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Alpha-Fetoprotein: Cellular Origin
of a Biological Marker in Rat Liver
Under Various Experimental Conditions

W.D. Kuhlmann
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Summary. Alpha,-fetoprotein (AFP) was detected by serological, light and
electron microscopic methods in various experimental models. These in-
cluded (a) liver regeneration after partial hepatectomy or CCl, intoxication
(mouse and rat); (b) liver intoxication by high doses of N-nitrosomorpholine
(NNM) and chemical induction of hepatomas (rat). AFP levels varied greatly
according to the animal species and strains used. Low and high AFP-produc-
ing species and strains were distinguished. In liver regeneration after hepatec-
tomy or CCl, intoxication, cellular AFP was found in the cytoplasm of
hepatocytes. In NNM-intoxicated livers, elevated AFP levels were associated
with proliferation of canalicular epithelial cells in which AFP was localized.
In early stages of hepatocarcinogenesis, significant AFP increase occurred
after high-dose carcinogen feeding and AFP was also localized in proliferat-
ing canalicular epithelial cells. On low-dose NNM feeding, no cellular AFP
was detected unless hepatomas had developed. At the stage of malignant
conversion, distinct AFP staining and non-AFP staining hepatocellular carci-
nomas appeared in livers.

Key words: Alpha-fetoprotein — Liver regeneration — Hepatocarcinogenesis
— Immunohistology

Introduction

Proteins characteristic for the fetus emerge in the course of phylogenetic and
ontogenetic development and appear to be associated with histogenesis and
cytodifferentiation of organs. Among the fetus-associated biomolecules, alpha-
fetoprotein (AFP) has been one of the most intensively studied proteins since
its first observation by Bergstrand and Czar (1956) in the human fetus. Under
physiological conditions, AFP is synthesized in the yolk sac, the gastrointestinal
tract and the liver of the fetus of many species (Gitlin and Boesman 1967a,
1967b; Gitlin et al. 1967). After biith, the protein disappears from body fluids
following almost complete suppression of the genes responsible (cf. Ruoslahti
and Seppild 1979).
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The reappearance of AFP in sera of hepatoma bearing adult individuals
was first described in mice (Abelev et al. 1963), Subsequent studies substantiated
the association of AFP synthesis with malignant growth of organs which have
derived from embryonic gut (Abelev 1971; Laurence and Neville 1972; Teilum
et al. 1975). Furthermore, numerous studies have also shown the close relation-
ship of this protein with non-malignant liver diseases (Perova et al. 1971; Sell
et al. 1974; Taketa et al. 1975; Smuckler et al. 1976; Delpré and Gilat 1978).

Significant production of AFP in liver diseases make this protein a useful
biological marker for studies on liver histo- and cytodifferentiation. However,
comprehensive data on its functional histology and immunopathology are still
incomplete. In previous communications we described procedures for the local-
ization of AFP with horseradish peroxidase as label in immunohistological
ligand assays (Kuhlmann 1975; Kuhlmann 1978a, 1978b). Here, we present
our studies on AFP production in cell populations during liver regeneration
and in the course of hepatoma development.

Material and Methods

Experimental Models. Rats of the inbred strain BD X, C3H/He mice (Zentral-Institut fiir Versuchs-
tiere, Hannover, Germany) and BALB/c/J mice (The Jackson Laboratory, Bar Harbor, U.S.A.)
were used. Studies on liver regeneration and hepatocarcinogenesis were performed on males. The
experimental models are summarized in Table 1. Control animals received no treatment, sham
operation or exposure to liquid paraffin or tap water. All animals were kept on standard diet
(Altromin no. 1324; Altromin GmbH, Lage, Germany) and tap water ad libitum.

Immunological Reagents and Procedures. Isolation of mouse and rat AFP and preparation of rabbit
anti-mouse and anti-rat AFP immune sera have been described (Kuhlmann 1975; Kuhlmann 1976).
Rabbit anti-mouse IgG and anti-rat [gG immune sera were prepared in the same manner; an
anti-rabbit IgG immune serum was produced in sheep. The AFP content of sera was quantified
by an enzymo-electroimmunodiffusion method (Kuhlmann 1978a; Kuhlmann 1979b).

