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by injections of hormones6 (20), by theophylline,6 or by
adrenalectomy6 (20). These studies have emphasized the
diversity of enzyme patterns and adaptive responses present in
transplantable rat hepatomas with a wide spectrum of growth
rates (6).

Recently, a series of transplantable mouse hepatomas of
spontaneous origin has been developed, the occurrence of
which was first reported by Andervont and McEleney (1) in
1941, using C3H inbred mice. Subsequent studies confirmed
their observation (5) and noted an increased incidence of
hepatomas in C3H X Y hybrid mice over that observed with
C3H mice (3, 4). Hancock and Dickie (2) have reported the
occurrence of spontaneously arising hepatomas in
(DBA/2WyDi X CE/J)@ male mice fed a high-fat diet but
developed only one transplantable line from the spontaneous
hepatomas. Several of the spontaneously occurring hepatomas
in C3H X Y mice have now been transplanted serially, and
enzyme activities have been determined for tyrosine
aminotransferase (EC 2.6.1.5), SDH,7 G6PDH, and CCE. The
availability of the series of Reuber mouse hepatomas and of
the series of Morris rat hepatomas may allow a detailed
investigation of the diversity of enzyme patterns not only
between 2 species of laboratory animals but also between
spontaneously arising and chemically induced transplantable
hepatomas.

MATERIALS AND METHODS

Spontaneously arising hepatomas in C3H X Y hybrid mice
were originally transplanted s.c. bilaterally into the hind legs
of a 4- to 7-week-old C3H X Y mice by M. D. Reuber and
maintained in his mouse colony. Subsequent serial transplant
generations were shipped to the McArdle Laboratory and
conditioned to controlled feeding and lighting for at least 1
week. Lights were on from 8:30 p.m. to 8:30 a.m. Food cups
were placed in the cages at 8:30 a.m. and removed at 4:30
p.m. This provided the mice with food for the first 8 hr of
darkness followed by 16 hr of fasting and has been referred to
as the â€œ8+ 16â€• regimen (13, 19â€”21). Mice were fed a
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INTRODUCTION

Considerable biochemical data have been reported for
several lines of chemically induced transplantable Morris rat
hepatomas and host livers (6) in the 9 years since the
advantages of these types of transplantable tumors were
discussed ( 10). Of interest to us are the patterns and responses
of several enzymes in these hepatomas and host livers. The
enzyme patterns may be altered depending on the time of day
when the animals are killed ( 11, 13), in relation to fasting or
feeding(11, 13),by thelevelofproteininthediet(7,11,13),
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chemically defined diet (19) containing 12 or 60% casein
(General Biochemicals, Inc., Chagrin Falls, Ohio).

The mice were killed by cervical dislocation at 8:30 a.m.
prior to feeding, or at 2 :30 p.m. after a 6-hr feeding period in
the 8 + 16 schedule, with 2 exceptions that are noted in
â€œResults.â€•The livers and tumors were quickly removed,
chilled, weighed, and homogenized for about 30 sec with a
Polytron PT-l0 (Kinematica GmbH, Luzeme, Switzerland,
distributed through Brinkmann Instruments, Westbury, N. Y)
in 4 volumes of0.2 M Tris-HC1 buffer, pH 8.0, containing l0@
M dithiothreitol. All tumors were carefully trimmed to remove
areas of necrosis and blood clots before they were weighed and
homogenized. Homogenates were centrifuged for 2 hr at
165,000 X g, and the resulting clear supernatants were stored
at â€”70Â°until assayed for enzyme activity. All enzyme assays
were performed semiautomatically as described elsewhere (8,
9). Activities of tyrosine aminotransferase, SDH, G6PDH, and
CCE are expressed as pmoles product formed/g tissue/hr. The
data are reported at separate killing times only in the case of
tyrosine aminotransferase. The data for the remaining 3
enzymes were obtained from the same animals, but since they
did not show significant oscillations the data for all time
points were pooled and the means were reported Â±S.E. Thus
the numbers of animals shown in parentheses for SDH,
G6PDH, and CCE are the sums of the separate groups shown
for tyrosine aminotransferase (see Table 2, Legend).

