliculi and store glycogen. If rats are
exposed to retrorsine (a pyrrolizidine alkaloid that is me-
tabolized by the cytochrome P450 enzymes and prevents
hepatocytes completing mitosis) before partial hepatec-
tomy (PH), then liver mass is restored by the emergence
and expansion of SHPCs.7,8 The origin of SHPCs is de-
bated. They may arise from a sub-population of hepato-
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cytes that lack the necessary CYP enzyme for retrorsine
metabolism and therefore escape its mitoinhibitory ef-
fects.8 Evidence for a hepatocyte origin comes from ex-
periments in rats in which mature hepatocytes were
genetically labeled with an integrating transgene before
PH and retrorsine exposure. This resulted in SHPCs con-
taining the transgene replacing the liver parenchyma.9

However, commentators have noted that the labeling
technique may have labeled OCs or biliary epithelial cells,
thereby not fully excluding these cells as a source of
SHPCs.10 Indeed, a subset of SHPCs have been shown to
express OC markers OC.2 and OC.5.7

Here, we wished to study the extrahepatic and intra-
hepatic sources of liver regeneration in a model of a
common chronic liver disease. We assessed the contri-
bution to liver regeneration from extrahepatic (BM)
and intrahepatic stem cells (OCs and SHPCs). In par-
ticular, we investigated the relationship between OCs
and the SHPCs. To ascertain whether BM-derived cells
contribute to liver regeneration, we examined the hep-
atitis B surface antigen (HBsAg) transgenic mouse
model of chronic liver disease after a sex-mismatched
BM transplant. To examine liver regeneration under
“regenerative stress,” we treated the HBsAg mice with
retrorsine to block indigenous hepatocyte replication.
In addition, we explored the intrahepatic formation of
SHPC nodules by cutting serial sections through entire
nodules, performing cytokeratin 8 and 18 immuno-
staining on these sections, digitally recording each im-
age, and reconstructing 3-dimensional maps of
nodules. This enabled the detection of cellular connec-
tions between structures such as the OCs and nodules
of SHPCs that otherwise remain elusive when examin-
ing 2-dimensional figures.

Materials and Methods
Hepatitis B Surface Antigen Transgenic Mouse

All animal work was carried out under procedural
guidelines and with ethical permission from the Home
Office (UK). The HBsAg-tg transgenic mouse model of
hepatitis B with chronic liver damage was used (TgN
[Alb1HBV]44Bri from JAX Labs, Nar Harbor, ME).11

These mice express the HBV BgIII-A fragment under the
control of an albumin promoter, and nearly all of their
hepatocytes are positive for HBsAg. This leads to the phe-
notype of ground glass hepatocytes, hepatocyte necrosis,
and persistent regeneration with a bromodeoxyuridine-
labeling index of 1% to 2%. There is a non-immune
inflammatory hepatitis with the formation of dysplastic
nodules and eventually liver cancer.

Bone Marrow Transplantation/Adoptive Transfer
Twenty-six–week old HBsAg-positive female recipient

mice underwent whole-body gamma irradiation with 10
Gray in a divided dose 3 hours apart to ablate their BM
followed immediately by a tail vein injection with whole
male BM [1 � 106 cells in 200 �L phosphate-buffered
saline (PBS)] from C57Black/J6 donor mice. BM was
flushed from the femurs of the male donors with PBS,
filtered through a 70-�m tube filter, and centrifuged at
400g for 5 minutes, then filtered and centrifuged as before
then re-suspended in PBS for injection.

Retrorsine Treatment to Block Hepatocyte
Regeneration

Retrorsine is a pyrrolizidine alkaloid metabolized by
the cytochrome P450 mixed-function oxidases, which
causes a long-lasting inhibition of resident hepatocyte
proliferation.12 Six weeks after BM transplantation, half
of the animals were given 2 retrorsine injections 2 weeks
apart. A dose of 70 mg/kg body weight was injected in-
traperitoneally. Retrorsine (Sigma-Aldrich, Poole, UK)
was added to demineralized water, the pH adjusted to 2.0
to 2.5 to allow dissolution, neutralized to pH 7.2 with 1
mol/L NaOH, and NaCl was added to obtain a final
concentration of 150 mmol/L. Animals were sacrificed at
3 and 6 months after BM transplant, and their livers were
analyzed.