Cellular AFP was stained by a direct or by an indirect peroxidase labelled antibody method
(Kuhlmann 1975; Kuhlmann 1978b). Antibodies were isolated from crude immune sera by specific
immunoadsorbents. For enzyme conjugation, antibodies were coupled with horseradish peroxidase
(HRP, RZ 3) (Kuhlmann et al. 1974). The antibody-HRP conjugates were purified in two steps
by use of Sephacryl S-200 and Sepharose 4B — Concanavalin A columns (Lannér et al.,, 1978).
Immunocytochemical control sera included unlabelled and HRP labelled normal rabbit IgG globu-
lins, rabbit anti-glucose oxidase, anti-mouse IgG and anti-rat IgG antibodies; HRP labelled anti-AFP
antibodies were also absorbed with AFP (Kuhlmann 1978a). For light microscopic studies, the
PAP technique (peroxidase — antiperoxidase antibody complexes, Sternberger 1974) was also em-
ployed. PAP was purchased from DAKO — Immunoglobulins (Copenhagen, Denmark).

Light Microscopy and Immunohistology. Liver slices were fixed in 99% ethanol — 1% acetic acid
for 12-15h at 0-4° C and embedded in paraffin (Kuhlmann 1975). 5-7 um thick sections were
mounted on acetone cleaned slides, deparaffinated in xylene and passed into phosphate buffered
saline (PBS).

Endogenous peroxidases were inhibited by treatment with 1% hydrogen peroxide in PBS for
1 h. Sections were first incubated with unlabelled rabbit anti-AFP antibodies (0.005-0.01 mg/ml)
for 24 h at 4° C, followed by HRP labelled sheep anti-rabbit IgG antibodies (0.1 mg/ml) for 20 min.
In the PAP technique, sections were first reacted with rabbit anti-AFP antibodies (0.005-0.01 mg/ml),
then with sheep anti-rabbit IgG (0.1 mg/ml) followed by PAP (diluted 1:50). Unreacted antibodies
were washed off by three successive washings for 5 min each in PBS supplemented with 1% bovine
serum albumin and 0.5 M NaCl. Peroxidase activity was revealed by incubation in 3,3’-diaminobenzi-
dine and H,0, (Graham and Karnovsky 1966). After washing in PBS, sections were treated with
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Table 1. Experimental models

Experiments Treatment Period of study

Partial hepatectomy® 70% resection 1-7 days after operation
20 week-old mice
8 week-old rats

CCl, poisoning”® 100 pl CCl,/100 g body weight 1-7 days after oral ingestion
20 week-old mice
8 week-old rats

NNM poisoning ® 20 mg NNM/kg/day for 4 weeks  7-60 days from NNM start
8, 12 week-old rats

Hepatocarcinogenesis 6 mg NNM/kg/day for 12 weeks  induction phase, hepatoma stage
8, 12 week-old rats 20 mg/kg/day for 6 weeks

* See Brues et al. (1936) for mice, Higgins and Anderson (1931) for rats
* Mode of CCl, application see Kuhlmann (1979 b)
¢ Description of N-nitrosomorpholine (NNM) see Druckrey et al. (1967)

0.1% OsO,/PBS for 1 min, dehydrated and mounted under coverglass. AFP reacted sections were
post-stained with haematoxylin or with Gomori’s silver impregnation. In the latter case, sections
were first photographed because the AFP specific stain was lost during the impregnation.

Immunohistological specificity was demonstrated on serial sections by incubation in (1) normal
rabbit IgG globulin; (2) rabbit anti-AFP absorbed with homologous AFP; (3) rabbit anti-glucose
oxidase antibodies and (4) rabbit anti-mouse and anti-rat IgG antibodies. Bach procedure was
followed by HRP conjugates or by the PAP schedule and the enzyme substrate.

For routine histology, sections were stained with haematoxylin-eosin. Gomori’s silver impregna-
tion and toluidine blue staining were also performed. Glycogen accumulation was verified by
PAS reaction. Endogenous peroxidase activities were detected by incubation in the medium of
Graham and Karnovsky (1966).

