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Short Communication
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After intrahepatic transplantation into livers of adult
syngeneic German-strain Fischer 344 rats that are de-
ficient for the bile canalicular enzyme dipeptidyl pep-

tidase IV (DPP-IV), cultured WB-F344 rat liver epithe-
lial cells (without exogenous marker genes) integrate
into hepatic plates and differentiate into hepatocyte-
like cells that are morphologically and functionally
indistinguishable from mature hepatocytes. In this
model system, the differentiated progeny of trans-
planted WB-F344 cells are identified among the DPP-
IV-negative host hepatocytes by their expression of
bile canalicular DPP-IV enzyme activity. DPP-IV-posi-
tive hepatocyte-like cells also expressed other mark-
ers of hepatocytic differentiation, including albumin,
transferrin, and a-l-antitrypsin, suggesting that the
progeny oftransplanted WB-F344 cells express a com-

plete hepatocyte differentiation program. These re-

sults complement our previous studies indicating WB-
F344 cells can serve as stem-like precursor cells for
differentiated hepatocytes and strengthen the sugges-

tion that WB-F344 rat liver epithelial cells represent
the cultured counterpart of liver stem-like hepatocyte
progenitor cells present in the normal adult rat liver.
(AmJ Pathol 1997, 151:353-359)

Although the existence of a stem-like progenitor cell com-
partment in the adult mammalian liver continues to be

debated, considerable evidence has accumulated that
supports the existence of such a cell type in the adult
rodent liver.1`3 Much of this evidence comes 1) from
studies on the re-establishment of epithelial lineages by
poorly differentiated oval cells that proliferate in various
models of liver pathology4`6 and 2) from studies on the
isolation and culture of clonogenic epithelial cells derived
from adult livers9-11 that express markers of liver cell
differentiation under the appropriate conditions in
vitro12-14 or after transplantation to appropriate sites in
vivo.1516 Our studies have focused on the possibility that
phenotypically simple epithelial cells isolated from the
livers of adult rats represent the cultured counterpart of
hepatocytic progenitor cells.16 We have previously re-
ported the establishment of the diploid WB-F344 rat liver
epithelial cell line from the liver of an adult Fischer 344 rat
under conditions that exclude mature hepatocytes as the
cell of origin.17 Although WB-F344 cells share some phe-
notypic properties with both hepatocytes and biliary ep-
ithelial cells, their overall phenotype differs distinctively
from either of these differentiated cell types.17 16 Insight
into the differentiation potential of these cells emerged
from examination of the histologies of tumors that arose in
syngeneic animals after transplantation of neoplastically
transformed derivatives of WB-F344.18619 These tumors
included well differentiated hepatocellular carcinomas,
adenocarcinomas (biliary and intestinal types), and
hepatoblastomas (containing cartilage and osteoid),20
demonstrating the capacity of these cells to differentiate
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along both hepatic epithelial cell (and other) lineages at
least when transformed. After transplantation of normal
WB-F344 cells into the interscapular fat pads of synge-
neic Fischer 344 rats, small clusters of cells morpholog-
ically resembling hepatocytes were identified,16 suggest-
ing that the transplanted WB-F344 cells could acquire
characteristics of hepatocytes in vivo. However, to dem-
onstrate a precursor-product relationship between trans-
planted cells and differentiated cell types of the liver,
methods had to be established that would allow the de-
finitive identification of the progeny of the transplanted
cells among host cells in the adult liver. In our initial
studies, WB-F344 rat liver epithelial cells were genetically
modified by infection with the CRE BAG2 retrovirus,
which encodes the Escherichia cofi -galactosidase gene
and the Tn5 neomycin resistance gene.21 The resulting
BAG2-WB cells were transplanted into the livers of adult
Fischer 344 rats, and the livers of these rats were exam-
ined for the presence of f-galactosidase-positive cells at
various times after transplantation. In these studies, ,B-ga-
lactosidase-positive hepatocyte-like cells were detected
in the hepatic plates of recipient rats among the host
hepatocytes.15 The size and morphological appearance
of the ,B-galactosidase-positive cells was indistinguish-
able from that of host hepatocytes, and these cells were
observed at all time points examined, up to greater than
1 year after transplantation.16 Subsequent studies dem-
onstrated that the f3-galactosidase-positive hepatocyte-
like cells express functional differentiation typical of
hepatocytes, including expression of albumin, transferrin,
a-i-antitrypsin and tyrosine aminotransferase.16