Immunohistochemical Analysis and Y Chromosome
Detection

To identify the origin of cells in the liver, immunohis-
tochemistry was combined with in situ hybridization
(ISH) for the Y chromosome.

Immunohistochemistry
To identify hepatocytes in mouse liver sections, we

immunostained for several hepatocyte markers: CK 8/18,
albumin, CYP1A2 and alpha-fetoprotein, along with 2
markers of cell proliferation, Ki-67 (MIB-5) and MCM-2
and for CD45 (leukocyte common antigen). To identify
indigenous hepatocytes, we immunostained for HBsAg.
Four-�m-thick formalin-fixed paraffin wax–embedded
sections were incubated with hydrogen peroxide (2.4 mL
30%) in methanol (400 mL) to block endogenous peroxi-
dases. Antigen retrieval was performed by microwaving in
sodium citrate or by trypsinization. Liver sections were
treated with an avidin/biotin kit (DAKO, Cam-
bridgeshire, UK; X0590), blocked in serum (either nor-
mal swine, goat, or rabbit serum diluted 1/25 in PBS;
DAKO; catalogue nos. X0901, X0907, X0902) for 15
minutes, and then incubated in the primary antibody at
an appropriate dilution for 35 minutes (see Table 1 for
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details). A biotinylated secondary antibody (see Table 1)
was then applied for 35 minutes. If the sections were
carried through for ISH, then a tertiary layer of streptavi-
din-alkaline phosphatase (DAKO; D0396) diluted to
1/50 in PBS was applied for 35 minutes followed by PBS
washes and development with Vector Red (Vector Labo-
ratories, Peterborough, UK; SK5100). Alternatively, a
layer of streptavidin-horseradish peroxidase (DAKO;
P0397) diluted to 1/500 in PBS for 35 minutes was ap-
plied, followed by PBS washes and a 2-minute incubation
in 3,3�-diaminobenzidine (0.005 g in 10 mL PBS). Sec-
tions were washed in PBS before the ISH protocol.

In Situ Hybridization
Sections were incubated in 1 mol/L sodium thiocya-

nate for 10 minutes at 80°C, washed in PBS, then di-
gested in pepsin (0.4% w/v) in 0.1 mol/L HCl at 37°C for
5 to 10 minutes. The protease was quenched in glycine
(0.2% v/w) in 2� PBS, post-fixed in paraformaldehyde
(4% w/v) in PBS, dehydrated through graded alcohols
then air-dried. A fluorescein isothiocyanate (FITC)-la-
beled Y-chromosome paint (Star-FISH, Cambio, Cam-
bridge, UK, Cat. No. 1189-YMF-01) was added to the
sections, sealed under glass with rubber cement, heated to
80°C for 10 minutes, and then incubated overnight at
37°C. The slides were washed in formamide (50%
w/v)/2� saline sodium citrate (SSC) at 37°C, then
washed with 2� SSC, then washed with 4� SSC/
Tween-20 (0.05% w/v) at 37°C. The slides were rinsed in
0.5� SSC at 37°C, then PBS before mounting in DAPI/
Citifluor (Citifluor Ltd, London, UK), except for the sec-
tions that were double immunostained with the cy5-
labeled antibody; in these the DAPI was omitted.