Immuno-Electron Microscopy. Livers were sliced into cubes of about 2-3 mm and fixed in cacodylate
buffered 6% formaldehyde for 5h followed by 6% formaldehyde plus 0.25% glutaraldehyde for
60 min at 0° C (Kuhlmann 1978b). Tissue blocks were washed in cacodylate buffer at 0° C for
18 h with several changes of the buffer solution. The buffer was 0.2 molar sodium cacodylate
at pH 7.2.

Cellular AFP was stained by pre-embedding immunoelectron microscopy, (cf. Kuhlmann 1977).
Briefly, 40 um thick cryostat sections were incubated at laboratory temperature in the various
reagents: (1) HRP conjugates (0.5 mg/ml) for 2 h followed by successive washings; (2) enzyme
substrate (Graham and Karnovsky, 1966) for 20 min; (3) postfixation in cacodylate buffered 1%
0s0O, for 30 min after thorough washings.

Specificity was examined as described above. Tissue sections were also treated with 1 or 2%
H,0, for 1-2h prior to incubation in presence of antibodies, in order to abolish endogenous
peroxidase activities (Kuhlmann 1975; Kuhlmann 1978b).

Sections were dehydrated in ethanol series and flat embedded in epoxy resin. Ultrathin sections
were examined either unstained or after staining with lead citrate (Reynolds 1963) for 30-60 s
in an electron microscope.

Results

All observations are summarized in Table 2. A normal adult life span is taken
as the age of untreated control animals and corresponds to that of the experimen-
tal groups. In C3H/He mice and BD X rats serum AFP concentrations decreased
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Table 2. Summary of results

Experiments AFP in sera®  Cellular localization Liver histology
(ug/ml) of AFP (main events)

Normal adult life
BALB/c/J mice 0.5 -b normal adult liver
C3H/He mice 0.1 -
BD X rats 0.1 -

Partial hepatectomy
BALB/c/J mice 200 hepatocytes regeneration from
C3H/He mice 45 residual lobules
BD X rats 0.9

CCl, intoxication
BALB/c/J mice 700 hepatocytes centrolobular necrosis
C3H/He mice 80 regeneration from
BD X rats 5.5 : residual hepatocytes

NNM intoxication
BD X rats 1.5 canalic. epith. cells massive liver necrosis
prolif. of canalic.
epith. cells
Hepatocarcinogenesis
BD X rats
1. induction phase
6 mg NNM/kg/day - - pre-hepatoma foci®
20 mg NNM/kg/day 1.8 canalic. epith. cells NNM intoxication

2. hepatoma  stage 4,000 hepatoma cells manifestation of
hepatocell. carcinoma

* Mean from at least 10 samples at days of peak concentrations
b not detected
¢ Description by Bannasch (1968) and J. Natl. Cancer Inst. 64, 179-206, 1980

within 4-6 weeks after birth to levels of 0.1 pg/ml and lower. In BALB/c/]
mice, AFP decreased much more slowly and reached levels of about 0.5 pg/ml
serum within 20 weeks (Table 2). Sham operation and application of liquid paraf-
fin or tap water had no measurable effect on AFP production.

Detection of AFP in Partial Hepatectomy

In mice, AFP increase was slight at 24 h after operation, it then rose steadily
and reached a maximum on day 4 (Table 2), after this the concentration declined
rapidly. Increase and subsequent decrease of serum AFP was parallel in both
mouse strains but concentrations were regularly 5 to 10 times higher in BALB/c/J
- than in C3H/He mice. In both strains, liver regeneration was similar. Few
mitoses were seen 24 h after hepatectomy. A mitotic peak (6%) was seen on
day 3, followed by rapid decline.

24 h after partial hepatectomy, faint AFP staining hepatocytes occurred
randomly in residual lobules, with preferential localization in centrolobular
zones. Through days 2 to 4, a strong AFP reaction was seen in portal and
periportal areas (Fig. 1); in centrolobular areas, AFP-positive hepatocytes were
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Fig. 1. BALB/c/J liver on day 3 after partial hepatectomy. Note AFP-positive hepatocytes in portal
area. Original x 160

Fig. 2. C3H/He liver on day 3 after partial hepatectomy. AFP reactivity is seen in hepatocytes
of centrolobular and portal zones; hepatocytes at random distribution stain also. Original x 63

still present. On days 5 and 6, the AFP staining pattern was the same, but
the intensity of reactions was significantly reduced.

