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compatible hosts was utilized as a â€˜â€˜bestavailable' â€m̃easure of
malignancy. Clearly, the growth of tumor cells after transplan
tation is an operational definition only and cannot be construed
as an absolute for cancer. However, this approach was espe
cially pertinent to the protocol since primary tumors were
â€ẫ€h̃arvested' â€˜ as early as possible after detection, therefore

limiting the opportunity for the expression of metastases.

MATERIALS AND METHODS

Throughout these experiments, we utilized male C57BL/6N
mice obtained from Charles River Farms, North Wilmington,
Mass., obtained at approximately 5 weeks of age. Age
matched controls were maintained throughout the period of
experimentation and observation for each experimental group.
These control animals demonstrated consistent body weight
gain and narrow circulating AFP levels over a study period of
approximately 3 years. In aggregate, these 200 control mice
have been followed for a minimum of 18 months and have
demonstrated neither histological alteration of the liver nor
gross tumors. Throughout that time, the average circulation
AFP valuehas been 42 Â±21 ng/ml (S.D.).

AAF was mixed into a semisynthetic diet (No. 101 ; Bio-Serv
Corp. , Frenchtown, N. J.) at either 0.045 or 0.03% and was
pelleted by a method which does not alter the nutritional value
or the carcinogen. This diet was chosen to limit the potential
effect of synthetic additives, hormones, etc. , which are char
acteristic components of standard laboratory rations. The car
cinogen was fed continuously throughout the experiment. CRD
was prepared in a like manner at 50 or 25 ppm, and both
concentrations of each carcinogen were fed continuously
throughout the experiment. The CRD used was greater than
90% CRD, with approximately 10% hepatochlor. Control mice
were maintained on pellets of Diet 101.

Each mouse was bled from the tail between 8 and 10 a.m.
every 2 weeks; after dilution in 0.9% NaCI solution, the blood
was centrifuged. The supernatant was frozen and shipped to
Dr. Stewart Sell for analysis. The method of analysis has been
described previously and consists of a radioimmunoassay with
a sensitivity of 10 ng/mI. These coded samples were analyzed,
and the data were returned to Dr. Frederick F. Becker for
interpretation. The usual lag time between bleeding and return
of data was 3 weeks (5).

All animals which died during the experiment were totally
autopsied when possible. In addition, a minimum of 3 animals
per week were sacrificed and autopsied from each dietary
regimen commencing at the sixth month of administration and
continuing throughout the experiment. Mice which were sacri
ficed for suspicion of PHC are included in this number. Animals
were sacrificed when 2 consecutive AFP values demonstrated
a progressive, significant elevation or when a value 10 times
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ABSTRACT

Hepatocellular carcinomas were induced by administration
of acetylaminofluorene or chlordane to C57BL/6N mice. Le
sions which closely resembled the neoplastic nodule described
as a putative premalignant lesion in rats were evident. a-Feto
protein elevations were noted only in the presence of the
malignant lesions for both carcinogens. In this regard, the
responses of these mice were similar to those seen during
spontaneous hepatocarcinogenesis.

INTRODUCTION

A significant dichotomy exists between the intense interest
of investigators into all aspects of the chemical induction of
hepatic cancer in the rat and the widespread use of the mouse
as a â€˜â€˜bioassay' â€˜for the carcinogenicity of chemical agents.
The majority of the studies of chemical hepatocarcinogenesis
in the mouse deal solely with the production of tumors and,
although contributory, have left substantial gaps in our under
standing of the sequential components of the process (7, 11,
14, 17, 19, 20). One of the major problems in such reports has
been the frequent use of strains, or hybrids of such strains,
with a genetic tendency towards spontaneous tumors; this has
made confirmation of the chemical induction (in the traditional
sense) of subsequent hepatocellular carcinomas difficult (2, 3,
6, 11, 20). In addition, the validity of designating these liver
tumors as malignant has been challenged (21). This doubt is
based upon their growth, which is often indolent, and their
histological appearance, which may be well differentiated (9,
13, 21, 22).