Microscopy and Image Capture
For light microscopy, a Nikon (Tokyo, Japan) Eclipse

E600 microscope was used with a DXM 1200F digital
camera. For fluorescent microscopy, slides were visualized
using a Zeiss (Oberkochen, Germany) Axioplan 2 fluo-

rescence microscope equipped with a triple-bandpass fil-
ter. Grayscale images were collected with a cooled charge-
coupled device camera (Quantix Corp., New York, NY)
and analyzed using Mastercapture software. For confocal
microscopy, a Zeiss Axiovert 200 M microscope equipped
with a triple bandpass filter was used; images were col-
lected with CCD camera (Hall 100), analyzed with Zeiss
LSM Image Browser software. Image processing used
Adobe (San Jose, CA) Photoshop software.

Cell Counting
For cell counting in tissue processed for direct ISH, 20

consecutive frames (�40 objective) per slide (per animal)
were digitally photographed under fluorescence micros-
copy, and then quantified from the digital images. The
criteria for identification of a hepatocyte was a circular
nuclear profile with a circumferential coating of cytoker-
atin 8/18 positive cytoplasm. In all tissue analysis, a male
control liver and a female control liver were used. In ad-
dition, when quantifying cells, a calculated adjustment
was made because in the male controls the Y chromosome
could not be detected in all hepatocytes. In age-matched
male controls, the number of hepatocytes containing the
Y chromosome was 90%, and so the observed counts were
divided by 0.9 to give actual numbers of bone marrow–
derived cells. Results presented below are the corrected
counts.

Three-Dimensional Modeling
Using software that allows interactive visualization,

measurements, and segmentation, a 3-dimensional model
was constructed to study the nodules of SHPCs that de-
veloped in the retrorsine-treated HBsAg transgenic mice.
One hundred serial sections of a retrorsine-treated liver
were cut and placed on slides. Immunohistochemistry for
CK 8 and 18 was used to detect OCs, biliary epithelial
cells, and hepatocytes in and surrounding the nodule.
One nodule was serially photographed through 100 sec-
tions at a resolution of 300 pixels/inch. Images were ma-

Table 1. Details of Antibodies Used

Primary Antibody Dilution Secondary Antibody Dilution Manufacturer

CK 8/18 (rat polyclonal) Neat Rabbit anti-rat 1/100 Made in house at Cancer Research UK
HBsAg(goat polyclonal) 1/1000 Rabbit anti-goat 1/100 DAKO, Cambridgeshire, UK B0560
CD45 (rat polyclonal) 1/10 Rabbit anti-rat 1/100 BD Pharmingen, San Diego, CA
Albumin (rabbit polyclonal) 1/800 Swine anti-rabbit 1/500 DAKO, Cambs. UK A0001
CYP 1A2 (rabbit polyclonal) 1/200 Swine anti-rabbit 1/500 Gift from Dr. Robert Edwards, Imperial College,

Hammersmith Campus, London, UK
Alpha-fetoprotein (goat polyclonal) 1/25 Rabbit anti-goat 1/100 Santa Cruz Biotechnology, Santa Cruz, CA,

USA SC8108
Ki-67/MIB 5 (rabbit polyclonal) 1/200 Swine anti-rabbit 1/500 Novocastra, Newcastle, UK NCL-Ki67p
MCM 2 (mouse monoclonal) Neat Rabbit anti-mouse 1/300 Gift from Dr. Steven Dilworth, Imperial College,

Hammersmith Campus, London, UK
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nipulated by tracing bile ducts (green), portal veins (blue),
central veins (turquoise), and OCs (pink) to study the
relationship between these structures. The traced digital
images were finely registered (aligned relative to each
other) using freely available automated histological tissue
section image registration software (Autoreg).13 The 3-di-
mensional models were generated as fully manipulatable
semi-transparent VRML (virtual reality modeling lan-
guage) models using freely available 3D rendering sofware
(FATCAM).13 Using these models, one can make out the
spatial relationship of these structures, (i.e., OCs, bile
ducts, portal veins) to the nodule.