In C3H/He mice, the histological pattern of AFP-positive hepatocytes was
basically the same (Fig. 2). The number of AFP-positive hepatocytes was lower
on all days in C3H/He than in BALB/c/J mice. Serum AFP levels and immuno-
histological AFP corresponded well in all mice of both strains. Generally, few
AFP staining hepatocytes were in mitosis.

Partial hepatectomy and subsequent liver regeneration in BD X rats led
to a slight increase in serum AFP. The peak concentration was reached on
day 4 (Table 2). After this AFP levels declined rapidly to normal values. No
cellular AFP was localized at any time.

Detection of AFP in CCl, Poisoning

Liver regeneration after CCl, intoxication was accompanied by increase in liver
AFP production. On all days and in all animals studied this AFP increase
was always higher than after partial hepatectomy (Table 2).
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Serum AFP was slightly increased by 24 h after CCl, ingestion, then AFP
concentrations rose steeply with peak values on day 4 and decreased afterwards.
In BALB/c/J and C3H/He mice, the slopes of AFP curves were in parallel
but here AFP concentrations in sera of BALB/c/J mice also reached levels
10-fold higher or more than in C3H/He mice. Liver regeneration was similar
in both strains. Mitoses were not seen before day 2, then increased mitotic
activity was found with a peak on day 3 (8% on average) followed by rapid
decline. The marginal zone between viable hepatocytes and central necrotic
zone contained most of the dividing hepatocytes.

In BALB/c/J mice, few AFP-positive hepatocytes were seen 24 h after poison-
ing, in the portal and periportal zones. The number of AFP staining hepatocytes
and their staining intensity increased and reached a maximum on days 3 and
4, afterwards AFP positivity decreased. AFP staining was exclusively manifested
in hepatocytes of nondamaged liver areas. Throughout the days studied, variably
stained hepatocytes were found, either grouped or randomly distributed. On
days 3 and 4, hepatocystes adjacent to the necrotic areas often contained the
strongest AFP staining (Fig. 3).

In C3H/He mice, cellular AFP was localized from day 2. At all times the
histological distribution of positive hepatocytes was the same as seen in BALB/c/
J mice, but the number of AFP-positive hepatocytes and its staining intensity
were lower than in these mice. Serum AFP levels and the intensity of AFP
staining corresponded well in all mice of both strains. Several AFP-positive
hepatocytes were in mitosis.

In BD X rats, liver regeneration led to a slight increase in serum AFP
with a peak value on day 4. On all days studied, serum AFP levels were
higher than those in liver regeneration after partial hepatectomy. AFP concentra-
tions were always much lower in rats than in either mouse strains. Rat liver
regeneration was similar to that in mouse liver; the mitotic peak appeared

" on day 2. Cellular AFP was only detected on days 3 and 4 and positive hepato-
cytes occurred either as single stained cells or in small groups in midlobular
zones near to the necrosis and in portal areas (Fig. 4).

AFP in NNM Poisoning

NNM intoxication led to an increase in serum AFP. AFP rose slightly on
day 21 then rose further. Peak values were attained between days 28 and 35
(Table 2), after which they declined.

No age-related differences were found in the histotoxic patterns of 8 or
12 week-old animals. During extensive hepatocyte necrosis, which occasionally
reached periportal zones, we observed proliferation of lobular and periportal
bile canalicular epithelium (Figs. 5, 6). Such proliferations came to a standstill
upon cessation of NNM exposure.