Although the previous studies provided evidence sug-
gesting that transplanted WB-F344 cells incorporate into
host hepatic plates, morphologically and functionally dif-
ferentiate into hepatocytes, and remain a stable compo-
nent of the hepatic parenchyma over long periods of
time, the use of a retrovirally transfected 3-galactosidase
marker gene poses several potential problems with re-
spect to lineage determination in liver. These potential
problems include the possibility of production of infec-
tious retrovirus by transplanted cells and subsequent
infection of host hepatocytes and the ambiguity of marker
enzyme systems (such as /3-galactosidase) due to en-
dogenous activity in host hepatocytes. These potential
problems were stringently controlled in our previous stud-
ies.15'16 Nonetheless, the present study was undertaken
to examine the fate of transplanted WB-F344 cells in a
transplantation model that did not require previous ge-
netic modification of the cells and that was not hindered
by staining of endogenous hepatocytes in the histochem-
ical detection of transplanted cells. Wild-type WB-F344
cells (without exogenous marker genes) were trans-
planted into the livers of German-strain Fischer 344 rats
that are deficient for dipeptidylpeptidase IV (DPP-IV) en-
zyme activity.22'23 DPP-IV is an ectopeptidase enzyme
that cleaves amino-terminal dipeptides from polypep-
tides for which the penultimate residue is proline.24 It is
expressed in a number of tissues in normal rats, including
liver, where its expression is limited to the bile canalicular
domain of the hepatocytes.25'26 Examination of liver sec-
tions reacted histochemically for DPP-IV enzyme activity

revealed DPP-IV-positive hepatocyte-like cells among the
DPP-IV-negative host hepatocytes at various intervals af-
ter transplantation. Histochemical staining for bile cana-
licular ATPase activity demonstrated the continuity of
bile canaliculi between host hepatocytes and the differ-
entiated progeny of the transplanted WB-F344 cells. Fur-
thermore, immunohistochemical detection of albumin,
transferrin, and a-1-antitrypsin in DPP-IV-positive cells
suggested the expression of a complete hepatocyte dif-
ferentiation program in these cells. These results show
that wild-type diploid WB-F344 rat liver epithelial cells
incorporate into hepatic plates and morphologically and
functionally differentiate after transplantation into the liv-
ers of syngeneic rat hosts. The results from these trans-
plantation studies utilizing the DPP-IV-deficient rat model
strengthens our previous suggestion that WB-F344 rat
liver epithelial cells represent the cultured counterpart of
the liver stem-like hepatocyte progenitor cell present in
the normal adult rat liver.

Materials and Methods

Animals and Cell Lines
German-strain Fischer 344 rats were obtained from a
colony maintained at Brown University. American-strain
Fischer 344 rats were obtained from Charles River Lab-
oratories (Wilmington, DE). The normal diploid nonhepa-
tocytic WB-F344 rat liver epithelial cell line was isolated
from the liver of an adult American-strain Fischer 344 rat
by primary cloning.17 WB-F344 cells were used at pas-
sages 7 to 10 and were routinely cultured in Richter's
improved minimal essential medium with zinc option,
supplemented with insulin (Irvine Scientific, Santa Ana,
CA), as described.27

Cell Transplantation
WB-F344 cells intended for transplantation were har-
vested from cell culture by trypsinization, washed in
Thilly's buffered salt solution to remove traces of serum,
resuspended in Thilly's buffered salt solution (to 5 x 106
cells/0.2 ml), and held on ice until used. Cells in a volume
of 200 Pl (5 x 106 cells) were injected with a tuberculin
syringe directly into the median liver lobe of young adult
German-strain Fischer 344 rats (150 to 200 g) anesthe-
tized lightly with ether. When required, hemostasis was
maintained by the application of Gelfoam sponge to the
site of injection. No loss of cell viability was evident upon
culture of cells after their maintenance on ice during
transplantation procedures (1 to 2 hours). All animal stud-
ies were carried out in accordance with federal and in-
stitutional guidelines put forth by the National Institutes of
Health and the Institutional Animal Care and Use Com-
mittee of the University of North Carolina.