Results
HBsAg-tg Model of Liver Damage in the Absence of
Retrorsine

In the absence of retrorsine, a low-level hepatocyte re-
generation occurred through indigenous hepatocyte rep-
lication. No OC reactions or nodules of SHPCs were
identified, and by using ISH for the Y chromosome to
detect cells of donor origin, we found that BM cells very
rarely contribute to hepatocytes. Only 0.37% (range, 0.2-
0.4; n � 5) of CK8/18 positive hepatocytes were Y chro-
mosome positive at 3 months after the BM transplant,
and 0.33% (range, 0.0%-0.5%, n � 5) at 6 months.

HBsAg-tg Model of Liver Damage Treated With
Retrorsine

BM-Derived Liver Cells. Male and female control
livers were used to confirm detection of the Y-chromo-
some using ISH (Fig. 1A-B). Many of the Y chromo-
some–positive cells in the recipient female mice were
CD45 immunopositive, but many were not, suggesting
non-hematopoietic differentiation (Fig. 1C). In the
3-month retrorsine-treated group, 4.7% (range, 1.3%-
6.3%, n � 5) of CK 8/18-positive hepatocytes were Y
chromosome positive (Fig. 1D and Table 2). At 6 months
however, the number of Y-chromosome–positive hepato-
cytes dropped to 1.6% (range, 0%-3.4%, n � 5).

When the ISH protocol was combined with immuno-
staining for HBsAg, we found the percentage of HBsAg-
positive and Y-positive hepatocytes was 2.59% (range,
2.0%-2.6%, n � 5) in the 3-month retrorsine-treated
animals (Fig. 1E) and 0.63% (range, 0%-1.1%, n � 5) in
the 6-month retrorsine-treated animals. By contrast, there
was only 0.48% (range, 0.3%-0.6%, n � 5) and 0.52%
(range, 0.4%-0.5%, n � 5) of HBsAg- and Y-positive
hepatocytes in the 3-month and 6-month control groups,
respectively (Table 2). Because the male BM was from
mice that were not transgenic for HBsAg, hepatocytes
arising through transdifferentiation should be HBsAg-
negative and Y chromosome–positive. These findings

Fig. 1. Photomicrographs illustrating (A) female and (B) male control
mouse livers demonstrating that the FITC-labeled Y-chromosome probe
(fluorescent green) does not label female (XX) cells but labels male (XY)
cells in the nucleus. (C-F) Parenchymal regions in female HBsAg-tg mice
that received lethal irradiation at 6 weeks of age (10 Gray in divided
doses) followed by BM transplant with 1 � 106 male BM cells. Six weeks
after the BM transplantation, retrorsine (70 mg/kg body weight intra-
peritoneally) was injected on 2 occasions 2 weeks apart. Animals were
killed at 3 or 6 months after BM transplantation. In images C-F, animals
were killed at 3 months after BM transplantation. (C) In the liver, frequent
Y-positive cells (fluorescent green signals) are CD45 positive (asterisk),
but others are CD45 negative (arrow), suggesting non-hematopoietic
differentiation. (D) Occasional CK8/18-positive (red) hepatocytes are
Y-chromosome positive (arrows). (E) Confocal image of a 10-�m-thick
section demonstrating that some of the HBsAg-positive hepatocytes (red)
were Y chromosome positive (fluorescent green dot, arrow), suggesting
possible cell fusion. (F) Confocal image of a 10-�m-thick section with
triple labeling: HBsAg (blue), CK 8/18 (red) combined with FISH for Y
detection (fluorescent green dot). Binucleate Y-chromosome–positive
cells can be seen that are both CK 8/18 and HBsAg positive, suggestive
of fusion between male BM cells and indigenous HBsAg-positive hepa-
tocytes (arrows). (G) At 6 months after BM transplantation, cords of
highly CK 8/18–immunopositive oval cells (OC) are evident that are
largely Y chromosome negative. The few Y-chromosome–positive cells
seen are adjacent to OCs but are not convincingly CK positive. (H) A
nodule (n) of SHPCs at 6 months after BM transplantation, distinguished
by small, round, uniformly sized nuclei. The SHPCs in the nodule are Y
chromosome negative, with a few non-parenchymal Y-positive cells seen
in the sinusoids. The nodules are always adjacent to an OC reaction.
FITC, fluorescein isothiocyanate; HBsAg, hepatitis B surface antigen; BM,
bone marrow.