Between day 21 and 35, AFP was detected throughout or in the apical
cytoplasm of proliferating canalicular epithelial cells (Figs. 5, 6). AFP stained
cells formed groups and tubular structures, or were distributed randomly and
intermingled with non-stained cells of the same phenotype. When proliferation
of these cells ceased, AFP positivity disappeared rapidly.
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Fig. 3. Localization of AFP in hepatocytes of regenerating BALB/c/J liver; 4 days after CCl,

treatment. Strong AFP reaction in cells of non-damaged zones and adjacent to the necrosis. Original
x 63

Fig. 4. Rat liver on day 3 after CCl, intoxication. Detection of AFP in a small group of hepatocytes

in a portal zone. Original x250. Inset: Same preparation after counterstaining with haematoxylin.
Original x250



Fig. Sa, b. AFP-positive canalicular epithelial cells on day 28 of NNM intoxication. Original x250.
a Immunoperoxidase reaction. b Same preparation but counterstained with haematoxylin

Fig. 6a, b. Liver from day 35 of NNM intoxication. Note localization of AFP in grouped cells
which form canalicular epithelial structures. Original x 160. a Immunoperoxidase reaction. b Same
preparation after Gomori’s silver impregnation



Fig. 7a, b. AFP producing hepatocellular carcinoma. Serial sections, original x 160. a Immunoperox-
idase reaction for AFP. b Haematoxylin-eosin
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Fig. 8. Hepatoma cell with AFP in its flat RER lamellae (<) and in the PNS (=). Nucleolus
(Ne); lead citrate counterstain. x 7,800. Inset: Higher magnification view of AFP containing RER
lamellae. x 21,600

Detection of AFP in Hepatocarcinogenesis

No age-related differences were found in histological changes during the induc-
tion phase and hepatoma stage. High-dose NNM feeding led to pictures de-
scribed above (““ NNM poisoning”) which were not seen upon low-dose NNM
feeding. Irrespective of low- or high-dose NNM feeding, hepatocellular carcino-
mas developed in each experimental group.

In both groups of rats, a wide range of serum AFP levels was measured
at the hepatoma stage. The dynamics of AFP concentrations varied greatly
in the course of progressive hepatoma development: continuous increase or
transient rises followed by plateau and further rise could be seen in individual
rats.

At the time of the reappearance of AFP, small hepatomas were found,
in which the cytoplasm of malignant hepatocytes stained for AFP (Fig. 7).
AFP staining hepatocellular carcinomas were poorly differentiated, showed
marked basophilia and no PAS reactivity. Penetration of hepatomas into normal
tissue was obvious, very often hepatoma cells adjacent to normal hepatocytes
contained strongest AFP reactions. At the border of carcinomas, non basophilic
and non AFP staining liver adenomas without signs of malignancy were frequent-



Alpha-Fetoprotein in Liver 19

ly observed. The higher the amount of AFP in sera the greater the number
of AFP staining cells. Normal adult hepatocytes, bile duct and Kupffer cells
did not stain for AFP. At early time intervals, small AFP staining and non
AFP staining carcinoma could be distinguished in the same histological prepara-
tion. In both AFP staining and non AFP staining hepatocellular carcinomas
we observed strong cytoplasmic basophilia, enhanced mitotic and nucleolar
activities, decreased endogenous peroxidase activity and loss of PAS reactivity.

In late stages, huge tumors were found, composed of a variety of cell types
and showing extensive necrosis. In the adjacent but non malignant parts, liver
cells occasionally stained for AFP. These cells, however, also stained for serum
IgG (controls in parallel sections) and were suspected to have imbibed proteins
non-specifically from extracellular spaces (see ““ Immunochistological Technique”,
Discussion).

At the electron microscopic level, AFP staining hepatocellular carcinomas
consisted of malignant cells with pleomorphic appearance, often with interdigi-
tating cell borders. The cytoplasm was irregular in shape and possessed abundant
free ribosomes in the cytoplasm which did not stain for AFP. The latter was
exclusively localized in the rough-surfaced endoplasmic reticulum (RER) which
consisted of short flat lamellae (Fig. 8). The perinuclear space (PNS) and the
Golgi apparatus also stained for AFP. The nucleus, also irregular in shape,
contained one or more well-developed nucleoli.

Discussion
Immunohistological Technique

Quantitative and qualitative data on preparation of immunohistological reagents
and tissues have already been described (Kuhlmann 1975; Kuhlmann 1977;
Kuhlmann 1978a, 1978b). The optimal amount of antibodies and conjugates
in the various incubation steps was determined empirically. In this study we
also compared antigen localization by the PAP and by the indirect peroxidase
labelled antibody techniques. Immuno-staining by PAP was never superior to
that by the HRP labelled antibody procedure. Immunohistological reactions
are ambiguous due to the threshold of detection,. thus, the non-reactivity
of normal adult hepatocytes is understandable: the quantity of AFP produced
by a single cell may be too low to be detected by the methods employed.
Neither the indirect peroxidase labelled antibody method nor the PAP technique
could resolve this problem.

