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Administration of 2-acetylaminofluorene (2-AAF)
given before a two-thirds partial hepatectomy (PHx),
results in suppression of hepatocyte proliferation and
stimulation of oval cell proliferation. Our objective in
this study was to examine the oval cell response and
associated a-fetoprotein (AFP) gene expression by
combining 2-AAF with selective hepatic damage
caused by either carbon tetrachloride (CCL)) exposure
or by PHx. We also examined oval cell response with
the above two protocols (2-AAF/CCL, and 2-AAF/PHX)
as affected by previous bile ductular damage caused
by 4,4'-methylene dianiline (4,4'-diaminodiphenyl-
methane, DAPM) exposure. DAPM is an aromatic dia-
mine, known to cause bile ductular damage in both
humans and animals. Using the protocols of 2-AAF/
CCl, and 2-AAF/PHx, when DAPM was given 24 hours
before the hepatic injury, no oval cell proliferation
was seen (histological) and AFP expression was not
detected by Northern blot analysis. These results pro-
vide direct evidence that oval cells are closely associ-
ated with the biliary epithelial cells and supports the
theory that hepatic oval cells may originate from cells
derived from either intraportal or periportal ductules.
(Am J Patbol 1997, 151:905-909)

The origin of precursors of oval cells in the adult liver of
humans and animals has been the subject of controversy
over the past several decades. Activation of the hepatic
stem cell compartment is histologically detectable only
when hepatocyte proliferation is suppressed or delayed.
2-Acetylaminofluorene (2-AAF) given before two-thirds
partial hepatectomy (PHXx) results in suppression of he-
patocyte proliferation, thus allowing for sustained prolif-
eration of oval cells." Oval cells arise in the periportal
region of the liver. Morphologically, these oval cells are
small in size (approximately 10 um) and have a large

nucleus to cytoplasmic ratio, with an oval-shaped nu-\\

cleus (hence their name).2 They have similarities to bile
ductular cells with distinct isoenzyme profiles, expressing
certain keratin markers (eg, CK-19) and +y-glutamyl
transpeptidase (GGT) and expressing hepatic markers
such as a-fetoprotein (AFP).>7 Monoclonal antibodies
exist, such as OV6, OC2, and BD1, which also aid in their
characterization.®® Oval cells also express high levels of
certain mRNAs such as AFP and stem cell factor.®

Several previous studies have documented the emer-
gence of oval cells after chemical injury, such as with
ethionine' and, more recently, with galactosamine.'2 3
The injury caused by the above chemicals is diffuse
throughout the entire lobule, as is the regenerative re-
sponse induced by PHx. Other chemicals, however, such
as CCl,, are associated with induction of histological
damage that is limited to a specific lobular zone. We
performed the studies mentioned in this report to exam-
ine the relationship between oval cells and biliary epithe-
lium. Previous studies have also described the pheno-
typic and histochemical similarities between oval cells
and biliary epithelium and have provided strong indirect
evidence for the relationship between the oval cells and
the epithelium of small intraportal ducts or canals of
Herring.” On the other hand, oval cells also express
histochemical markers associated with hepatocytes,
such as AFP,%° and expression of hepatitis B surface
antigen.’® To directly examine the relationship between
bile ductular epithelium and the origin of the oval cells,
we used the toxin 4,4’-methylene dianiline (4,4'-diamin-
odiphenylmethane, DAPM). This toxin is known to induce
selective damage limited to the destruction of the biliary
epithelium™ by mechanisms not yet fully understood
(see Discussion). We treated rats with DAPM before in-
duction of oval cell proliferation to investigate the effect of
destruction of biliary epithelial cells associated with portal
and extraportal (canal of Herring) structures in the gen-
esis of oval cells.
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Materials and Methods