HEPATOLOGY, Vol. 43, No. 2, 2006 VIG ET AL. 319



suggest that approximately half of the Y chromosome–
positive cells are a result of cell fusion, where the indige-
nous female HBsAg-positive cell fuses with the male
HBsAg-negative cell, hence the Y-positive, HBsAg-posi-
tive phenotype. To further understand and confirm this
phenomenon, double immunohistochemical staining for
HBsAg and CK 8/18 was combined with ISH. If the cell
is HBsAg positive, it is originating from the resident liver,
and if it is also cytokeratin (CK) positive, it is an HBsAg-
positive hepatocyte. Moreover, if the same cell is marked
with a Y-chromosome, this would demonstrate that cell
fusion is occurring with hepatocytes. Sections were ob-
served using confocal microscopy to give 3-dimensional
images of thicker tissue sections. Results were consistent
with cell fusion in some cells showing this triple staining
(Fig. 1F).

Oval Cells. Three months after the BM transplanta-
tion, we could not identify any areas of OC activation;
however, by 6 months OCs were abundant. We analyzed
these areas for evidence of engraftment from the BM.
Although frequent Y chromosome signals were seen close
to areas of OC activation, none of the OCs were convinc-
ingly Y chromosome positive (Fig. 1G). However, these
OC reactions were almost always directly abutting nod-
ules of SHPCs that were also Y-chromosome negative
(Fig. 1H). Because both the nodules and the OCs are Y
chromosome negative, it is obvious that these SHPCs are
not derived from the BM.

Nodules of SHPCs. With the emergence of the nod-
ules at the 6-month point, the percentage of BM engraft-
ment decreased. Fewer “BM-derived” hepatocytes were
seen at 6 months than at 3 months, and the morphology
of the liver was very different from that of the 3-month
livers. At 6 months, there were large hepatocytes (mega-
locytes) surrounding frequent nodules of SHPCs (Fig.
2A-B). Nodules were largely CK 8,18 negative (Fig. 2C).
Some of these nodules expressed HBsAg (Fig. 2D),
whereas others were HBsAg negative (not shown). Immu-
nohistochemistry for CK 8/18 combined with ISH
showed that these SHPCs within the nodules were Y-
chromosome negative, that is, they were not BM derived.
The cells within the nodules were found to have charac-
teristics of both mature hepatocytes and fetal hepato-

blasts. They were albumin positive (Fig. 2E), AFP positive
(Fig. 2F), but negative for CYP1A2 (Fig. 2G). The lack of
CYP expression suggests that these cells may be arising
from hepatocytes that lack the appropriate P450 enzymes
to metabolize retrorsine and thus may escape its mitoin-
hibitory effects, resulting in proliferation of these cells.
These SHPCs were previously described in retrorsine-
treated rats that had been partially hepatectomized.8

Whether these cells have malignant potential over time is
not clear, but characterization of proliferation showed
that 12.0% (range, 9.8%-15.0%, n � 4 as one was not
evaluable) of SHPCs were Ki-67 positive (Fig. 2H) com-
pared with 0.2% of hepatocytes without the nodules. The
mitotic index was found to be 1.6% (range, 1.0%-2.1%,
n � 4). Immunohistochemical staining for MCM-2 re-
vealed 14.8% (range, 9.0%-17.0%, n � 4) of SHPCs
within nodules were positive (Fig. 2I) compared with
0.7% of hepatocytes without the nodules (Table 3). The
similarity between the 2 labeling indices suggests that
these SHPCs are not dysplastic at this time.