Adequate control incubations were important in order to exclude false posi-
tive reactions, e.g. due to passive uptake of excreted AFP from extracellular
spaces. In normal and regenerating mouse livers, small areas of focal necrosis
can occur {Yokoyama et al. 1953), and artefactual leakage of proteins into
hepatocytes can be expected (Le Bouton 1978). Thus, artefactual staining due
to passive uptake of serum was checked in this study on serial sections by
incubation for IgG globulins (Engelhardt et al. 1971), a globulin which is not
synthesized by hepatocytes (Miller and Bale 1954). Tissue sites in which both
AFP and IgG positivities occurred were not taken into account. Furthermore,
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interaction of tissue with non-antibody globulins, with unrelated antibodies
and with HRP conjugates was controlled as described above, but no staining
was found under experimental conditions.

AFP in Hepatectomy and CCl, Poisoning of Mice

In mice, an AFP regulating principle (Raf, regulation of alpha-fetoprotein)
was considered to be a single recessive Mendelian gene which modulates AFP
levels in adult individuals (Olsson et al. 1977). Because similar regulatory systems
can be expected to act in other species, AFP synthesis in response to liver
injury and subsequent regeneration was studied in a high AFP producing (BALB/
c/J) and a low AFP producing (C3H/He) mouse strain. For histological details
see Stowell and Lee (1950), Tsuboi and Stowell (1951), Yokoyama et al. (1953),
Heby and Lewan (1971), Schultze et al. (1973), Kuhlmann (1979b) and for
previously described serological data on AFP see Bakirov (1968), Pihko and
Ruoslahti (1974).

In both types of experiments, typical hepatocytes of adult phenotype were
involved in AFP production. Because AFP was synthesized in small quantities
before mitoses reached their maximum, a direct connection between AFP and
DNA synthesis was not evident. Engelhardt et al. (1976) and Mohanty et al.
(1978) suggested that initiation of cell division is not a prerequisite for AFP
production in hepatocytes, and the latter may already produce AFP before
they enter the S phase. Schultze et al. (1973) reported that DNA replication
has not started on day 1 after CCl, intoxication, thus the rapid increase in
serum AFP on day 1 will exclude a direct relationship. On the other hand,
the peak of regeneration in CCl, and in hepatectomized mice preceded the
peak of AFP synthesis by about 24 h. Hence, liver regeneration and enhanced
AFP production showed some correlation.

The present immunohistological and serological results favor the view that
the great majority of enhanced AFP was correlated with growth and cell multipli-
cation of hepatocytes (Sell et al. 1976). The immunohistological staining patterns
could be considered to be the result of gradual differentiation from asynchronous
proliferation (Guillouzo et al. 1978). For example, in partial hepatectomy, DNA
synthesis followed a gradient from portal to centrolobular zones (Bade et al.
1966). It is known that restoration of mouse liver proceeds at a variable rate
in different individuals (even in mice selected as to sex, age and strain) and
a wide range of variations must be expected (Yokoyama et al. 1953). This
would explain the fluctuations of immunohistological AFP staining pattern
which occurred with time in hepatocytes of periportal and centrolobular areas.
The observation that the majority of AFP-positive hepatocytes was seen in
interphase suggested AFP production before cells enter the S phase or after
the S phase, with or without mitosis.

The main difference between the two mouse strains was the consistently
higher serum AFP levels and the stronger immuno-staining in the BALB/c/J.
In partial hepatectomy, subsequent regeneration occurred to the same extent
in both strains. Hence, the much higher AFP levels were not the effect of
liver regeneration alone. The Raf regulation principle seen in normal liver ob-
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viously played an important role in AFP synthesis (Lindahl et al. 1978; Kuhl-
mann 1979b) and, BALB/c/J mice were a “high AFP-inducible” and C3H/He
mice a “low AFP-inducible” mouse strain.