RESULTS

Hepatoma MH 1. In mice bearing hepatoma MH1 , a
well-differentiated (cf Refs. 14 to 16 for criteria of
histological classification), fast-growing hepatoma (Table 1),
there was a high basal level of tyrosine aminotransferase
activity in host livers and hepatomas when the mice were
maintained on a 12% protein diet (Table 2). The level of
tyrosine aminotransferase activity was increased in the host
livers but not in the hepatomas 6 hr after a 12% diet was fed.
The SDH activity levels in the host livers were high, whereas
there was no significant SDH activity in the hepatomas.
G6PDH activity levels in the host livers and hepatomas were
comparable to each other but much lower than the levels of

activity observed in livers of normal rats maintained on the 8 +
16 feeding regimen and fed a 12% protein diet (19). The host
livers had approximately twice the activity of CCE in
comparison with the hepatomas.

In mice bearing hepatoma MH1 and maintained on a 60%
protein diet, levels of tyrosine aminotransferase activity in
host livers were elevated 6 hr after feeding, but no significant
rise in tyrosine aminotransferase activity occurred in the
hepatomas associated with feeding (Table 3). The level of
tyrosine aminotransferase activity in the hepatomas was
roughly equivalent whether the mice were maintained on a 12
or a 60% protein diet. SDH activity levels in host livers of mice
maintained on a 60% protein diet were slightly higher than
were levels of SDH activity in host livers of mice maintained
on a 12% protein diet, whereas the levels of SDH activity in
the hepatomas were comparably low whether the mice were
fed a 12 or 60% protein diet. Activity of G6PDH and CCE was
present in comparable levels in the host livers and hepatomas,
regardless of whether the mice were maintained on a 12 or
60% protein diet.

Hepatoma MH2. In mice bearing hepatoma MH2, a poorly
differentiated, slow-growing hepatoma (Table 1), there was a

Table 1
Growth rate ofsome Reuber mouse hepatomas

Mice were given implantations and maintained at the NIH on NCI
food pellets until the tumors were visible by gross observation. The
mice were then shipped to the McArdle Laboratory and maintained on
12 or 60% protein diet for about 1 week until used for the experiment.
Growth period is given in days beginning from the date of implantation
until the mice were used for the experiment. The growth rate is roughly
proportional to the reciprocal of the growth period (cf Ref. 6).

Table2

Enzyme activities in host livers and hepatomas of mice fed 12% protein diet

Comparison of tyrosine aminotransferase, SDH, G6PDH, and CCE in host livers and hepatomas of mice bearing hepatomas MH1 or MH15. The
sex of each host generation is given immediately after each generation number (M or F). All mice were maintained on an 8 + 16 regimen and fed
12% protein diet for at least 1 week before killing. Mice were kified at 8:30 a.m. and 2:30 p.m. on the day of the experiment. The data from the
different time points have been combined for all enzymes except tyrosine aminotransferase. The values are expressed as @molesproduct formed/g
tissue/hr and are the mean Â±S.D. No. in parentheses, no. of liversor hepatomas assayed.
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Enzymes in Transplantable Reuber Mouse Hepatomas

moderate basal level of tyrosine aminotransferase activity in
host livers and hepatomas. Both host livers and hepatoma
levels of tyrosine aminotransferase activity were increased 6 hr
after the mice were fed a 60% protein diet (Table 3). However,
the activity level of tyrosine aminotransferase in the
hepatomas was not elevated as much as was the activity level
of tyrosine aminotransferase in the host livers. The host liver
SDH activity level was high, whereas the SDH activity level in
the hepatomas was very low. G6PDH activity in host livers was
slightly higher than in the hepatomas, whereas the CCE
activity level was about 2.5-fold higher in the host livers than
in the hepatomas.