Relationship of Oval Cells to SHPCs. One can see
in Fig. 3A that the OCs within the nodule are frequently
adjacent to SHPCs that are weakly cytokeratin 8/18 pos-
itive; however, in 2-dimensional images one cannot ascer-
tain the 3-dimensional structure and cell relationships.
To accurately determine the relationship between OCs
and nodules of SHPCs, a 3-dimensional model was re-
constructed from serial sections that were stained with
CK 8/18 (Figs. 3, 4). This showed that streams of OCs
were invariably surrounding the nodule and frequent
lines of OCs penetrated the nodule at multiple sites (Fig.
3). Within a single nodule, multiple lines of OCs pene-
trate the nodules, directly connecting the portal tracts
with “buds” of SHPCs. As lines of OCs are followed from
the portal tract into the nodule, they connect directly with
CK 8/18–positive SHPCs and intermingle with the CK
8/18–negative SHPCs (Fig. 4).

Discussion
We have investigated the contribution of extrahepatic

and intrahepatic cells to liver regeneration after chronic
liver injury both with and without retrorsine. We found

Table 2. Properties of Y-Chromosome–Positive Hepatocytes

Treatment Group CK 8/18 � Y� Hepatocytes (%) HBsAg� Y� Hepatocytes (%)

3 months post BM transplantation no retrorsine 0.37 (range, 0.2-0.4)a 0.48 (range, 0.3-0.6)
3 months post BM transplantation with retrorsine 4.74 (range, 1.3-6.3)a,b 2.59 (range, 2.0-2.6)
6 months post BM transplantation no retrorsine 0.33 (range, 0.0-0.5) 0.52 (range, 0.4-0.5 )
6 months post BM transplantation with retrorsine 1.58 (range, 0-3.4)b 0.63 (range, 0-1.1)

aP � .05 between the 3-month control group and the 3-month retrorsine-treated group
bP � .05 between the 3-month retrorsine-treated group and the 6-month retrorsine-treated group.
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that the contribution to liver regeneration from BM-de-
rived cells was small, even when hepatocyte regeneration
was inhibited by retrorsine, with only 4.7% of hepato-
cytes being Y chromosome positive at 3 months after BM
transplantation. Furthermore, these cells had no selective
advantage, as the level of BM-derived cells actually
dropped to 1.6% at 6 months. Approximately half of the
Y-positive hepatocytes were also positive for HBsAg, in-
dicating fusion of the donor BM–derived cells with recip-
ient hepatocytes. This decrease in the percentage of BM-
derived hepatocytes may reflect the fact that the fusion
cells are still abnormal and that regeneration is now pro-
vided by the OCs and SHPCs. This is broadly consistent
with other rodent models of liver injury, and studies of
human liver allografts that have not found evidence of
large-scale BM-hepatocyte differentiation.14 The initial

increase in BM cell engraftment (0.37% vs. 4.7%), after
retrorsine was presumably because the retrorsine inhib-
ited replication of indigenous hepatocytes but not BM-
derived hepatocytes that developed after retrorsine
exposure. The BM stem cell chemokine SDF-1 may have
a role in this effect; in rats given carbon tetrachloride,
SDF-1 is upregulated only when animals are additionally
exposed to 2-acetylaminofluorine to block hepatocyte
replication.15

In the absence of retrorsine, parenchymal replacement
occurs through hepatocyte replication as evidenced by the
lack of an OC reaction or development of nodules of
SHPCs. Mice that had been exposed to retrorsine for 6
months had a widespread OC reaction coincident with
the appearance of numerous nodules of SHPCs. These
SHPCs are immunopositive for albumin and AFP, had

Fig. 2. Photomicrographs illustrating liver pathology at 6 months after BM transplantation. (A, B) Hematoxylin-eosin–stained sections. (A) Typical
large hepatocytes/megalocytes (red arrow) with intermingled OCs (white arrows), (B) a nodule (n) of SHPCs surrounded by megalocytes. (C-I)
Immunohistochemistry demonstrated that SHPCs were: (C) weakly CK 8/18 positive (brown), (D) often HBsAg-positive, (E) albumin positive, (F) AFP
positive, (G) cytochrome P450 (CYP 1A2) negative, (H) containing Ki-67–positive cells (note the presence of the labeled SHPC in telophase, arrows),
and (I) MCM-2–positive cells. BM, bone marrow; SHPC, small hepatocyte-like progenitor cells; OC, oval cell; HBsAg, hepatitis B surface antigen; AFP,
alpha-fetoprotein.