A further interesting observation was that serum AFP levels and immuno-
histological AFP staining was always higher after CCl, intoxication than after
partial hepatectomy, here also the highest values were obtained in the BALB/c/J
strain when compared with C3H/He mice. Hence, the relationship of AFP
synthesis to liver regeneration and Raf regulation was submitted to further
modulation, and in the CCl, model a direct or indirect gearing of gene activation
was suspected, in view of the products of the CCl, metabolism (see next section).
Finally, BALB/c/J mice also proved to be a “high AFP-inducible”” and C3H/He
mice to be a “low AFP-inducible” mouse strain in the CCl, experiment.

AFP in Hepatectomy and CCl, Poisoning of Rats

As in mice, rats responded with enhanced AFP production (for histological
details and appearance of AFP in sera see Post et al. 1960; Grisham 1962;
Rabes and Tuczek 1970; Perova et al. 1971; Sell et al. 1974; Sell et al. 1976;
Smuckler et al. 1976; Watanabe et al. 1976).

Immunohistological AFP stainings have shown that in both species and
under both experimental conditions increased AFP synthesis occurred in adult-
type hepatocytes and was caused by AFP gene derepression. Most probably,
the Raf principle worked very efficiently in rats under both normal and patholog-
ical conditions. This conclusion is also supported by observations in which
the induction of AFP is significantly impaired with age in rats (Sell et al. 1974).
In comparison with mice, serum AFP levels were higher after CCl, intoxication
than after partial hepatectomy and the response of AFP synthesis to liver regen-
eration was also further enhanced: gearing of gene activation by CCl, metabolic
products at the level of transcription and de novo synthesis of mRNA. Possible
mechanisms for this were discussed by Watanabe et al. (1976) from their mitomy-
cin and 8-azaguanine studies on rat after CCl, poisoning.

AFP in NNM Poisoning

One of the most prominent changes in liver was megalocytic degeneration of
hepatocytes in the centrolobular and intermediate zones of the livers. Concomi-
tantly, proliferation of canalicular epithelial cells was secen, which correlated
well with AFP increase in sera. Such proliferations might have corresponded
to a true increase in canaliculi or to prolongation of canaliculi as a phenomenon
of regeneration, followed by marked bending and twisting for spatial reasons.
This would have the effect that more cross-sections of the same canaliculi
were seen under the microscope. Histological, immunohistological and serological
data permitted the conclusion that proliferating canalicular epithelial cells syn-
thesized AFP. When NNM feeding was stopped, proliferative activity came
to a standstill and AFP was no longer detected.

The histogenesis of bile duct proliferation is still unclear. The main reason
is most probably toxic necrosis of parenchyma (Popper et al. 1957; Bannasch
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1975). In the present model, massive and prolonged hepatocyte necrosis appeared
to be the primary event in such proliferations, but it is also thought that high
doses of NNM or products of its metabolism may play an important role
by action on the bile duct system. In contrast to acute hepatocyte necrosis
due to CCly this effect would be superimposed on parenchymal necrosis. Interest-
ingly, similar canalicular epithelial cell proliferations and AFP staining occurred
in galactosamine-HCI injured rat liver (Kuhlmann and Wurster, 1980). Follow-
ing feeding of ethionine in a choline deficient diet on which no significant
liver necrosis occurred, proliferation of AFP-positive “oval cells”” (immunofluo-
rescent studies) was observed. The latter were considered to have originated
from bile duct cells (Shinozuka et al. 1978).

Our immunohistological results have shown that not every newly formed
canalicular epithelial cell produced AFP at any one time, apparently a minimal
proliferation rate was necessary. It is suggested that a certain, and still undefined,
level of cytodifferentiation had to be reached in which fetal genes became activat-
ed for subsequent AFP synthesis. The reason for this is not understood but
may be related to the origin of hepatocytes and bile duct epithelium from
common progenitor cells in liver anlage and embryonic endoderm.

AFP in the Hepatoma Induction Phase

For histological and other considerations see Price et al. (1952), Inaoka (1967),
Bannasch (1968), Onoé¢ et al. (1973), Bannasch (1975), Institute of Laboratory
Animal Resources (1980). Metabolic data are considered in Kuhlmann (1978 a).