In this paper, we will report experiments which utilize a well
defined chemical hepatocarcinogen, AAF,3 and compare its
effects with those of the insecticide, CAD. CR0 was chosen for
several reasons. Its original identification as a hepatocarcino
gen caused considerable controversy, and its potency, as
such, is poorly defined. Further, no report of the effects of this
group of compounds, the insecticides, upon AFP response is
available. The C57BL/6N mouse was chosen because it has
been reported to demonstrate virtually no spontaneous tumors
of the liver and it generally requires substantial exposure to
known carcinogens for production of tumors (2, 8, 11). Thus,
the problems associated with the appearance of tumors unre
lated to carcinogen administration and the resultant elevation
of AFP (5) were eliminated. Transplantation of the PHC to

1 Supported by a Research Contract CP-65846 awarded by the National
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3 The abbreviations used are: AAF, acetylaminofluorene; CRD, chlordane;

AFP, a-fetoprotein; PHC, primary hepatocellular carcinoma; BPL, benign prolif
erative lesion.
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normal was reported. In this instance, a significant elevation
was defined as a magnitude increase above the average control
value of 42 ng/mI.

Complete autopsies were performed on each mouse and
included at least one section of each lung lobe (following
examination under stereomicroscopy), random section of kid
neys, and selected sections when lesions were suspected in
other organs. Each liver was sectioned at least twice through
each lobe, and histological sections were prepared by standard
technique. Gross lesions were sectioned independently follow
ing measurement by a micrometer and were usually obtained
as a whole lesion.

Tissue obtained for transplantation was minced under room
temperature 0.9% NaCI solution to approximately 1 to 2 mm in
diameter. All procedures were performed under sterile condi
tions. Injection of approximately 0.25 ml of fragments for every
recipient mouse into a shaved and cleaned s.c. site in the
midflank was performed on a minimum of 3 mice per lesion.
These transplants were observed weekly, and the recipient
mice were also monitored monthly for AFP.

RESULTS

General Responses. Because of the lack of significant dose
associated differences in the response of AFP and PHC induc
tion, these data will be grouped for each carcinogen as de
scribed below, except where specified. In each instance, how
ever, the higher dose gave an increased mortality which was
roughly proportional to concentration. In those instances where
a cause of death could be suggested from autopsy, it appeared
most frequently to be related to extensive, chronic pneumonia.

BPL were defined as clearly demonstrable foci, areas, or
nodular lesions (Fig. 1) which demonstrated neither microin
vasion nor cytological atypia. These were composed of baso
philic or large eosinophilic cells identical to those which have
been described in rats (18). The nodules were predominantly
less than 2 mm in diameter with a maximum diameter of 4 mm
and, when grossly evident, were liver-colored. Swirls, loose
aggregates of atypical cells, or foci of polypoid cells were rare
and were not included in estimates of BPL. Seven % of mice
treated for more than 36 weeks with 50 ppm CR0 and 2% of
mice treated with 25 ppm demonstrated BPL. Four % of mice
treated with 0.045% AAF demonstrated BPL, while 2% did so
at 0.03% AAF. None of the more than 200 age-matched control
mice which were examined demonstrated BPL or any signifi
cant pathology.

Circulating AFP. For more than 200 control mice, the normal
circulating level of AFP was 42 Â±21 ng/mI (S.D.).

Except for a single mouse which demonstrated an elevation
at 32 weeks, significant elevations of AFP usually occurred
after 52 weeks of treatment with AAF. Except for an elevation
in a single mouse which occurred at 30 weeks, significant
elevations of AFP usually occurred after 38 weeks with CRD.
!n toto, 8% of AAF-treated mice and 15% of CRD-treated mice
demonstrated such elevations. Since the mice were sacrificed
as soon as possible after detection of 2 progressive elevations
(between 3 and 4 weeks after the second determination) or
after a single elevation 10 times normal, the circulating levels
may not reflect the total potential of these tumors. These
ranged from approximately 0.5 to 104 @g/ml.All histological

Fig. 1. Photomicrograph of a BPL of mixed basophilic and eosinophilic type
after 62 weeks of 50 ppm CAD. The nodule was 2 mm in diameter. Arrow, margin
of the BPL (above); below, compressed normal liver. x 250.