Table 3. Proliferation Inside and Outside the Nodules of SHPCs at 6 Months Post BMT: Ki-67 and MCM-2

N � 4 Ki-67–Positive Hepatocytes (%) Mitotic Index (%) MCM-2–Positive Hepatocytes (%)

Within nodules of SHPCs 12.0% (range, 9.8-15.0) 1.6% (range, 1.0-2.1) 14.8% (range, 9.0-17.0)
Outside nodules of SHPCs 0.2% (range, 0.0-0.3) 0.0 0.7% (range, 0.4-0.9)
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weak or absent CK8/18 expression, and were negative for
CYP1A2. The lack of mixed-function oxidases may ex-
plain why, in the presence of retrorsine, such nodules
expand and repopulate the liver. The nodules were pro-
liferating with high labeling indices for cell cycle markers
Ki-67 and MCM-2 compared with the replicative senes-
cent hepatocytes without the nodule.

The potential lineage relationship between OCs,
SHPCs, and hepatocytes has been unclear. SHPCs have
been suggested to arise from a pre-existing retrorsine-re-
sistant hepatocyte population lacking the appropriate cy-
tochrome P450 enzymes. To address whether mature
hepatocytes could give rise to SHPCs, Avril et al.9 genet-
ically labeled rat hepatocytes in vivo using a retrovirus
harboring the �-galactosidase gene after enabling injec-
tions of the mitogen cyproterone acetate. They observed
that 4% of hepatocytes were labeled, seemingly at ran-
dom, and then followed the fate of these cells after retrors-
ine/partial hepatectomy. SHPCs occurred in clusters, and
4.6% of these clusters expressed �-galactosidase. Not un-
reasonably, the authors suggested that SHPCs arose at
random from amongst all hepatocytes; moreover, �-ga-
lactosidase was expressed by all cells in positive clusters
indicative of their clonal origin. However, biliary epithe-
lial cells may have been labeled with the marker gene,
thereby producing �-galactosidase–positive SHPC clus-
ters from an OC response.10 Furthermore, in a retrors-
ine-PH study in rats, expression of OC markers OC.2 and
OC.5 was seen in a subset of SHPCs at 5 days post-PH
but not at later times.7 This transient expression of OC

Fig. 3. Photomicrograph illustrating (A) an example of the nodule
selected for 3-dimensional reconstruction. The nodule boundaries are
visible by the CK staining that surrounds the nodule. Cytokeratin-dense
OCs can be seen surrounding and within the nodule. (B) Construction of
a 3-dimensional image with special attention to the relationship of OCs
to the nodules of SHPCs. Bile ducts (BD) are traced in green, OCs are
numerous around the nodule (OC), and are marked with pink dots, portal
veins (PV) are traced in blue, and the central vein (CV) is traced in
turquoise. The registration of the serial sections was then conducted to
ensure that the images were aligned with one another to construct the
3-dimensional model. (C) A tracing without the original immunostained
image for fine registration purposes, showing the spatial orientation of
the structures. (D) A composite 3-dimensional model showing each
structure (PV, BD, CV), with OCs originating from bile ducts surrounding
and penetrating the region of the nodule. CK, cytokeratin; OC, oval cell;
SHPC, small hepatocyte-like progenitor cells.