When NNM was applied in high doses, the same histological changes were
observed as described above (“ NNM poisoning”’). In our material, a progression
of AFP-positive canalicular epithelial cells into normal and AFP staining hepato-
cytes was not seen. Typical hepatocytes failed to stain for AFP in the course
of hepatoma induction. By immunofluorescent studies, so-called ‘transitional
cells” and “small hepatocytes” were responsible for AFP synthesis (Dempo
et al. 1975; Tchipysheva et al. 1977). However, the term transitional or small
hepatocyte is not comprehensible with regard to our immunohistochemical
description of AFP staining hepatocytes in toxic and nontoxic liver regenera-
tions.

When high-dose NNM feeding was stopped, proliferation of canalicular
epithelial cells rapidly came to a standstill. AFP levels then decreased in parallel
and cellular AFP was no longer localized unless hepatocellular carcinomas
emerged. In contrast to other reports (Okita et al. 1974) we did not observe
AFP staining in hyperplastic nodules.

AFP at the Hepatoma Stage

There was no causal relationship between hepatoma development and prolifera-
tion of AFP staining canalicular epithelial cells in the tumor induction phase.
Malignant transformation to hepatocellular carcinomas was preceded by AFP-
negative foci of decreased glycogen, enhanced cytoplasmic basophilia and in-
creased mitosis (for details see Bannasch and Miiller 1964; Bannasch 1975).
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Finally, AFP staining and non AFP staining hepatocellular carcinomas emerged.
The importance of the frequently seen liver cell adenomas (benign, AFP-negative,
at the border of carcinomas) in the process of hepatoma development could
not be clarified.

Common characteristics of both AFP-positive and AFP-negative hepatomas
were loss of PAS reactivity, decreased endogenous peroxidase activity (impaired
haeme metabolism of unknown significance) and increase in cytoplasmic baso-
philia. AFP staining hepatomas showed strong basophilia in particular. The
morphological expression of the degree of cellular differentiation can be seen
in the organization of ribosomes and RER (Porter 1961). In this context, the
electron microscopic picture of AFP staining hepatocellular carcinomas was
interesting, there was an abundance of free ribosomes and few lamellae of
RER in the cytoplasm. Thus, AFP staining hepatomas were classified as poorly
differentiated. However, studies are still in progress to determine whether there
is a correlation between the grade of differentiation and AFP synthesis. The
significance of the strong AFP reactions in cancer cells adjacent to normal
liver tissue is not yet known.

The occurence of PAS-positive globules in the cytoplasm of hepatoma cells
was recently related to the deposition of «;-antitrypsin in human primary
liver carcinoma (Palmer and Wolfe 1976). In rare cases, we also observed PAS-
positive globules in the cytoplasm of hepatoma cells. However, for AFP there
was no clear-cut relationship between its production/storage and such globules.
When PAS-positive globules stained for AFP, they also stained for serum IgG,
but became negative in diastase digested sections.

The heterogenous character of AFP producing hepatomas was deduced from
measurements of transient rises and plateaus in serum AFP levels and from
immunohistological staining. Using the latter technique, more or less stained
carcinomas were found in a given animal; apart from the finding of AFP-positive
and negative carcinomas side by side in one histological preparation. Thus,
AFP might or might not reappear at the hepatoma stage and was not a stable
biological marker, its resurgence merely reflected hepatoma-association rather
than hepatoma-specificity.

Our studies support the finding that not every hepatoma cell produces AFP
(Goussevet al. 1971 ; Nishioka et al. 1972). From our immunohistological studies
we deduced that at the final stage of cell transformation towards malignancy,
only some of the neoplastic hepatocytes aquire the capacity for AFP synthesis.
De-repression of fetal genes was considered to be the direct consequence of
retrodifferentiation during transformation (Uriel 1976; Uriel 1979). Various
degrees of retrodifferentiation would therefore generate distinctive malignant
hepatocytes and their growth would lead to AFP-positive or AFP-negative
hepatomas. Such developments are suggested by the emergence of small and
circumscribed AFP-positive and AFP-negative carcinomas in the early stages
of hepatoma. Whether and to what extent a Raf regulatory principle is involved
in all these processes is not known.
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