Fig. 2. Photomicrograph of PHC detected after 76 weeks of 0.03% AAF. The
tumor was 14 mm in diameter and was typical of the trabecular-invasive lesions
with widely varied nuclear structure. Transitions to sheets of cells were frequent.
Necrosis was present. x 150.

tissues were coded and were evaluated without knowledge of
the AFP value.

Several general observations can be derived from the results:
(a) every mouse which demonstrated a lesion considered to be
histologically malignant had an elevated AFP; (b) every mouse
which had an elevated AFP and was examined histologically
demonstrated a malignant lesion. However, several mice died
prior to return of the elevated value and were not suitable for
histological evaluation; (c) none of the 12 livers which demon
strated BPL in the absence of PHC was associated with ele
vated AFP; (d) to date, each of the 8 transplantable hepatocel
lular carcinomas which resulted from transplantation of the
PHC's has been associated with elevated AFP. Five of these
arose from CAD, and 3 of these came from AAF-induced PHC.

Due to the frequent incidence of multiple PHC's in a single
liver and the presence of microscopic foci of malignancy, it is
not possible to give an exact estimate of tumor productivity of
AFP for PHC. That this was a highly variable function was
suggested by a crude calculation in which the circulating AFP
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level was divided by the aggregate diameter of all grossly
visible PHC's. By this measure, tumor productivity varied from
0.25 to 35 jig/mI/cm for CAD-treated mice and 0.5 to 5 @tg/
mI/cm for AAF-treated mice.

PHC. In the AAF group, except for one mouse in which a
PHC was detected at 41 weeks, the remaining 7 tumor-bearing
mice (18% of survivors to date) appeared after the 61st week.
The total number of PHC's in this group was 19 with a range of
1 to 4 per liver. The first PHC was detected in the CAD group
at 36 weeks with the remainder appearing from the 48th week,
for a total of 16 mice (27% of the survivors to date). The total
number of tumors examined was 67. Grossly detectable PHC's
numbered between 1 and 7 per liver for CAD. These tumors
were mainly yellow-brown with occasional white opaque areas
or zones of hemorrhage. They were often nodular with irregular
margins. PHC's measured from 3 to 27 mm in diameter.

The PHC's in these experiments demonstrated histological
appearance which was similar regardless of the compound or
dose and which was identical to that described in the literature
(13, 21, 22)(Fig. 2).

In general, they were well differentiated, demonstrating tra
beculae of very widely varying width and cellularity. In some
areas, sheets of cells or papillary forms were detected; occa
sionally, there was a remnant suggestive of a BPL. The nuclei
varied from diploid to irregular nuclei of â€˜â€˜diploiddiameter' â€˜to
foci of severe atypia. Mitotic activity was common with abnor
mal mitotic figures also regularly detected. Microscopic inva
sion was the rule and necrosis was frequent. Metastasis was
not detected in any of these mice, perhaps as a result of their
early harvesting. However, it has been suggested that micro
scopic metastases may be identified more frequently if lungs
are serially sectioned (21).

Transplantation. To date, 3 of the 6 AAF-induced PHC's
which have been transplanted have demonstrated growth at
2.5 and 4 months, while the remaining 3 show no growth 1 to
3.5 months after transplantation. Five of 12 CAD-induced
PHC's which have been transplanted have shown growth at
1.5 to 3 months, while the remaining 7 show no growth 1 to
3.5 months after transplantation. Histologically, each trans
plantable hepatocellular carcinoma closely resembles the over
all appearance of the PHC from which it was derived. Six
lesions which have been classified as BPL were also trans
planted. After a period of from 3 to 7 months, no growth has
been detected.