Fig. 4. Images A-F illustrates the 3-dimensional model of the nodule constructed from 100 serial sections with all tracings and original
immunostained images compiled. This model is a fully manipulatable semi-transparent VRML model using the freely available 3-dimensional
rendering software called FATCAM. Images A-F are being rotated to the right, showing the OCs (pink) feeding into the nodule of SHPCs from all angles
shown, often terminating in CK 8/18–positive areas (darker brown areas). (G) An enlarged image demonstrating OCs penetrating the nodule and
connecting directly with CK-positive areas (connections are indicated by an *), suggesting that SHPCs may originate from OCs. VRML, virtual reality
modeling language; OC, oval cell; SHPC, small hepatocyte-like progenitor cells; CK, cytokeratin.
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markers in SHPCs may reflect a lineage relationship of
SHPCs with OCs; however, no morphological evidence
for this was seen.

The 3-dimensional model constructed in this experi-
ment shows the spatial relationship of OCs to SHPCs.
Each nodule is surrounded by a prominent OC reaction.
Lines of OCs penetrate the nodules directly connecting
the biliary epithelia with CK 8/18–positive hepatocytes
and SHPCs and some CK 8/18–negative SHPCs within
the nodule. Where OCs abut SHPCs that are weakly
CK8/18 positive, then an OC origin would seem likely.
The significance of the low or absent CK 8/18 expression
in the SHPCs is unclear; however, even the large hepato-
cytes without the nodules expressed CK 8/18 only weakly
compared with the OCs.

Studies in mice and humans indicate that OCs also
may give rise to liver tumors,16,17 and OCs (hepatic pro-
genitor cells) commonly surround and penetrate human
liver tumors,18-20 including those caused by hepatitis B.21

Therefore, SHPCs could be part of a foci-nodule-carci-
noma sequence of hepatocarcinogenesis.22,23 However, in
our studies, the similarity between the Ki-67 and MCM-2
labeling indices indicates the nodules are not dysplastic at
the time studied. In non-dysplastic conditions, MCM-2
labeling numerically matches the Ki-67 labeling index,
unlike dysplasia, in which MCM labeling far exceeds that
of Ki-67.24,25 This mouse strain typically develops hepa-
tocellular cancer after 1 year, and analysis of later time
points may clarify this. As noted in other studies of the
HBsAg transgenic mouse, some of the SHPC nodules did
not express HBsAg.26 Sell26 had preliminary evidence that
cells in these foci had lost the HBsAg transgene; indeed,
these HBsAg-negative foci were albumin-positive, indi-
cating that lack of the appropriate promoter was not the
reason for transgene silencing.

Several notable differences occur between a typical OC
reaction and the SHPC response. In rats, OCs arise from
the smallest branches of the intrahepatic biliary tree, mi-
grate centrifugally in lines from the portal areas, and cells
intermediate between OCs and hepatocytes are seen dur-
ing the differentiation process. Conversely, rat SHPCs
already most closely resemble hepatocytes as early as 5
days after PH in retrorsine-treated animals7 and can form
round nodules in the hepatic lobules that eventually coa-
lesce to establish a regenerated liver indistinguishable
from one generated by mature hepatocyte regeneration.
Unlike the current study, SHPCs in the rat retrorsine/PH
model do not seem to be physically linked with OCs.7

In conclusion, this study has shown minimal BM en-
graftment and hepatocyte transdifferentiation in a murine
model of chronic liver injury. OCs and SHPCs were de-
rived from within the liver and not from the BM. Using

3-dimensinoal image analysis of nodules, we have found
that OC reactions invariably surround nodules of SHPCs
and at multiple levels penetrate the nodules. These lines of
intensely CK 8/18-positive OCs directly connect the por-
tal tracts with the CK-positive SHPCs within the nodules.
These weakly CK-positive SHPCs therefore appear to be
of OC origin, and they intermingle with CK 8/18–neg-
ative SHPCs. Whether these CK-negative cells are of OC
origin cannot be proved in this study. We therefore pro-
pose that nodules of SHPCs are at least in part of OC
origin after chronic liver damage, a proposal that could be
tested in future studies using the specific genetic labeling
of OCs.
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