CCl,, 99% pure HPLC grade, DAPM, and 2-AAF were
purchased from Aldrich Chemical Co. (St. Louis, MO).
2-AAF crystals were inserted into time-released pellets
(70 mg/pellet over a 28-day release (2.5 mg/day); Inno-
vative Research, Toledo, OH). Fischer male 344 rats were
obtained from Fredricks Laboratories (Frederick, MD).
X-ray film was obtained from Eastman Kodak Co. (Roch-
ester, NY). GeneScreen Plus nylon membrane was pur-
chased from NEN Research Products (Boston, MA). Mi-
croscope Superfrost Plus slides, buffered Formalin-
Fresh, and dextran sulfate were obtained from Fisher
Scientific (Pittsburgh, PA). Qiagen Maxi-Prep plasmid pu-
rifying kit, and QiagenGel extraction kit were bought from
Qiagen (Chatsworth, CA). RNAzol B was purchased from
Cinna-Biotecx Laboratories (Houston, TX). [32P]dCTP
and Multiprime labeling kit were obtained from Amer-
sham (Arlington Heights, IL). Agarose Ultrapure and all
restriction enzymes were purchased from Gibco/BRL
(Gaithersburg, MD). Hematoxylin was purchased from
Anatech (Battle Creek, MI). Eosin and all other chemicals
used were obtained from Sigma Chemical Co. (St. Louis,
MO). Rat AFP cDNA probe was obtained from the labo-
ratory of Dr. Joseph Locker (University of Pittsburgh).

Administration of Chemicals

A LDg, of CCl,, was administered on the basis of the LD,
dose as determined by Lewis.'® A single CCl, dose of 1.9
mi/kg (1500 mg/kg) of body weight in a 1:1 v/v dilution in
corn oil was administered by intraperitoneal injection. In
the case of DAPM, the dose administered was on the
basis of the LD5, dose as determined by Lewis.'®* DAPM
was dissolved in 100% ethanol and then diluted to 50
mg/ml in 35% ethanol with distilled water as described by
Kanz et al.’® Animals were given DAPM via intraperito-
neal injection. The total dose of DAPM used for this study
was 50 mg/kg, approximately one-fourth of an actual
LDg, dose.

Animal Euthanasia

All procedures regarding animals were conducted ac-
cording to institutionally approved protocols. Rats were
anesthetized by injection with sodium pentobarbital (0.1
mi/100 g body weight) before being sacrificed.

Northern Analysis of Total RNA

Total RNA was extracted from 0.25 g of liver tissue per
time point using 10.0 ml of RNAzol B according to the
manufacturer’s guidelines. RNA concentration and purity
was determined by routine spectrophotometry. Twenty
micrograms of total RNA for each sample was electro-
phoresed in a 1% agarose/formaldehyde denaturing gel.
Once adequate separation of the 28 S and 18 S bands
was obtained, the RNA was transferred to a synthetic
membrane GeneScreen Plus via capillary action over-
night. After cross-linking membranes using a Stratagene

Cross-Linker (La Jolla, CA), membranes were hybridized
overnight using a specific rat AFP cDNA probe.'” The
glyceraldehyde phosphate dehydrogenase cDNA probe
was produced in our laboratory and was used for loading
quantification purposes. The cDNA probes were labeled
with [e-*3P]dCTP using an Amersham random primer
labeling kit. The membranes were washed under high-
stringency conditions and then exposed to x-ray film and
kept at —80°C until developed (2 to 12 hours).

Immunohistochemistry

Tissue obtained was fixed in 10% buffered formalin for at
least 24 hours before being processed into paraffin. All
staining procedures for light microscopy of paraffin-em-
bedded tissue were carried out on 4-um-thick sections.
Routine histological examinations were performed on all
liver tissue samples on sections stained with hematoxylin
and eosin.

Protocols for Stimulation of Proliferation of Oval
Cells

2-AAF pellets (70 mg/28-day release, 2.5 mg/day) as
previously described by Hixson et al'® and Novikoff et
al'® were inserted 7 days before hepatic injury following
a similar protocol described by Evarts et al.’ The time
points obtained were counted from when the hepatic
injury (CCl, or PHx) was induced. For the PHXx, rats were
hepatectomized under anesthesia according to the meth-
ods described by Higgins and Anderson.'® The dose
and delivery for CCl, was discussed earlier in the com-
pound delivery section and performed in the same man-
ner.