DISCUSSION

The above experiments demonstrate that AAF and CR0
induce hepatic tumors in C57BL/6N mice that possess many
features compatible with cancer. These include architectural
aberration, such as atypical trabecular structure, cytological
atypia inclusive of abnormal mitoses, local invasion, and
transplantablility. Although the incidence of these tumors to
date is considerably less than that which can be achieved in
rats, the complete absence of such lesions in control mice
followed to death makes the finding highly significant. In many
other respects, the response of these mice was similar to that
of several rat strains (7). Benign proliferative lesions of varying
types were present at an incidence roughly approximating that
of the subsequent PHC. These lesions histologically resembled
those which have been described in detail in rats (18). We

chose to use the term BPL to avoid any controversy which
might arise from implications of premalignancy or neoplasia
since these relationships have not been demonstrated. A van
ety of terms have been used by investigators to describe a
spectrum of putatively benign hepatic lesions in the mouse,
whether spontaneous or induced by chemical agents. These
include the type A lesions described by Walker et a!. (22) and
the hyperplastic or adenomatous nodules described by Ves
selinovitch et a!. (21 ). To define these lesions as hyperplastic,
adenomatous, or premalignant would require an extensive ex
amination of their progession and transplantability. Although
we have carried a small number of these lesions for 7 months
after transplantation without growth, this is far from conclusive.
From our studies with spontaneous mouse tumors, many took
as long as 12 to 15 months to exhibit growth after tnansplan
tation.4

Perhaps of equal interest, however, is the pattern of dircu
lating AFP during carcinogenesis. We were unable to demon
strate any significant or consistent elevation of AFP prior to the
appearance of PHC. In this, the C57BL/6N mouse responded
to AAF and CAD with a pattern of AFP production identical to
that seen in the spontaneous hepatocellulan carcinogenic Se
quence of C3H@AVYmice (5, 12). Thus, BPL alone were never
associated with an increase in AFP, nor was a significant
elevation of AFP demonstrable in the absence of PHC. We
have recently reported this same pattern of AFP response
during diethylnitrosamine carcinogenesis in rats as has been
suggested by others (4). These various findings suggest that
the AFP elevation becomes manifest with the appearance of
malignant hepatocytes. It is possible, however, that this pattern
of response is specific to the C57BL/6N mouse. Two studies
have suggested that this strain did not respond as vigorously
to carbon tetrachlonide exposure with an AFP elevation as did
other strains (1 , 15). Neither report, however, included a de
scniption of the degree of necrosis induced by the toxic agent.
Further, we have determined an identical response pattern to
that of C57BL/6N with AAF and CR0 exposure in a substrain
of C3H, a mouse reported by these investigators to be fully
responsive.4 It is not possible for us to state unequivocally that
every PHC was productive, despite the findings that each PHC
was associated with elevated AFP. In preliminary experiments,
a large percentage but not all of the PHC demonstrated im
munofluorescent-positive cells. While the failure to demon
strate positive anti-AFP immunoreactivity may be technical or
the result of sampling problems, the possibility of AFP negativ
itity must be considered.

It is interesting that these mice did not demonstrate the early
elevation of AFP so characteristic of the response of rats to
AAF (4). The pathogenesis of that early elevation is still uncer
tam and has been suggested to result from toxicity, specific
gene derepression, and/or the stimulation of a population of
oval cells. No proliferation of oval cells was seen in these mice
through the process. However, it must also be pointed out that
toxicity in its conventional usages was relatively absent in these
mice despite a remarkably high accumulated dose. Indeed, the
C57BL/6N mouse has been generally considered to be â€˜â€˜re
sistant' â€˜to both the toxic and carcinogenic properties of several
carcinogens (8). Their ability in the current experiments to

4 Unpublished data.
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survive in reasonable numbers after exposure to 0.045% AAF
and 50 ppm CAD, administered continuously in excess of 1
year, supports to some extent this concept of resistance.
However, we have demonstrated4 that these C57BL/6N mice
are as capable of converting AAF to a mutagen in the Ames
test as are fully susceptible rats. Similar dichotomies between
metabolic activity and carcinogenicity have been reported (10).
We emphasize the use of mice from a single source since there
is evidence that variation in microsome activity exists between
microsomes of a single strain when obtained from various
sources (16).

In conclusion, therefore, we present evidence that the
C57BL/6N mouse, obtained from at least one standard source,
demonstrates morphological and functional responses similar
to those of a susceptible species, the rat. The response of
AFP, however, was more like that of spontaneous PHC forma
tion in the mouse and the response of the rat to diethylni
trosamine.
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