Hepatoma MH3. In mice bearing hepatoma MH3, a
well-differentiated slow-growing hepatoma (Table 1), there
was a low basal level of tyrosine aminotransferase activity in
host livers and hepatomas. Both the host liver and hepatoma
levels of tyrosine aminotransferase activity were elevated 6 hr
after feeding a 60% protein diet, although the host liver
tyrosine aminotransferase activity was elevated higher than
that of the hepatoma tyrosine aminotransferase activity (Table
3). The host livers had a moderate level of SDH activity,
whereas the hepatoma had a very low level of SDH activity.
G6PDH activity was about 3-fold higher in the host livers than
in thehepatomas,andCCEactivitywasabout4-foldhigherin
the host livers than in the hepatomas.

Hepatoma MH4. In mice bearing hepatoma MH4, a
well-differentiated hepatoma of intermediate growth rate
(Table1), therewas a low basallevelof tyrosine
aminotransferase activity in the host livers and hepatomas
(Table 3). However, 6 hr after a 60% protein diet was fed, the
host liver tyrosine aminotransferase activity was elevated,
whereas there was no change in the hepatoma tyrosine
aminotransferase activity level. The host liver tyrosine
aminotransferase and SDH activity levels were considerably
lower than the tyrosine aminotransferase and SDH activity
levels in host livers of mice bearing any of the other hepatomas
studied. SDH activity in the hepatomas was very low. G6PDH
activity in host livers was slightly lower than in the hepatomas.
CCE activity was about 3-fold higher in host livers than in the
hepatomas.

Hepatoma MH15. In mice bearing hepatoma MH15, a
poorly differentiated, fast-growing hepatoma (Table 1), there
was a low basal level of tyrosine aminotransferase activity in
host livers and hepatomas of mice fed a 12% protein diet
(Table 2). The tyrosine aminotransferase activity level was
elevated in the host livers but not in the hepatomas 6 hr after
feeding. The basal tyrosine aminotransferase activity levels of
the host livers and hepatomas were higher if the mice were
maintained on a 60% protein diet (Table 3) than on a 12%
protein diet (Table 2). The hepatoma tyrosine
aminotransferase activity level was elevated 6 hr after a 60%
protein diet was fed, whereas the activity level was not
elevated after a 12% protein diet was fed. Host livers of mice
fed either a 12 or a 60% protein diet had a moderate level of
SDH activity. The SDH activity level in hepatomas of
Generation 3 in mice fed a 60% protein diet was very low,
whereas hepatomas of Generation 4 in mice fed a 60% protein
diet had a greatly elevated (about 100-fold) level of SDH
activity over the previous transplant generation. The SDH

activity level in hepatomas of Generation 4 also responded to
the level of protein diet, as the SDH activity level was very low
in hepatomas of Generation 4 in mice fed a 12% protein diet.
The G6PDH activity level in the hepatomas was slightly greater
than in the host livers regardless of whether the mice were fed
a 12 or a 60% protein diet. CCE activity in the host livers
and hepatomas was comparable when the mice were fed a 12%
protein diet but was greater in the host livers than in the
hepatomas when the mice were fed a 60% protein diet.

DISCUSSION

As suggested by the overall mean values given in Table 3,
the transplantable mouse hepatomas studies in this report
displayed less diversity of enzyme patterns than had been seen
previously in the Morris rat hepatomas for the same enzymes
studied (7, 11, 13, 20, 21)6 and less diversity than was seen
earlier in the mouse hepatomas reported by Hancock and
Dickie (2) in preliminary data from this laboratory.