Enzyme Histochemistry
DPP-IV enzyme activity was detected using the histo-
chemical staining reaction described by Lodja,28 as
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modified by M. Dabeva and D. A. Shafritz (personal
communication). Briefly, liver cryosections were fixed in
ice-cold acetone and then air dried. Fixed sections were
washed in ice-cold 95% ethanol and air dried before the
histochemical staining reaction. The DPP-IV enzyme sub-
strate consisted of 0.5 mg/ml Gly-Pro-methoxy-f-naphth-
ylamide (Sigma Chemical Co., St. Louis, MO) and 1
mg/ml Fast Blue BB, in a buffer containing 100 mmol/L
Tris/maleate (pH 6.5) and 100 mmol/L sodium chloride.
Staining was accomplished at 370C for 30 to 60 minutes.
All staining reactions included DPP-IV-positive control
liver sections and DPP-IV-negative control liver sections
to insure the quality of the enzyme substrate and histo-
chemical reaction. Positive and negative control tissues
were obtained from unmanipulated American-strain Fi-
scher 344 rats and German-strain Fischer 344 rats, re-
spectively.

Bile canalicular ATPase was detected using the histo-
chemical staining reaction described by Wachstein and
Meisel.29 Briefly, liver cryosections were incubated for 30
minutes at 370C in a substrate consisting of 0.5 mg/ml
ATP (sodium salt), 100 mmol/L magnesium sulfate, and
2% lead (11) nitrate, in 200 mmol/L Tris/maleate buffer (pH
7.2). ATPase activity was visualized by briefly incubating
sections in a 0.22% solution of ammonium sulfide.

Co-localization of DPP-IV and bile canalicular ATPase
was accomplished by first performing the DPP-IV staining
reaction, washing the reacted tissue sections in phosphate-
buffered saline, and then immediately processing the tissue
for ATPase activity. All tissue sections were counterstained
in 0.1% methyl green and mounted in glycerol.

Immunohistochemistry

Immunohistochemical staining was performed on liver tis-
sue sections after the histochemical detection of DPP-IV
enzyme activity. Antibodies directed against rat albumin
(Cappel/Organon Teknika, Durham, NC), rat transferrin
(Cappel/Organon Teknika), and human a-l-antitrypsin (Sig-
ma Chemical Co.) were used in these studies. Tissue sec-
tions were incubated in a blocking buffer consisting of 10%
bovine serum, 150 mmol/L sodium chloride, and 100
mmol/L sodium phosphate buffer (pH 7.4) before incuba-
tion with primary antibodies and, subsequently, horserad-
ish-peroxidase-conjugated secondary antibodies, diluted in
the same buffer. Color development was accomplished
with diaminobenzidine/NiCI horseradish peroxidase en-
zyme histochemistry substrate (Vector Laboratories, Burlin-
game, CA). Control immunostaining reactions were per-
formed without inclusion of a primary antibody or using
conditioned medium from mouse myeloma cells that do not
produce a specific IgG.

Results

Identification of DPP-IV-Positive Hepatocytes in
Hepatic Plates of DPP-lV-Deficient Rats
Histochemical staining of liver cryosections from DPP-IV-
deficient German-strain Fischer 344 control rats revealed

no DPP-IV-positive bile canaliculi between host hepato-
cytes (Figure 1). Nonetheless, intact bile canaliculi could
be demonstrated in German-strain Fischer 344 rat livers
through histochemical staining for bile canalicular AT-
Pase activity (Figure 1). Liver cryosections from Ameri-
can-strain Fischer 344 control rats showed abundantly
staining DPP-IV-positive bile canaliculi that were also
positive for bile canalicular ATPase activity (Figure 1).

Wild-type WB-F344 cells were transplanted into the
livers of DPP-IV-deficient syngeneic rats to examine the
fate of these cells in a transplantation model that does not
depend upon the use of exogenous marker enzymes.
Cultured WB-F344 cells do not express histochemically
detectable DPP-IV enzyme activity but do express
DPP-IV mRNA that is detectable by reverse transcriptase
polymerase chain reaction (unpublished results). The de-
tection of DPP-IV mRNA transcripts in cultured WB-F344
cells suggested that DPP-IV enzyme activity would be
useful in the detection of transplanted cells. Rats were
sacrificed at various intervals after transplantation of
WB-F344 cells (30 to 60 days), and livers were examined
for the presence of DPP-IV-positive hepatocytes. This
analysis revealed DPP-IV-positive hepatocyte-like cells
among the DPP-IV-negative host hepatocytes in all rats
receiving transplanted WB-F344 cells (Figure 2). In some
cases, individual DPP-IV-positive hepatocytes were iden-
tified, but in many instances, small groups of DPP-IV-
positive cells were observed (Figure 3). The occurrence
of clusters of DPP-IV-positive hepatocytes suggests the
possibility that transplanted WB-F344 cells proliferated
before their differentiation into hepatocyte-like cells within
the host livers. However, we did not directly examine this
possibility in the current study. The DPP-IV-positive hepa-
tocytes in hepatic plates were comparable to adjacent
host hepatocytes in size and morphology and contained
large spherical nuclei (Figures 2 and 3). Close physical
contact between the differentiated progeny of the trans-
planted cells and host hepatocytes was verified through
the co-localization of DPP-IV staining and ATPase stain-
ing in hybrid bile canaliculi (Figure 2). In addition, the
localization of DPP-IV staining to bile canaliculi shows
that the surface membranes of differentiating WB-F344
cells have acquired the polarization characteristic of fully
differentiated hepatocytes.