Results

DAPM was used as a selective biliary toxin'® to examine
the relationship between biliary epithelial cells (including
epithelium of intraportal bile ductules and canals of Her-
ring) and oval cell proliferation. DAPM was administered
in the presence of 2-AAF and before PHx or CCL,. The
effects of DAPM (and 2-AAF) alone, without accompany-
ing administration of CCL, or PHx are shown in Figure 1.
Liver sections were examined from rats at 24 hours (Fig-
ure 1A), 72 hours (Figure 1B), and 10 days (Figure 1C)
after exposure to DAPM. Maximal destruction of the bili-
ary tree is seen at 24 hours after administration of DAPM.
There is fibrinoid necrosis of the wall of the ductules and
disappearance of the biliary epithelium. This was seen in
more than 90% of the total triads. By 72 hours, most triads
contained ducts with incomplete lining by new biliary
epithelium. Many bile infarcts, classically described in
cholangiolar injury in human liver pathology,?°2' were
also noted. These are areas in which bile seepage
causes necrosis of circumscribed areas of hepatic pa-
renchyma adjacent to portal triads. By 10 days, most of
the triads had normal lining of the biliary ductules. The
above findings are consistent with studies previously per-



24 hrs

72 hrs

Day 10

Figure 1. Histological changes of rat livers exposed to DAPM (50 mg/kg) and
2-AAF for 24 hours (A), 72 hours (B), and 10 days (C) after exposure to
DAPM. In A and B, there is marked destruction of the epithelium and the wall
of small portal ductules. A bile infarct (death of hepatocytes in a strictly
circumscribed area adjacent to the portal triad) due to biliary leakage is also
shown with arrows in B. Repair of the damaged sites and restoration of the
biliary ductules is shown in C. No oval cells can be seen in all three
photomicrographs. Original magnification, X100 (A) and X200 (B and C).
Arrows indicate destroyed bile ducts (A) and the beginnings of ductular
repair (B).

formed in which the effect of DAPM on the biliary ductules
was first described.'®

In view of the above findings in which the maximal
destruction of the biliary tree by DAPM is seen at 24
hours, we administered DAPM 24 hours before the ad-
ministration of CCL, or performing a PHx. Figure 2 is a
collage of photomicrographs of sections of liver from rats
exposed to 2-AAF for 7 days, followed by CCl, (Figure
2A) or PHx (Figure 2B), and sacrificed 9 days after sur-
gery or hepatic injury. In both models, oval cell prolifer-
ation was induced. Figure 2, C and D, shows the histo-
logical changes in the livers when DAPM is administered
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to the rats 24 hours before the hepatic injury by CCl,
(Figure 2C) and PHx (Figure 2D). Oval cell proliferation
was dramatically suppressed. These findings are also
corroborated by comparison of the expression of AFP
with and without DAPM administration. Whereas AFP was
expressed after 2-AAF/CCL, or 2-AAF/PHXx as described
above (Figure 3A), no expression of AFP was detected
after pretreatment with DAPM (Figure 3B).