Tyrosine aminotransferase activity levels ranged from very
low (9618A) to very high (5l23C) in the Morris rat hepatomas
(13), whereas the tyrosine aminotransferase activity levels in
the Reuber mouse hepatomas ranged from low (MH4) to
moderate (MH1). Unlike the Morris rat hepatomas, tyrosine
aminotransferase activity levels were less in all Reuber mouse
hepatomas than in the corresponding host liver. Tyrosine
aminotransferase activity levels in the host livers of Reuber
mouse hepatomas were elevated significantly 6 hr after the
mice were fed a 60% protein diet (Table 3) and only slightly
after a 12% protein diet (Table 2). These results are similar to
the results obtained with nontumor-bearing rats on a
controlled feeding regimen (19).

SDH activity levels in all mouse host livers were equal to or
substantially greater than the SDH activity levels in both the
Morris rat hepatomas and host livers studied (I 3). SDH
activity levels in all the mouse hepatomas studied, with one
exception, were virtually absent (at or below the level of
sensitivity of the assay). The exception was in MH15,
Generation 4, in 2 mice fed a 60% protein diet. In these
hepatomas, the SDH activity level was about 100-fold greater
than in the hepatomas from either the same generation fed a
12% protein diet or the previous generation fed a 60% protein
diet. The sudden change observed indicates that the absence of
SDH activity was not necessary for the maintenance of the
neoplastic state in at least this particular hepatoma line. Also,
the regulation of the expression of the genome(s) for SDH in
this hepatoma line does not appear to be tightly controlled.
However, insufficient data exist on the alteration in SDH
activity in order to speculate on the genetic mechanism
responsible for the alteration.

G6PDH activity levels in host livers of mice bearing Reuber
hepatomas and in rats bearing Morris hepatomas were similar
as were the activity levels of CCE in the host livers. However,
the G6PDH activity levels in the Reuber mouse hepatomas
were generally substantially lower than in the Morris rat
hepatomas, whereas the activity levels of CCE in the rat and
mouse hepatomas were similar (13).

Although the Reuber hepatomas arose spontaneously in
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mice and the Morris hepatomas were chemically induced (6),
there exist some similarities in enzyme patterns in the 2 groups
of hepatomas insofar as they have been studied. With respect
to serine dehydratase activity, the extremely low values in
these mouse hepatomas (overall mean in Table 3, 37 Â±1)
compared with host liver (overall mean in Table 3, 4793 Â±
33 1) are very similar to the data from a series of diploid Morris
hepatomas (13), and the departure from this generalization in
2 animals in hepatoma MH1S from Generation 4 is not
surprising when viewed in comparison with the
hypertetraploid Morris rat hepatoma 5l23C (12). Although
only 6 animals bearing the hepatoma MH4 were studied, the
low levels of both tyrosine aminotransferase and SDH make
this mouse hepatoma more comparable to Morris hepatoma
9618A than to any other Morris hepatoma line. It would be of
interest to learn whether tyrosine aminotransferase could be
induced in the MH4 hepatomas by the procedures that
induced tyrosine aminotransferase in rat hepatomas 96 18A
(12,17).

In general, the presence of tyrosine aminotransferase
activity and its daily induction by a 60% protein diet,
compared with a negligible SDH activity under the same
conditions, suggests that this series of transplantable Reuber
mouse hepatomas of spontaneous origin may be comparable to
the more minimally deviated members of the chemically
induced transplantable Morris rat hepatoma series. It is hoped
that transplantation of these mouse hepatomas can be
continued so that further karyotypic and biochemical studies
can be made on them.

These studies were not specifically concerned with the
problems of host-tumor interaction, and there are no assays on
nontumor-bearing mice. Nevertheless, there were marked
differences between the activities of the various enzymes in
host livers from mice bearing different hepatoma lines. In our
previous work with rat hepatomas, data on nontumor-bearing
rats on 3 levels of protein were reported. Some hepatoma lines
exerted a marked effect on certain of these same enzyme
activities, while other hepatoma lines exerted no significant
effect (13, 20).
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