Expression of Hepatocyte-Specific Proteins in
DPP-lV-Positive Hepatocytes
The functional differentiation of transplanted WB-F344
cells was evaluated by the immunohistochemical detec-
tion of hepatocyte-specific protein expression in DPP-IV-
positive hepatocytes. DPP-IV-positive hepatocytes in he-
patic plates were positive for expression of albumin
(Figure 2), transferrin (not shown), and a-1-antitrypsin
(not shown), consistent with our previous observations
using retrovirally tagged WB-F344 cells.16 Antibodies to
each of these proteins decorated the majority of both
DPP-IV-positive (progeny of transplanted WB-F344 cells)
and DPP-IV-negative (host) hepatocytes. Control immu-
nostaining reactions (minus primary antibody or contain-



356 Coleman et al
AJP August 1997, Vol. 151, No. 2

Figure 1. Expression of bile canalicular ATPase
and DPP-IV enzyme activities in liver cryosec-
tions from American-strain Fischer 344 rats and
German-strain Fischer 344 rats. A and B: Liver
cryosections from German-strain Fischer 344
rats. C and D: Liver cryosections from American-
strain Fischer 344 rats. A and C show histochem-
ical staining for bile canalicular ATPase (brown
staining). B and D show histochemical staining
for DPP-IV enzyme activity (red staining). Mag-
nification, X170 (A and C) and x80 (B and D).

ing nonspecific IgG) did not result in the deposition of
discernible horseradish peroxidase reaction product on
liver sections (not shown). These results confirm our ear-
lier observations that transplanted WB-F344 cells insert
into hepatic plates and morphologically and functionally
differentiate after transplantation into the microenviron-
ment of the hepatic parenchyma.

Discussion
The current study provides direct evidence that WB-F344
cells can integrate into hepatic plates and undergo hepa-
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tocytic differentiation after transplantation into the adult
rat liver in a transplantation model that does not require
previous genetic manipulation of the cells to introduce
marker enzymes. Therefore, this transplantation model
does not suffer from the potential problems associated
with the use of retrovirally transfected marker enzymes in
liver: 1) the potential for production of infectious retrovirus
and subsequent infection of host hepatocytes and 2) the
ambiguity of marker enzymes systems (such as 13-galac-
tosidase) due to endogenous activity in host hepato-
cytes. Nonetheless, the results of the present study using
the DPP-IV-deficient rat model are absolutely consistentb . ... . E ; .
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Figure 2. Co-localization of DPP-IV enzyme activity and bile canalicular ATPase or hepatocyte-specific markers. A: Detection of DPP-IV-positive hepatocytes (red
staining) among host DPP-IV-deficient hepatocytes. B: Co-localization of DPP-IV (red staining) and bile canalicular ATPase (brown staining). C: Albumin
immunostaining of DPP-IV-positive hepatocytes. Magnification, X170 (A and C) and x335 (B and D).



Hepatocytic Differentiation of WB-F344 Cells in Vivo 357
AJP August 1997, Vol. 151, No. 2

, ,tt,~~~. 6e 1S.<

-7

p

Figure 3. Representative liver cryosections from DPP-IV-deficient rats demonstrating DPP-IV-positive differentiated progeny of transplanted WB-F344 rat liver
epithelial stem-like cells. Each panel shows a representative liver section that has been histochemically stained for DPP-IV enzyme activity (red staining) and bile
canalicular ATPase (brown staining). A to C: Liver sections from a rat 30 days after transplantation of WB-F344 cells. D to F: Liver sections from a rat 60 days after
transplantation of cells. Magnification, x80 (A and D), X170 (B and E), and x335 (C and F).