Discussion

The nature, site, and cell of origin of the oval cells that
emerge in liver after different types of injury has been a
subject of analysis of several studies.’"'® The appear-
ance of both biliary and hepatocytic markers in these
cells has reinforced the concept of the hepatic stem cell,
and many workers in the field consider these cells as the
immediate progeny of a putative hepatic stem cell type.®
Chemical injury to the liver induced by a variety of agents
such as galactosamine' and ethionine’’ causes an in-
crease in numbers of oval cells. A more standard proto-
col applied in recent studies is that established by Thor-
geirsson and co-workers® as an adaptation of a
carcinogenesis protocol originally established by Solt
and Farber.?? The purpose of this study was the analysis
of the lobular site of liver injury (centrilobular versus
ductular) as a determining parameter of the oval cell
response. Previous studies that had shown the induction
of oval cells as a result of chemical injury had used
agents (ethionine and galactosamine) that cause a dif-
fuse injury affecting all lobular areas of the liver. Very little
oval cell response was seen after CCl, in a study that
directly compared it with that induced by galac-
tosamine.?® For the purposes of this study, we used
protocols in which the injury was zonally applied and that
could be easily timed in terms of initiation of the injury
leading to the proliferative response. This was especially
critical for the part of our study involving DAPM. In view of
this, we used the chemical CCl,, known to cause injury of
the hepatic centrilobular area in combination with the
chemical 2-AAF, which has been shown by Solt and
Farber?? and Evarts and Thorgeirsson'3* to block pro-
liferation of hepatocytes, thus allowing oval cells to con-
tinue to proliferate in large numbers. In essence, our
protocol (2-AAF/CCl,) in this regard is the same as the
one used by Thorgeirsson et al, except that we used an
agent to induce hepatic damage instead of PHXx.

The phenotypic similarities of the oval cells with biliary
epithelium®*2® as well as the organization in ductular
structures have always been cited as strong evidence
that the oval cells are derived by or related to biliary
epithelial cells of the small ductules or canals of Herring.
In a most convincing evidence, Sarraf et al?® injected the
biliary tree with pigmented gelatin and demonstrated that
most of the cells in the oval cell population were part of a
system of tortuous channels connected to the biliary tree.
Similar conclusions were reached by combined morpho-
logical and biochemical studies by Lenzi et al.2” Our
studies with the chemical DAPM provide further support
to this relationship. The long-term injury of biliary cells
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Figure 2. Effect of DAPM on histological changes induced by either 2-AAF/CCl, (A) or 2-AAF/PHx (C) on day 9 after hepatic injury. Oval cells are easily noted
with both 2-AAF/CCl, and 2-AAF/PHx protocols (A and C) as described above. Oval cell expansion is abolished when DAPM is administered (B and D) before

the above protocols. Original magnification, X200.

induced by DAPM was first studied by Fukushima et al.?®
These authors noticed that long-term administration of
DAPM led to destruction of the biliary tree, proliferation of
biliary ductular structures and oval cells, and scarring. A
more recent study addressing the mechanisms of he-
patic injury induced by DAPM was that of Kanz et al.'®
The authors concluded that the biliary epithelium is the
direct target of DAPM and the reason for the associated
hepatotoxicity. The authors presented evidence that any
damage to hepatocytes was secondary to that of the
biliary cells and that hepatocytes are not a primary target
of DAPM. We also noticed (Figure 2B) that bile infarcts
were the only sign of hepatocyte damage. This type of
damage is known to be associated with leakage of bile
from damaged cholangioles®*2" and causes indiscrimi-
nate destruction of all hepatocytes exposed to the bile,
leading to a circumferential site of hepatocyte destruction
in close proximity to the portal triads. The authors con-
cluded that the toxic metabolites of DAPM are excreted in
the bile at high concentration, thus leading to the direct
biliary toxicity. As we show, DAPM given 24 hours before
the initiation almost entirely abolished the oval cell re-
sponse, as evidenced by both morphology as well as
measurement of AFP mRNA. The findings of Figure 2A
show the striking degree of destruction of the biliary
epithelium seen at 24 hours after DAPM. The elimination
of the oval cell response under these circumstances most

strongly argues that the cells from which oval cells orig-
inate are likely to be targets of DAPM. This would be most
compatible with a cell of biliary type and topologically
exposed to the bile stream containing DAPM'528 gg the
forerunner of the oval cells. We should also point that
DAPM did not interfere with the effectiveness of CCl,. The
same pattern and extent of damage was induced by CCl,
with or without DAPM (data not shown). These results
provide direct evidence that oval cells are closely asso-
ciated with the biliary epithelium. Clearly, additional in-
vestigation needs to be performed to fully understand the
mechanisms involved with DAPM toxicity and oval cell
activation.
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