with our previous studies using j3-galactosidase as a
marker enzyme that suggested the ability of WB-F344
cells to give rise to hepatocyte progeny.15'16 After trans-
plantation into the livers of DPP-IV-deficient rats, WB-
F344 cells integrate into hepatic plates among host hepa-
tocytes and undergo hepatocytic differentiation. The
resulting differentiated progeny are morphologically in-
distinguishable from host hepatocytes based upon loca-
tion in the hepatic plates, cell size, and the size and
morphology of their nuclei. Functionally, the progeny of
the transplanted WB-F344 cells express a number of
proteins characteristic of mature hepatocytes, including
albumin, transferrin, and a-1-antitrypsin, in addition to
DPP-IV polarized to the plasma membrane surfaces of
bile canaliculi. Furthermore, the bile canaliculi of hepato-
cyte progeny of WB-F344 cells are connected with the
canaliculi of the host hepatocytes. These results combine
to suggest strongly that, after transplantation into the
livers of adult rats, phenotypically simple undifferentiated
WB-F344 cells can give rise to differentiated progeny that
express a complete hepatocyte differentiation program.

Multiple lines of evidence now support the hypothesis
that WB-F344 rat liver epithelial cells represent the cul-
tured counterpart of the stem-like hepatocyte progenitor
cells of the adult rat liver. However, the observation that
WB-F344 rat liver epithelial cells can differentiate into
hepatocytes after transplantation into the livers of synge-
neic rats may not represent a generalized phenomenon

applicable to all cultured rat liver epithelial cells. Gupta et
al30 have transplanted differentiated hepatocytes and
FNRL rat liver epithelial cells31 into the livers of DPP-IV-
deficient rats. Although the authors routinely detected
transplanted hepatocytes that express DPP-IV activity in
the parenchyma of recipient rats, no DPP-IV-positive cells
were detected in the livers of rats receiving FNRL cells.30
This observation suggests that FNRL rat liver epithelial
cells either did not migrate into hepatic plates or did not
differentiate after their possible incorporation into the he-
patic microenvironment and raises the possibility that not
all propagable rat liver epithelial cell lines possess iden-
tical stem-like characteristics. Several lines of epithelial
cells have been established from the livers of normal
adult rats,3 and comparison of their phenotypic traits
suggests a remarkable degree of correspondence
among them.2 Unfortunately, other than the FNRL line,
WB-F344 cells represent the only one of these several rat
liver epithelial cell lines derived from normal liver that has
been evaluated for its ability to differentiate into hepato-
cytes after transplantation into the adult rat liver. How-
ever, some studies have evaluated the potential for trans-
plantation-induced hepatocytic differentiation of oval
cells isolated from livers in which they have proliferated
after severe liver damage.32 34 Oval cells are phenotyp-
ically simple epithelial cells that may be related to liver
stem-like cells.1-335 In other studies, enriched oval cell
preparations obtained from the pathological livers of ACI/
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Vsp rats that had been maintained on a choline-deficient
diet containing 2-acetylaminofluorene were transplanted
into the remnant livers of partially hepatectomized
LExACI Fl progeny.36 Transplanted cells were identified
by their immunoreactivity with LE anti-ACI antiserum and
their lack of immunoreactivity to ACI anti-LE antiserum.
The progeny of the transplanted oval cells morphologi-
cally resembled hepatocytes, and these hepatocyte-like
cells expressed the hepatocyte-specific antigens recog-
nized by monoclonal antibodies H.2 and HBD.1 and
lacked expression of the oval cell antigen OC.2.36 In
other studies, liver oval cells were isolated from Long-
Evans cinnamon rats37 that exhibit severe liver pathology
related to defective copper storage in hepatocytes.36
After their transplantation into the livers of Nagase anal-
buminemic rats,39 these oval cells differentiate into hepa-
tocytes and initiate production of albumin, resulting in
increased levels of serum albumin in these mutant rats.37
In similar studies, the possibility that pancreatic oval cells
can serve as liver progenitor cells has been investigated
using proliferating pancreatic oval cells that were isolated
from rats maintained on a copper-deficient diet40 and
introduced into the livers of DPP-IV-deficient rats via
transplantation into the spleen.41 After transplantation,
hepatocyte-like cells that express DPP-IV activity were
observed in the livers of recipient animals, suggesting
that oval cells proliferating in response to pancreatic
injury caused by the copper-deficient diet can also serve
as hepatocyte progenitor cells.41 The results from the
current investigation combine with these studies from the
literature to indicate that some lines of simple epithelial
cells isolated from the livers of normal rats (WB-F344) and
some lines of oval cells isolated from pathological liver or
pancreas can give rise to differentiated hepatocyte prog-
eny after their transplantation into the adult rat liver. Col-
lectively, these observations support the idea that oval
cells are related to normal stem-like cells of the liver1-3,38
and the proposal that there may be a common stem-like
progenitor cell for several tissues of the gastrointestinal
tract.42
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